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Preface

We are pleased to present this reprint of our Special Issue, a compilation of cutting-edge

research and advancements in semiconductor technology. The scope of this collection encompasses

diverse topics, including 3D power scaling, advanced transistor processing, high-mobility channels,

and novel simulation results. Our intention is to provide a comprehensive exploration of the

transformative landscape in semiconductor evolution.

The aim of this Special Issue is to contribute to the ongoing dialogue within the scientific

community, addressing challenges and opportunities in semiconductor research. The scope extends

to emerging non-volatile memories, gate-all-around 3D transistors, and the integration of different

devices in 3D architecture.

We extend our gratitude to the esteemed contributors who have shared their expertise and

insights, making this collection a valuable resource for researchers, engineers, and enthusiasts in

the field. This reprint is dedicated to those at the forefront of semiconductor innovation, pushing the

boundaries of technology.

We acknowledge the collaborative efforts of all involved authors, whose dedication has enriched

this collection. Their commitment to advancing semiconductor science is evident in the quality and

diversity of the contributions.

As Guest Editors, we are excited to present this Special Issue reprint, confident that it will serve

as a reference and inspiration for future endeavors in semiconductor research. May this compilation

foster new ideas and collaborations in the dynamic landscape of semiconductor evolution.

Yi Zhao and Choonghyun Lee

Editors
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The persistent scaling of transistor dimensions has marked an era characterized by
a fourfold increase in transistor density and a twofold boost in electrical performance
every 2–3 years, effectively reducing their cost per function. This has been propelled by the
scalability and ubiquity of complementary metal–oxide–semiconductor (CMOS) technology
in silicon, a cornerstone of the semiconductor industry. However, as conventional silicon
devices approach fundamental physical limits, researchers have begun fervently exploring
new device architectures and novel channel materials with superior electrical properties.
Fin-shaped field-effect transistors (FinFETs) have undeniably become a mainstream CMOS
logic technology. However, their scalability challenges at 14/10/7/5 nm underscore the
need for alternative architectures. This quest mandates the development of innovative
structural, material, and process technologies that align with both current and projected
silicon platform advancements.

A pivotal shift is on the horizon, foretold by the International Roadmap for Devices
and Systems (IRDS)—the transition from FinFET technology to the intriguing realm of
“three-dimensional (3D) power scaling”. This transformative leap necessitates the creation
of a new breed of high-performance, low-power transistors fashioned into 3D structures.
Unlike traditional lithography-driven density increases, this technology vertically con-
structs each transistor with the same footprint, leading to a heightened transistor density
per unit area. While 3D-stacked transistors introduce an additional degree of freedom
for increasing device densities, their potential is fully harnessed when integrated with
high-mobility channel materials and channel strain engineering. As standalone units,
3D-stacked transistors do not inherently enhance device performance. The infusion of
non-silicon (Si) channel materials like SiGe, Ge, and III-V compounds becomes paramount
for optimal integration compatibility with 3D-stacked transistors.

In tandem with 3D power scaling, state-of-the-art component research into advanced
transistor processing has emerged as a cornerstone. The pursuit of high-performance, low-
power technology mandates a meticulous exploration of innovative transistor processing
techniques, ensuring that each step in its fabrication contributes to the overall efficiency and
reliability of the device. High-mobility channels, the lifeblood of advanced semiconductor
technology, come under intense scrutiny. Researchers are exploring materials and designs
that maximize electron and hole mobilities, striving for optimal performance and efficiency.
The marriage of 3D transistors with high-mobility channels promises a synergy that can
redefine the landscape of semiconductor technology. The heterogeneous and monolithic
3D integration of different devices, chips, or wafers stands as another frontier, presenting
an opportunity not only for increased device density but also for the integration of diverse
functionalities on a single platform. Challenges in ensuring seamless compatibility and
performance optimization across disparate components drive researchers to explore in-
novative solutions. In this dynamic landscape, the significance of accurate and efficient
simulation cannot be overstated. Novel simulation results provide a crucial roadmap,
guiding researchers through the intricate design space of emerging technologies. These sim-
ulations, often based on advanced methodologies such as artificial neural networks, offer
insights into device behavior, aiding circuit designers and process engineers in optimizing
their performance and functionality.

Electronics 2024, 13, 134. https://doi.org/10.3390/electronics13010134 https://www.mdpi.com/journal/electronics
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This special issue will unfold numerous contributions, each addressing a specific facet
of this transformative landscape—from emerging non-volatile memories to gate-all-around
3D transistors. It will cover state-of-the-art component research into advanced transistor
processing, high-mobility channels, and heterogeneous and monolithic 3D integration for
novel device simulation results. Together, these endeavors chart the course for the next
chapter in semiconductor evolution.

Highlighting Key Contributions

Developing advanced semiconductor technology for 5 nm logic transistor nodes
and beyond is essential for future high-performance and low-power technology to be
used in high-end servers, gaming chips, mobile phones, laptops, etc. To meet transistor
performance targets, the innovation of device architecture, along with the introduction of
high-mobility channel material and strain engineering, is mandatory.

Sagarika Mukesh and Jingyun Zhang from IBM discuss the integration scheme and
challenges of full bottom isolation and multiple threshold voltages in gate-all-around
nanosheet FETs (Contributor 1). Additionally, they explore the mobility of electrons
and holes as a function of channel geometry, a crucial consideration in designing high-
performance gate-all-around nanosheet FETs. To assist circuit designers and process en-
gineers working on advanced semiconductor devices, SangMin Woo et al. developed a
compact and accurate simulation model based on artificial neural networks (ANNs). This
ANN-based compact model is approximately two times faster than the SPICE simulations
of the existing compact model, and its accuracy is demonstrated through simulations of
XOR, ring oscillators, and SRAM circuits (Contributor 2).

Emerging nanoscale logic and non-volatile memory (NVM) devices such as resistive,
magnetic, and ferroelectric memories are vital to realize neuromorphic computation, which
mimics the human brain’s architecture in order to significantly increase a computer’s
thinking and responding power. Since the discovery of ferroelectric properties in Hf-
based thin films in 2011, they have attracted much attention for their CMOS compatibility
and scalability for applications in logic and memory devices. Defects and surface energy
are arguably two main categories of impact factors that help stabilize the metastable
orthorhombic phase in Hf-based oxides. Tianning Cui et al. discuss the intrinsic parameters
used to stabilize the ferroelectric phase of HfO2 thin films by investigating the separate
effects of dopant, oxygen vacancy, and specific surface area on the crystal phase of the
films (Contributor 3). Jaewook Yoo et al. describe several types of ferroelectric-based
memory devices, including two-terminal-based FTJ, three-terminal-based FeFET, and
FeRAM, focusing on their operational mechanisms, features, and potential applications
(Contributor 4). Seonjun Choi et al. use ferroelectric materials for practical applications of
3D NAND structures, replacing the charge trapping layer in conventional flash memory
with ferroelectric materials. Their TCAD simulation results show that the silicon pillar
structure can maximize the operating performance of ferroelectric memory while achieving
the advantages of 3D NAND structures (Contributor 5).

In addition, resistive random-access memory based on transition metal oxides has at-
tracted increasing attention as one of the most promising candidates for the next generation
of eNVM due to its prominent advantages, including low cost, high integration density,
fast switching speed, high endurance, and good CMOS process compatibility. Huikai He
et al. propose a simple strategy for regulating the leakage current, forming a voltage, a
memory window, and uniformity by varying the thickness of a Ti buffer layer between
the resistive switching layer and metal electrode. The Ti buffer layer plays a vital role
in engineering the interfacial oxidation reaction, acting as an oxygen-scavenging layer to
enhance resistive uniformity (Contributor 6). Wei Na et al. study RRAM devices with
a metal–insulator–semiconductor structure, including an HfOx switching layer and Ge
or Si bottom electrodes, to achieve a higher memory window with good endurance. A
memory window over 105 was achieved with Pd/HfOx/p-Ge RRAM devices, and the con-
ductance mechanism was analyzed in detail. These results suggest that HfOx/Ge RRAM

2



Electronics 2024, 13, 134

devices are promising candidates for applications of FPGA and neuromorphic computation
(Contributor 7).

Regarding Si CMOS technologies, germanium is an attractive choice of channel ma-
terial for further advanced nodes since it has smaller effective masses for both electrons
and holes than Si and SiGe and, as a group XIV element, has high process compatibility
with Si. A typical cause of performance degradation in practically scaled devices is an
increase in parasitic resistance. The parasitic resistance is composed of interconnecting and
contact metal resistance, semiconductor resistance around the source/drain, and contact
resistance just at the metal/semiconductor interface. Tomonori Nishimura describes the
metal/Ge interface, including the origin of strong Fermi-level pinning (FLP) at the valence
band edge of Ge, and proposes a possible method of reducing the Schottky barrier height
at this interface. FLP alleviation is achieved by weakening the intrinsic metal-induced
gap states at the metal/Ge interface and may be pivotal in designing scaled Ge n-FETs
(Contributor 8).

A 3D-stacked device architecture alleviates the challenges involved in traditionally
planar scaling transistors while continuously improving the effective chip density and
performance. Here, a “monolithic” or “sequential” approach is discussed but not a “packag-
ing” one, where interlayer connectivity is dominated by chip bonding alignment accuracy.
This further enables additional functionalities to be implemented in CMOS devices, called
“More Than Moore”. Toshiyuki Tabata et al. illustrate the recent progress of ns and μs
ultra-violet laser annealing technology, one of the most critical component technologies to
realize 3D-integrated CMOS devices, where a new electrically functional Si (or other semi-
conductor material) layer must be fabricated directly on the underlayer components, either
by wafer bonding or deposition. For 3D integration, the thermal budget should be below
500 ◦C to avoid the performance degradation of underlayer components (Contributor 9).
Jaeyong Jeong et al. introduce heterogeneous and monolithic 3D (M3D) integration to max-
imize the benefits of 3D integration in terms of low power consumption, interconnection
delay, and via densities. In particular, they share recent research on the M3D integration of
RF devices on Si CMOS circuits and InGaAs photodetectors on Si bottom FETs for realizing
future M3D-based mixed-signal systems (Contributor 10). Hyungwoo Kim delivers a
comprehensive review of recent trends in metallization, including traditional barrier/liner
thickness scaling and new materials and integration schemes. The innovative approaches
proposed to date can contribute to scaling requirements not through direct scaling but with
architectural innovations such as super vias and buried power rails (Contributor 11).

A transistor (1T) dynamic random-access memory (DRAM) without capacitors has
garnered great attention due to its scalability, where 1T-DRAM utilizes the floating body
effect of a partially depleted silicon-on-insulator (SOI) to retain memory performance.
However, SOI wafers are significantly costly and difficult to fabricate. Geon Uk Kim et al.
report a low-cost method for forming SOI-like structures using polycrystalline silicon in a
TCAD simulation. By decoupling the channel and the storage layer with separation oxide,
the 1T-DRAM achieves a high retention time (Contributor 12). The insulated gate bipolar
transistor (IGBT) is widely used as a switching device in inverter circuits for driving motors.
To improve the performance of the IGBT, Xiaodong Zhang et al. propose an IGBT with an
injection-enhanced p-floating layer in a TCAD simulation, acting as a current amplification
stage and suppressing the snapback effect during the turn-on period (Contributor 13).

In conclusion, the diverse array of contributions presented in this special issue repre-
sents a collective stride toward the future of semiconductor technology. From innovative
device architectures and novel materials to advanced simulation techniques, each paper
contributes to the next chapter in semiconductor evolution. As we delve deeper into the
intricacies of 3D power scaling, high-mobility channels, and cutting-edge transistor process-
ing, we are not just witnessing incremental advancements; we are shaping the landscape
of technology for years to come. The collaborative efforts showcased here pave the way
for enhanced performance, efficiency, and functionality in high-end servers, gaming chips,
mobile phones, laptops, and beyond.
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A Review of the Gate-All-Around Nanosheet FET
Process Opportunities
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Abstract: In this paper, the innovations in device design of the gate-all-around (GAA) nanosheet
FET are reviewed. These innovations span enablement of multiple threshold voltages and bottom
dielectric isolation in addition to impact of channel geometry on the overall device performance.
Current scaling challenges for GAA nanosheet FETs are reviewed and discussed. Finally, an analysis of
future innovations required to continue scaling nanosheet FETs and future technologies is discussed.

Keywords: gate-all-around nanosheet FETs; multi-Vt offerings; bottom dielectric isolation; power-
performance improvement; transistor scaling; Moore’s Law

1. Introduction

Gate-all-around (GAA) nanosheet field effect transistors (FETs) are an innovative next-
generation transistor device that have been widely adopted by the industry to continue
logic scaling beyond 5 nm technology node, and beyond FinFETs [1]. Although gate-
all-around transistors have been researched for many years, the first performance bench
marking on scaled pitch of 44/48 nm CPP (contact-poly-pitch) was presented less than
five years ago [2–8]. To fully appreciate the advantages provided by stacked nanosheet
gate-all-around transistors, it is important to understand some of the challenges faced by
the state-of-the-art FinFETs, and, in general, the trends that have motivated industry wide
innovations over the years. Historically, device architecture innovations have been driven
by short channel effects (SCEs) that come into play while achieving power performance area
(PPA) scaling. SCEs occur when the channel length is on the same order of magnitude as
the source-drain depletion layers [9]. Over the years, several innovations, such as the stress
technology and high-k metal gate, have enabled scaling [10,11]. FinFETs were the first-ever
change in architecture in the history of transistor devices to enable scaling by introducing
the trigate control, thereby giving the gate-length scaling another few generations of run-
time [12,13]. The gate-all-around nanosheet FETs are only the second time in the history of
transistor devices, that a completely different architecture is adopted by the industry.

Scaling FinFETs beyond 7 nm node results in exacerbated SCEs, motivating a move
from a tri-gate architecture to a gate-all-around architecture [14]. Among the gate-all-around
architectures explored by the semiconductor industry, while the nanowires provided best
electrostatic control, wider nanosheets are the ones that provide higher “on” current and
improved electrostatic control over FinFETs [15,16]. Figure 1 shows a schematic of a
FinFET and a GAA nanosheet FET, where the key components of the two technologies
are highlighted. The components that are common between the two technologies include
the shallow trench isolation, source/drain epitaxies, and the high-k metal gate; whereas
the structural differences include a tri-gate for FinFETs vs. gate-all-around for nanosheets.
To achieve an advantage in performance, multiple nanosheets must be stacked on top of
each other, unlike FinFETs, where one fin constitutes one device. The channel thickness
is lithographically defined for FinFETs, which puts a limit on scaling due to patterning

Electronics 2022, 11, 3589. https://doi.org/10.3390/electronics11213589 https://www.mdpi.com/journal/electronics
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resolution, whereas this channel thickness (also referred to as TSi, thickness of silicon) is
defined through epitaxially grown layers of Si on top of epitaxially grown layers of low
concentration germanium SiGe, providing superior channel uniformity across wafer, and
eliminating process complications.

Figure 1. This figure shows a FinFET and a GAA nanosheet FET side-by-side. (a) A FinFET with
shallow trench isolation (STI), source/drain (S/D) epitaxy, and a high-k metal trigate is depicted
schematically. (b) A GAA nanosheet FET with STI, S/D epitaxy, bottom dielectric isolation (BDI),
and high-k all-around metal is pictured. Some features, such as BDI and isolation between gate and
S/D, are unique to the GAA nanosheet FETs.

Figure 2 shows a GAA-FET and highlights some of its key features that have been
carefully engineered and extensively studied over the last few years. These features include
discrete silicon sheets horizontally stacked to form one device, a high-k metal gate filling
the space between the silicon channels, bottom dielectric isolation from bulk substrate,
lithographically defined sheet width, process controlled gate-length, and inner spacer
formation for gate to source-drain isolation. Some aspects of these GAA nanosheet FETs,
such as inducing strain to increase hole mobility, have been a hot topic to improve overall
device performance, but will not be covered in this paper [17–19]. Other aspects, such
as multiple threshold voltage (Multi-VT) options for high power and low power devices,
impact of channel geometry on device performance, and integration and impact of full
dielectric isolation, are reviewed in this paper [20–24].

The structure of the remaining paper is as follows: Section 2 highlights the key
integration modules and shows a high-level process flow; Section 3 covers bottom dielectric
isolation—its need, integration, and impact on device performance; Section 4 explores
the impact of channel geometry on device performance, especially the impact of channel
geometry on the hole mobility; Section 5 discusses different integration approaches for
enabling multiple threshold voltages (multi-VT) in GAA nanosheet FETs; Section 6 briefly
discusses innovations in interconnects and power delivery networks that are needed to
extract the value from scaled nanosheet architecture; and, finally, Section 7 discusses the
direction of the transistor industry beyond GAA nanosheet FETs.
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Figure 2. This figure shows a schematic for a gate-all-around nanosheet FET, with its key features
highlighted. (a) shows a cut across the source-drain region where the key features highlighted are
the bottom dielectric isolation (BDI), the thickness of the silicon channels (TSi), the distance between
the silicon channels (Tsus), and the gate length (Lg). The inner spacer, and the n-type epi are also
highlighted here. (b) shows a cut across the gate region where the key features highlighted are
shallow trench isolation (STI), n-type work function metal (WFM), p-type WFM, the high-k metal
gate (HKMG), and the sheet width (Wsheet).

2. Integration of Gate-All-Around Nanosheet FETs

The integration of GAA nanosheet FETs involves several novel steps requiring a series
of innovations to enable this technology. The key integration modules are listed below: [21]:

1. Stacked nanosheet formation: a stack of SiGe and Si are epitaxially grown on the Si
substrate; the thickness of each layer can be controlled with high precision.

2. Fin reveal and STI: the devices are lithographically defined and shallow trench isola-
tion is performed to isolate neighboring devices.

3. Dummy gate formation: a poly silicon dummy gate is formed to enable down-
stream processing.

4. Inner Spacer and Junction formation: n-type or p-type source/drain epitaxial layers
are selectively formed on either sides of the exposed nanosheet ends [25].

5. Replacement metal gate formation:

• Dummy gate pull: the dummy gate is etched out to reveal a cavity, at the bottom
of which nanosheets are located,

• Sacrificial SiGe channel release: the SiGe channels in between the nanosheets are
etched out to enable filling up with high-k metal gate,

• High-k Metal Gate (HKMG) formation: an interfacial oxide, a high-k dielectric
layer, and the n-type or p-type work functions are selectively deposited.

3. Full Bottom Dielectric Isolation

In this section, we highlight the comparison between a full bottom dielectric isolation
(BDI) and punch through stopper (PTS) scheme as examined by [24]. To introduce the
problem, we first introduce the "fat-fin" effect that is unique to GAA nanosheets, where
process non-idealities can result in a structure that causes an increased capacitance in the
bulk region below the nanosheets, as shown in Figure 3. Although this structure is unique
to GAA nanosheets, the effect, also known as sub-fin leakage, exists for FinFETs and is dealt
with using the punch through stopper scheme. So, a comparison between this established
PTS scheme and novel BDI scheme is performed on the basis of off-state leakage current,
short channel effects, and effective capacitance (Ce f f ); it is shown that BDI could potentially
provide improved Ce f f and power-performance co-optimization.
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Figure 3. (a) A figure depicting a cross-fin cut showing high-k metal gate extension beyond the
bottom sheet due to poor process control. As the metal depth below the bottom device increases,
the performance penalty due to increased Ce f f ective also increases. (b) A figure showing improved
process control due to full bottom dielectric isolation (FBDI) in the source/drain region.

3.1. Integration

Integrating a full bottom dielectric isolation entails adding a high-concentration SiGe
layer at the bottom of the Si, SiGe nanosheet stack. Adding this layer, and later selectively
etching it, requires lowering of Ge concentration in the SiGe layers used for the nanosheet
stack. This introduces lower selectivity between Si and SiGe, resulting in Si loss during
SiGe channel removal—requiring careful consideration of the stack thicknesses to ensure
the TSi is not too thin at the end of the entire process flow. We can see the BDI sitting under
the S/D region in Figure 3b.

3.2. Experiments

Two splits of the PTS scheme of varying doping concentration are studied along with
a full BDI scheme at Vds = 0.7 V for Lmetal of 12 nm in a 44 CPP device, where their short
channel characteristics and power vs. performance is analysed.

3.3. Results and Discussion

As seen in Figure 4, full bottom dielectric isolation reduces the off-state leakage current
and the DIBL, thereby improving performance and decreasing power. An 18% decrease in
power is observed with a 4% improvement in performance between split with and without
BDI. The devices with BDI perform better, and they also show better immunity to process
variations with respect to sub-channel leakage control. So, full bottom dielectric isolation
may be considered as a critical element for enabling a well-performing GAA nanosheet FET.

Figure 4. This figure captures key performance metrics for GAA FETs using PTS scheme and full BDI.
(a) Iso f f extracted from Lg =12 nm devices on PTS and BDI splits. (b) DIBL extracted from Lg =12 nm
devices on BDI and PTS splits. (c) Power vs. performance correlation chart of wide sheet devices for
both with and without BDI layer [24].

4. Channel Geometry Impact

In this section, the mobility of electrons and holes as a function of channel geometry
are studied and ‘narrow sheet effect’ on carrier transport is observed [23]. TSi is one of the
knobs that can enable future Lg scaling needs by improving electrostatic control. Moreover,
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the quantization effects for TSi < 5 nm becomes severe in SOI and FinFETs, so, it is important
to study the same for GAA FETs.

4.1. Experiments

Since the mobility of holes (μh) is lower for the <100> plane, this plane will dominate
hole transport characteristics for pFETs in GAA nanosheet FETs. To study the impact
of <100> plane on hole transport, nanosheet devices are fabricated on <100> substrate
with <110> transport direction. Figure 5 shows a TEM from the experiments performed,
a channel length of 100 nm was chosen for this study. To study the impact of TSi on hole
mobility, silicon sheets of different thicknesses were epitaxially grown, and the TSi was
measured using TEMs.

Figure 5. A TEM cross-section of GAA nanosheet FETs. The TSi is uniform in thickness along the
Wsheet direction [23].

4.2. Results and Discussion

As seen in Figure 6a, the degradation of μh is attributed to increased phonon scattering
with thinner TSi. At high fields, as in the case of Ninv at 1013, the mobility is dominated by
surface roughness, whereas the peak mobility is primarily impacted by phonon scatter-
ing. So, the impact of mobility degradation is more profound for the peak mobility case.
However, this degradation of mobility is offset by sheet width Wsheet as seen in Figure 6b,
which is primarily influenced by the contribution of <100> vs. <110> planes. Wider sheets
have more contribution from the <110> plane, resulting in improved mobility, suggesting
that both phonon scattering and sheet geometry effects impact hole mobility. Moreover,
this dependence on Wsheet provides an additional knob for power and performance co-
optimization in GAA nanosheet FETs.

Figure 6. (a) This plot shows the extracted peak hole mobility and hole mobility for Ninv@1013/cm2

as a function of silicon channel thickness. Degradation in hole mobility is evident for thin sheet
values; (b) calculated <100> plane contribution to total We f f as a function of TSi (a pure geometrical
percentage of the whole nanosheet perimeter) [23].

9



Electronics 2022, 11, 3589

5. Enabling Multiple Threshold Voltages

The ability to co-integrate multiple threshold voltages (VT) is a key requirement for a
technology to become an industry standard. Given the unique architecture of GAA FETs,
the space for depositing the work function metals is limited as depicted in Figure 7. The
replacement metal gate process only leaves the space between the Si channels and inner
spacers open—to be filled with the work function metals as per technology requirements.
This space, also known as Tsus (refer Figure 2), can be controlled by controlling the thickness
of SiGe layer grown during the nanosheet stack development module, but is nevertheless
highly constrained, and must be engineered carefully to meet the industry standards for
device offerings.

Figure 7. This figure shows a close up view of the S/D cross-section. The width of the high-k metal
gate here is the gate length Lg, and the vertical thickness of this metal gate is determined by Tsus.
Additionally, the inner spacers and bottom dielectric isolation are highlighted.

5.1. Integration

Two different approaches are proposed to accommodate multi-VT offerings in GAA
FETs—(1) WFM modification and (2) Tsus modification [20]. A process flow overview for
WFM modification is presented in Figure 8. One of the challenges highlighted by the
integration sequence for VT modulation is that large Wsheet adds process challenges for
WFM etch back when WFM is pinched-off between Si channels. To overcome this, ref. [21]
proposed filling the space between sheets with a sacrificial material that is easy to etch,
selectively opening one of the FETs, and etching away the already deposited work-function
metal. This scheme is agnostic of p-type or n-type WFM, and enables both PG (p-FET first)
and MY (n-FET first) schemes. This same process can be repeated to achieve different sets
of work function metals or to achieve a different stack with more than two WFMs.

The second approach requires changing Tsus by changing the channel stack epitaxy
thickness during nanosheet formation. A larger space between sheets allows the deposition
of a larger volume of work function metal in this space, thereby modulating VT . This design
knob is unique to GAA nanosheet FETs when compared with FinFETs, thereby, allowing
more design space for Multi-VT options in these nanosheet FETs.
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Figure 8. An example of VT modulation as presented in [21] is shown here. (a) The gate region post
SiGe channel release; (b) WFM1 deposition; (c) sacrificial material deposition; (d) selective patterning
and etch of the deposited WFM; and (e) removal of patterning stack resulting in a structure with
WFM1 along one set of sheets.

Volumeless Multiple Threshold Voltages

A volumeless multi-VT is a term defined to represent a dipole-based VT option where a
dipole of thickness less than 5 Åis formed, followed by the base work function metals [26,27].
This innovative scheme provides space and gate resistance benefits as shown in the cited
references. However, this approach does not directly translate from FinFETs to GAA
nanosheet FETs, so dedicated integration of volumeless VT is proposed in [22]. Moreover, a
volumeless VT also helps with VT uniformity, which is important for uniform switching
of transistors.

5.2. Results and Discussions

Several different flavours of VT are created using novel integration sequence and using
the unique design knobs for GAA nanosheet FETs -(a) Tsus design; and (b) WFM pinch-off.
A dipole-based VT scheme for nanosheet FETs is also proposed. In addition to these knobs,
the TSi design as discussed in Section 4, can be modulated to provide a trade-off between
mobility and short-channel effects. So, overall, the GAA nanosheet FETs provide several
opportunities for application-based optimization, hence they are suitable for high-power
and low-power applications alike.

6. Current Challenges

This paper discusses some of the cutting-edge advances in the gate-all-around nanosheet
transistor technology over the last five years, and consolidates some of pioneering work in
the field. In this section, some of the processing challenges of this technology are covered
as reported in the literature. These processing challenges may be broadly categorized into
four areas: self-heating, mechanical stability during fabrication, device variability, and
Si–SiGe intermixing.

Self-heating effects (SHE) in nanoscale devices result in significant thermal cross
talk resulting in device performance degradation [28,29]. Studies have explored novel
substrates, such as diamond on silicon to provide improved SHE, but such a scheme is
less likely to be adopted in high-volume manufacturing. As such, this problem is open to
exploration and solution [30].

An aspect of nanosheet fabrication to carefully consider is the mechanical stability
of these sheets during the channel release process. Although nanosheets do allow design
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flexibility, aspect ratio of the sheets, and mechanical integrity of the inner spacer play
an important role in overall stability of these sheets [31]. Another aspect to optimize is
the device variability, which can result from several sources including, but not limited to,
line-edge roughness, gate-edge roughness, non-uniform work function metal deposition,
and random dopant fluctuations. A recent study analyzes these variability and proposes
solution for a complementary GAA nanosheet FET structure [32].

Finally, the initial Si-SiGe stack for nanosheets itself is susceptible to thermal intermix-
ing when going through numerous thermal cycles before the channel release step. There
have been several studies examining the extent of this intermixing and the mechanism of
such diffusion [33–35]. As long as the SiGe channels can etch selective to Si channel sheets,
and the Si sheets are not over-etched due to Si–SiGe intermixing, this effect is tolerable.

7. Future Outlook

Although the transistor-level innovation is sufficient to drive the industry forward to
the next technology nodes, this section briefly touches upon some innovations in the fields
of interconnects and power-delivery for completeness.

An interesting proposal in the field of power delivery is the buried power rail (BPR),
which proposes moving the power rails to be located below the transistor devices, thereby,
providing area on the front-side for routing flexibility, and to reduce conductor crowd-
ing [36,37]. However, such a scheme has a short run-path as the requirement of patterning
between the devices will limit contact poly pitch (CPP) scaling. To overcome this limitation,
the concept of backside power delivery network (BSPDN) has been proposed, with a recent
hardware demonstration of its feasibility [38]. However, this new paradigm brings several
technical challenges with it, such as back-side patterning, alignment between the structures
on the front-side to those on the back-side, and wafer thinning on the back-side of the
wafer. If the industry as a whole decides this is the correct direction, there are tremendous
opportunities of innovation for tool vendors and equipment manufacturers to enable this
technology at a large scale.

8. On the Horizon

Although the industry navigates current challenges to bring the GAA nanosheet FETs
to market, researchers are already thinking about what lies beyond nanosheet FETs. The top
contenders to continue Moore’s law scaling are the Vertical Transport FETs (VTFETs) [39] and
stacked transistors [40]. VTFETs change the carrier transport direction from the traditional
horizontal direction to vertical direction, thereby relaxing the contraints on scaling barriers,
such as gate-length (Lg), spacer thickness, and contact size; all of which can be optimized
for power or performance, based on the application. Stacked transistors offer a more
conventional scaling path by stacking the nFET and pFET transistor over each other, thereby
providing area benefit. However, both these technologies present several novel integration
and manufacturing challenges, which may be subject of a later review.

Looking beyond the immediate future, there is a large body work on novel materials to
enable 2-D transistors [41]. Molybdenum disulfide (MoS2) is one of the top contenders for
such technologies with ever improving performance based on mobility, contact resistance,
and doping [42]. Graphene is another strong contender for a long time, and literature has
been reporting ever improved performance for such transistors over the last decade [43].
Indium oxide is another contender for a wide-gap semiconductor material [44]. Although
these technologies are promising, there is an inherent barrier to entry for them due to the
large overhead cost of novel equipment for the foundries to enable large scale manufactur-
ing of such transistors. So, silicon based transistors will continue scaling for the coming
decades with the growing needs for transistors in existing and new industries.
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Abbreviations

The following abbreviations are used in this manuscript:

GAA FETs Gate-All-Around Field Effect Transistors
BDI Bottom Dielectric Isolation
STI Shallow Trench Isolation
WFM Work Function Metal
HKMG High-k Metal Gate
SCE Short Channel Effects
RMG Replacement Metal Gate
PTS Punch Through Stopper
MOL Middle of Line
BEOL Back End of Line
S/D Source/Drain
DIBL Drain Induced Barrier Lowering
TEM Transmission Electron Microscopy
VTFET Vertical Transport Field Effect Transistors
PPA Power, Performance, and Area
BPR Buried Power Rail
BSPDN Back-Side Power Delivery Network
CPP Contact Poly Pitch
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Abstract: In this paper, we present an artificial neural network (ANN)-based compact model to
evaluate the characteristics of a nanosheet field-effect transistor (NSFET), which has been highlighted
as a next-generation nano-device. To extract data reflecting the accurate physical characteristics of
NSFETs, the Sentaurus TCAD (technology computer-aided design) simulator was used. The proposed
ANN model accurately and efficiently predicts currents and capacitances of devices using the five
proposed key geometric parameters and two voltage biases. A variety of experiments were carried
out in order to create a powerful ANN-based compact model using a large amount of data up to the
sub-3-nm node. In addition, the activation function, physics-augmented loss function, ANN structure,
and preprocessing methods were used for effective and efficient ANN learning. The proposed model
was implemented in Verilog-A. Both a global device model and a single-device model were developed,
and their accuracy and speed were compared to those of the existing compact model. The proposed
ANN-based compact model simulates device characteristics and circuit performances with high
accuracy and speed. This is the first time that a machine learning (ML)-based compact model has
been demonstrated to be several times faster than the existing compact model.

Keywords: artificial neural network; compact model; nanosheet FETs; TCAD/SPICE simulation

1. Introduction

According to Moore’s Law, integrated circuits (ICs) have advanced rapidly over the
last few decades in the semiconductor industry [1]. The difficulty and cost of improving
performance are increasing as the transistors in ICs continue to scale down. To address
these issues, new technologies have emerged for transistors (e.g., FinFETs, nanowire FETs
(NWFETs), nanosheet FETs (NSFETs), and negative-capacitance FETs (NCFETs)). The
iterative real fabrications and evaluations of new nano-transistors require a lot of time and
money. Before producing the best transistor, it is crucial to quickly complete transistor
modeling and IC simulation in an effort to save time and costs. In circuit simulation,
the performance (e.g., power, delay) of a circuit created for a particular technology is
assessed. Circuit simulation requires a compact model, which is crucial for effective design
and analysis. The existing compact models (e.g., BSIM) are composed of mathematically
and physically based device-characteristic equations [2]. However, developing a new
compact model suitable for next-generation devices is very complicated, necessitating
the involvement of numerous experts, as the development of a sophisticated compact
model typically takes several years [3]. To address these shortcomings, researchers are
working hard to develop new modeling methodologies for predicting the performance of
new devices by using ML methods.

1.1. Related Work

J. Y. Lim et al. developed a model for predicting line edge roughness (LER)-induced
performance variation of FinFETs using the ANN technique [4]. Q. Chen et al. employed
an ANN technique with three hidden layers. As inputs, the terminal voltages (Vgs, Vds),
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gate width (W), and gate length (L) of a thin-film transistor were used to build a model
that predicted Ids and Cgs [5]. K. Ko et al. predicted process variation effects using
a gate-all-around (GAA) vertical FET with three hidden layers and four key electrical
parameters (work function variation (WFV), gate length (Lg), channel thickness (Tch), and
equivalent oxide thickness (EOT)) [6]. Prior studies have used ANN models to simulate an
inverter after predicting the I-V characteristics. A simple NMOS resistive-load inverter was
simulated or a CMOS inverter was simulated applying a static or simple voltage as input
data [7,8]. Z. Zhang et al. used the ANN technique to predict the I-V curve of a tunnel
FET and performed simulations for an inverter, 6T-SRAM, and 2-NAND. However, the
simulation speed was not discussed [9]. K. Mehta et al. used ML with an autoencoder
algorithm to predict the device characteristics of a small dataset. However, when the
accuracy was measured using the R2 score, it was found to be inadequate [10]. F. Klemme
et al. modeled the I-V characteristics of a negative-capacitance FinFET, an emerging device,
using ML. The number of input data points was used to calculate simulation time and
accuracy [3]. The number of neurons in each of the two hidden layers could reach 500, but
the modeling error was around 5%. Although the I-V characteristics and process prediction
of semiconductor devices have been actively pursued using ML techniques, there are very
few studies that model the C-V characteristics properly. Y. Wang, et al. discussed the overall
accuracy of ML models and circuit simulations in SPICE [11]. The SPICE simulation speed
of the ML-based model was much slower than that of the existing compact model. The
overall ML learning speed and SPICE simulation speed were improved using local fitting
(a separate model for each device instance). However, because local fitting was learned
using only one device, it had a limitation in terms of scalability. The global fitting method
covered only 36 devices, but was about five times slower than the local fitting method.

1.2. Contributions

There are models that use ML algorithms, such as autoencoders and convolutional
neural networks (CNNs), to reflect the I-V and C-V characteristics of devices [10,12]. An
autoencoder allows modeling with less data, but requires many hidden layers and produces
noisy predictions. CNN models are excellent in data generation. However, this method
requires a large amount of data and is difficult to train, and it is difficult to compute
convolutions. A disadvantage of these complex computational methods and many-step
models is that the computation time for circuit simulation in SPICE becomes longer. The
ANN method used in this paper has demonstrated validity and excellent performance
when compared to other regression algorithms [13]. ANNs can accurately predict linear
and nonlinear data relationships, allowing them to approximate the physical equations
of devices. In addition, because the calculation process is simpler than those in other
ML methods, it has the advantage of reducing circuit simulation time when used with
SPICE. Therefore, in this paper, we propose a new, powerful ANN-based compact model
that can predict the characteristics of an NSFET, which is spotlighted as next-generation
sub-3-nm devices. We aggressively expand the device range to sub-3-nm nodes (i.e., gate
length (Lg) = 11 nm, sheet thickness (Tsheet) = 4 nm, spacer length (Lsp) = 3 nm, and oxide
thickness (Tox) = 1 nm). Various experiments were carried out in order to create a compact
model using ML. Instead of feature extraction work, five key geometric parameters that
affect global variation and can be controlled by designers were carefully chosen from the
existing NSFET research. The proposed modeling framework reduces the complexity of
the ML-based model using smaller numbers of hidden layers and neurons, but predicts the
I-V and C-V characteristics with high accuracy and speed. The accuracy and speed of the
completed ANN-based compact model implemented in Verilog-A were compared to those
of the existing compact model in an HSPICE simulation. To the best of our knowledge, this
is the first time that a proposed ANN-based compact model has outperformed the recently
developed compact model [2].
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1.3. Paper Organization

This paper is organized as follows. In Section 2, we present the creation of a dataset
for an NSFET device design and the training of the ANN model. Section 3 discusses the
input data preprocessing and output data scaling for smooth learning, the structure and
techniques of the ANN model, and the overall workflow. Section 4 describes the modeling
of the device’s I-V and C-V characteristics. Section 5 shows the simulation results for the
XOR, ring oscillator, and 6T-SRAM circuits using HSPICE compared with BSIM-CMG as
the reference compact model [2]. Finally, Section 6 summarizes the conclusions of the paper
and discusses future work.

2. Device Design and Dataset Generation

2.1. Process Flow of the Nanosheet FET (NSFET)

The actual NSFET process sequence is as follows. Si and SiGe are sequentially de-
posited on a wafer, followed by the formation of a dummy poly gate and gate space. In
the next step, a dry etch process is performed for the first source/drain (S/D) recess to
selectively remove Si/SiGe. A wet etch process is used to create an internal spacer. Then, a
second S/D recess is performed to create a space for the bottom oxide to be filled. Chemical
vapor deposition (CVD) is used to fill the space left over after the second S/D recess process.
Subsequently, S/D growth and implantation are performed. Finally, HfO2/TiN formation
is accomplished via dummy gate removal and atomic layer deposition (ALD), with stress
engineering added to improve hole mobility in the case of PMOS. The contact and wiring
processes are not described. In this paper, an NSFET with bottom oxide is designed with
this process in mind, and the detailed process flow is described [14].

2.2. Construction of Device Datasets

Using the dataset of an NSFET, which was highlighted as a new device after the FinFET,
a compact model based on ML was designed. Compared to a FinFET with a three-sided
gate, the NSFET has higher gate control capabilities and a larger effective width at the same
size due to its four-sided gate [15]. Figure 1 shows the three-dimensional structure and
cross-sectional views of a sub-3-nm-node NSFET designed in accordance with International
Technology for Devices and Systems (IRDS) 2021. A device of the sub-3-nm node was
designed and simulated using Sentaurus TCAD [16].

Figure 1. A schematic diagram of a 3D TCAD simulation of the NSFET.

2.3. Simulation Conditions

The quantum-potential model and Fermi model were used to study the quantum
effects at the nanoscale. The movement of carriers in the low electric field along the short
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channel length were captured using a quasi-ballistic mobility model. For remote phonon
and coulomb scattering effects, the Lombardi model was used, where the inversion and
accumulation layer model was used to account for surface roughness caused by impurities
and phonons in the thin layer. To account for bandgap changes caused by doping, the Slot-
boom bandgap narrowing model was applied to all regions of the semiconductor [17]. The
Shockley–Read–Hall (SRH), Auger, and SurfaceSRH models were used as recombination
models, and the band-to-band tunneling (BTBT) model was used to consider the tunneling
and quantum confinement of small devices [18,19]. The stress-induced hole mobility in
PMOS was studied using the h-multivalley model [16]. The sub-band model was used
among the piezo models to apply the quasi-Fermi energy level based on doping, and the
silicon <110> direction was used for the channel direction [20]. Each carrier valley change
due to stress was calculated using the deformation potential model [21]. Calibration to
the actual I-V data of IBM 3-nm NSFETs was performed to demonstrate the validity of the
physical formula applied to TCAD. Figure 2 shows the calibration results [22]. Figure 3
shows the characteristics of the 3-nm NSFET generated using the physics formula after
calibration. Figure 3a displays the I-V symmetry of N-type and P-type NSFETs, while
Figure 3b shows the gate capacitance. Table 1 shows the electrical characteristics obtained
using the TCAD simulation.

Figure 2. Calibrated I-V curve with the IBM measurement data.

(a) I-V characteristics (b) C-V characteristics

Figure 3. (a) I-V symmetry graph of an N-type NSFET and P-type NSFET. (b) Gate capacitance of an
N-type NSFET and P-type NSFET.
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Table 1. The electrical characteristics obtained using a TCAD simulation.

N-Type NSFET P-Type NSFET

Vth [mV] 0.218 0.220
Io f f [pA] 98.01 95.03
Ion [uA] 91.13 90.34

SS 1 [mV/dec] 65.8 66.4
1 Sub-threshold swing.

2.4. Construction of Device Datasets

The ranges of calibration and the data split were determined based on the IRDS
roadmap organized down to the 1.5 nm node and actual data published by IBM, as shown
in Table 2 [23]. Compared to previously reported 36 devices [11], 405 devices were created
by selecting the five most important structural parameters in the NSFET and splitting them
based on the application scope. The I-V and C-V characteristics were extracted to create
datasets. Table 2 contains information about the created datasets. The TCAD simulator
was used to create the dataset based on a temperature of 27 °C. Section 5 confirms that the
five structural parameters chosen accurately represent the device characteristics. Existing
papers were organized around typical values, but we conducted research on devices that
had undergone sub-3-nm scaling (i.e., Lg = 11 nm, Tsheet = 4 nm, Lsp = 3 nm, Tox = 1 nm).
Because the device characteristics were nonlinearly dependent on structural parameters,
it was difficult to predict the exact characteristics of the devices with different structural
parameters when limited to a narrow range, as illustrated in Figure 4. The use of differently
sized devices in one circuit, such as in an SRAM cell, is difficult to model. The global
device modeling method presented in this paper, which covers multiple devices with a
single model, is an approach that can foster collaboration between designers and process
engineers. Furthermore, the proposed ANN model can reduce the use of TCAD data
because it can predict with high accuracy the characteristics of devices with untrained
structural parameters.

Figure 4. Nonlinear electrical characteristics of NSFETs.
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Table 2. Key parameters of NSFETs for the TCAD simulation.

Tech Node 3 [nm] 2.1 [nm] 1.5 [nm] 3 [nm] Sub-3 [nm]

IRDS IBM Our Datasets

Lg [nm] 16 14 12 12 11, 12, 13
Wsheet [nm] 30 30 30 50 21, 23, 25, 27, 29
Tsheet [nm] 8 7 6 5 4, 5, 6
Lsp [nm] 6 5 4 5 3, 4, 5
Tox [nm] 1.4 1.37 1.37 1.5 1, 1.5, 2
Tsus [nm] 10 10 10 10 10

S/D doping [cm−3] - - - - 6.5 × 1020

Channel doping [cm−3] - - - - 1 × 1016

3. ANN Model Architecture and Methodology

3.1. The Architecture of the Proposed ANN Model

The proposed model architecture using the ANN structure is shown in Figure 5. The
calculation method of the ANN model is formulated in Equation (1). As shown in Table 2,
the model of the I-V characteristics of the 405 devices composed of a combination of 5 key
parameters has one input layer, two hidden layers, and one output layer. The numbers
of neurons in the hidden layers are 20 and 15, respectively. The C-V characteristics of
the 405 devices are less complex than that of the I-V characteristics. One input layer,
two hidden layers, and one output layer comprise the model of the C-V characteristics.
We reduced the complexity of the ANN model using a model with 10 and 5 neurons in
the hidden layers, respectively. As input values, five important geometric parameters
of the NSFET were chosen, and two terminal voltage biases were used. The I-V and
C-V characteristics of the 405 devices were used as output values. The five chosen key
parameters had the advantage of being able to replace the dimension reduction processes,
such as PCA (principal component analysis), used for many parameters of the traditional
compact model, and they still accurately represent the I-V and C-V characteristics, as
verified in Section 5.

Y = W3 × g(W2 × g(W1 × X + B1) + B2) + B3 (1)

In ML, the loss function is critical. When a model is trained, it learns in the direction
of minimizing the loss function. The loss function of the proposed ANN model takes
the device physics into account. α, β, and γ were multiplied by each operation region of
the device to determine the loss. To reduce errors in the medium region and ON region,
which are important in device operation, weights of α = 1, β = 2, and γ = 3 were multiplied
(the value was adjusted so that the ON region’s error was less than 1%). The physics-
augmented loss function had the advantage of being easily adjusted based on the operation
region where the error is to be reduced. Equation (2) represents the physics-augmented
loss function.

Loss f unction =
1
n

n

∑
i=1

(α(ytrue,of f − ypred,of f )
2 + β(ytrue,medium − ypred,medium)

2 + γ(ytrue,high − ypred,high)
2) (2)

The ADAM optimizer was used in the learning process. A continuous and smooth
activation function, the hyperbolic tangent function (tanh), was used. One of the hyperpa-
rameters that has a significant impact on learning outcomes is the learning rate. As a result,
one of the learning rate scheduler methods, ReduceLROnPlateau Scheduler, was used. The
ReduceLROnPlateau scheduler technique is one of several methods employed to reduce
the learning rate and continue learning by multiplying the learning rate by a constant factor
if the value of the valid loss remains constant for a certain period of time during training.
Early stopping was also used to prevent overfitting, which is a major issue in ML.
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Figure 5. The proposed ANN model’s architecture.

3.2. The Workflow of the ANN Model

Figure 6 shows the workflow for the ANN modeling and SPICE simulation. Following
the selection of the devices and key parameters, datasets were created based on the split
range. After the datasets were prepared, the data to be applied to the input and output
were preprocessed. Learning is greatly influenced by data preprocessing. The interpolation
process that converted the data generated by the error during the TCAD simulation to
obtain original electrical characteristics was first performed in the data preprocessing. When
input parameters (e.g., structures, terminal voltage parameters) and output parameters (e.g.,
electric characteristics) are applied directly to ANN model learning, there is a difference
of several million units, which prevents smooth learning. Because the input parameters
had different split ranges, the data distribution was standardized. For example, the oxide
thickness range included 1, 1.5, and 2 nm with three split ranges, and the sheet width
ranged from 21 to 29 nm with five split ranges. Minmaxscaler was used as a preprocessing
method to rearrange the units of input parameters in the range of 0 to 1. The Minmaxscaler
is formulated in Equation (3).

xinew =
xi − min(x)

max(x)− min(x)
(3)

In the case of output parameters, there was a difference of several million units or
more in the I-V characteristics between the ON and OFF regions. Thus, the prediction was
made in an intermediate unit during learning. As a preprocessing method for the output
parameters, logarithmic adjustment was used to convert a unit difference of millions or
more into a unit difference of about 10. k was the scaling factor that was multiplied to
convert the predicted y value into a positive number. The value of k was set to 1014. In
addition, when Vds = 0, the simulation result of Ids = 0 was not produced in the TCAD
simulation. Furthermore, the output parameters were changed in the same way as in Equa-
tion (4) to reflect that Ids = 0 when the drain and source were not specifically determined in
the NSFET characteristics and Vds = 0 [11].

I′ds = log10

(
k × Ids

Vds

)
(4)

After data preprocessing, the ANN model was trained. We adjusted the hyperparame-
ters if the accuracy of the ANN model was poor or the training time was too long (e.g., the
number of neurons in the hidden layer, activation function, learning rate). After the ANN
model was trained, the weight and bias values were determined. After implementing the
ANN model formula in Verilog-A, a model with the same effect as the trained ANN model
was applied to HSPICE to perform circuit simulation. The circuit simulation portion will
be covered in Section 5. Pandas and the Sklearn library were used for data preprocessing.
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The Pytorch library was used in the ANN model. All work was created using the Python
programming language [24].

Figure 6. The workflow of the ANN model.

4. ANN Model Training and Results

The NSFET dataset used for training the ANN model was divided into 80% training
data, 10% validation data, and 10% test data. The validation data were used to evaluate and
optimize the updated model during training, and the test data were used to evaluate the
model after training with 40 unseen devices chosen at random from a pool of 405 devices.
Figures 7 and 8 show a comparison of the TCAD simulation dataset and ANN prediction
data. Figure 7 shows the results of the I-V characteristics, while Figure 8 displays the results
of the C-V characteristics.

Figure 7. Comparison of the ANN model and simulated I-V characteristics using TCAD for N-type
and P-type NSFETs (gate length = 12 nm, sheet width = 25 nm, sheet thickness = 5 nm, spacer
length = 4 nm, oxide thickness = 1.5 nm).
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The errors of the I-V characteristics were 2.5%, 2.0%, and 1.0% for the OFF region
(logarithmic scale of 0.2%, Vgs = 0.0 to 0.2 Volt), medium Vgs region (Vgs = 0.2 to 0.5 Volt),
and high Vgs region (Vgs = 0.5 to 0.7 Volt), respectively.

Figure 8. Comparison of the ANN model and simulated C-V characteristics using TCAD for N-type
and P-type NSFETs (gate length = 12 nm, sheet width = 25 nm, sheet thickness = 5 nm, spacer
length = 4 nm, oxide thickness = 1.5 nm).

The errors of the C-V characteristics were 1.3% for Cgg, 1.5% for Cgd, and 1.5% for
Cgs. These findings indicate that the proposed ANN model is capable of high-accuracy
global fitting. Existing compact models employ the binning method because it is difficult to
achieve accuracy within 1–2% error using a single-model parameter set, even after parame-
ter extraction through more than 10 complicated processes. The presented ANN model can
form a global device model with a smaller error using a simpler process. Previously pub-
lished ANN models of next-generation transistors have more complex structures, higher
computational costs, and longer training times (hours to learn). However, the proposed
ANN model reduces the computational cost and training time by using fewer hidden layers
and neurons than existing ANN models while maintaining higher accuracy. Both the ANN
I-V model and ANN C-V model used one million epochs, where the training times were
about 1 h.

5. SPICE Simulation of Circuits Using the Developed ANN Models

The SPICE simulations using the developed ANN model are summarized in this
section. Three circuits were simulated to validate the ANN-based compact model. The
operation of the XOR circuit, which is one of the complex combinational logic gates, was
verified, and the ring oscillator was chosen to verify the transient operation. Finally,
the operation margins of the 6T-SRAM circuit with various structural parameters were
simulated. HSPICE was chosen for circuit simulation using the ANN-based compact model.
Verilog-A is a de facto standard modeling language that allows model developers to focus
on modeling while significantly reducing the development time. There is a published
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example of how to efficiently write a compact model in Verilog-A [25]. After learning the
ANN I-V and ANN C-V models, the ANN-based compact model was built in Verilog-A
using the weights and biases of the ANN structure. The simulation time was reduced
during the construction of the ANN-based compact model by removing unnecessary ‘for’
and ‘list’ statements. For accuracy verification, data extracted from BSIM-CMG were used
and compared to those of the ANN-based compact model.

5.1. XOR, Ring Oscillator, and SRAM Simulation

Figure 9 shows a graph comparing XOR gate simulation between the ANN-based
compact model and BSIM-CMG. For the XOR gate simulation, the first input voltage was
0.7 V with a period of 2 ns, and the second was 0.7 V with a period of 4.5 ns. Figure 10
shows a graph comparing the 17-stage ring oscillator simulation of the ANN-based compact
model to that of BSIM-CMG. The initial voltage was set to 0 V, and the simulation was
performed over a 1-ns transient period.

Figure 9. Comparison of the ANN model and the BSIM-CMG model for the XOR simulation.

Figure 10. Comparison of the ANN model and the BSIM-CMG model for the 17-stage ring oscillator
simulation.

Figure 11 shows the 6T-SRAM simulation results for the hold, read, and write operation
margins [26]. In the 6T-SRAM simulation, the device width was set to 1:a:b in order to
account for the static noise margin (SNM) [27]. Table 3 shows the simulation results and
errors between the ANN-based compact model and BSIM-CMG for each circuit. The
proposed ANN-based compact model built in Verilog-A achieved a high accuracy of about
1% in all three circuit simulations, except for the SRAM read margin.
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(a) SRAM hold margin (b) SRAM read margin (c) SRAM write margin

Figure 11. Comparison of the ANN and BSIM models’ results for the 6T-SRAM simulation: (a) hold
operation margin, (b) read operation margin, and (c) write operation margin.

Table 3. Circuit performance simulation results and errors between the ANN-based compact model
and BSIM-CMG.

BSIM-CMG ANN Model Errors [%]

XOR A to Y Delay [ps] 11.96 11.88 0.68
B to Y Delay [ps] 5.94 5.87 1.13

17-RO Delay [ps] 79.50 78.70 1.01
SRAM (Hold) Margin [mV] 286.98 285.88 0.39
SRAM (Read) Margin [mV] 129.68 126.01 2.91
SRAM (Write) Margin [mV] 223.16 221.72 0.65

5.2. SPICE Simulation Performance Comparison

We compared the simulation speeds of the ANN-based compact model and BSIM-
CMG in Verilog-A. Because the simulation of a small circuit was completed quickly, in
order to clearly investigate the speed comparison, each simulation was completed with
1000 iterations using the Monte Carlo method in HSPICE. The simulation speed was
measured while increasing the number of stages of the ring oscillator.

5.2.1. Global Device Model

Figure 12 shows the simulation time for the proposed ANN-based compact model and
the BSIM-CMG Verilog-A version. The results demonstrate that the ANN-based compact
model written in Verilog-A was more than twice as fast as BSIM-CMG. Because the ANN-
based compact model primarily computes multiplication and activation functions and is
simpler than BSIM-CMG, it is more than twice as fast [28].

5.2.2. Single-Device Model

A single-device model was built because it is much more efficient than the global
device model when a circuit does not require separate device sizing. The amount of data
in a single device is relatively small. The single I-V model, like the global device model,
had two hidden layers, but with 15 and 10 fewer nodes, respectively. The C-V model had
only one hidden layer with five nodes. The single-device model had fewer nodes than the
global device model, but was faster and more accurate, with less than 0.3% prediction error.
As shown in Figure 13, the speed of the single-device model was approximately twice as
fast as the global device model due to its greater conciseness. Based on the experimental
results shown in Figures 12 and 13, if the ANN-based compact model is embedded in
HSPICE using the C programming language, it is predicted to be several times faster than
BSIM-CMG (blue dashed line), as shown by the red dashed line at the bottom of Figure 13.
Table 4 compares the characteristics of the single-device and the global device models.
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Table 4. Characteristics of the single-device model and the global device model.

Single-Device Model Global Device Model

ANN model sizes
I-V C-V I-V C-V

(numbers of neurons
in hidden layers) (5, 5) (5) (20, 15) (10, 5)

Simulation errors

Off region: 2.5% Cgg: 1.3%

0.3% or less 0.3% or less (log scale: 0.2%) Cgd: 1.5%

Medium region: 2.0% Cgs: 1.5%

High region: 1.0%

I-V: (7 × 5) + (5 × 5) +(5 × 1) = 65 I-V: (7 × 20) + (20 × 15) + (15 × 1) = 455

Simulation
complexity 1 C-V: (7 × 5) + (5 × 3) = 50 C-V: (7 × 10) + (10 × 3) = 100

Activation function (tanh) calculation = 15 Activation function (tanh) calculation = 50

Advantages

1. Different devices can be simulated By

1. The simulation speed is fast changing the structural parameters of the circuit

2. The accuracy is very high 2. The circuit specifications (e.g., power, delay) can

be evaluated based on the structural parameters

3. TCAD usage is reduced by predicting

values between structures

1 Complexity of the calculation of multiplication and activation functions in the ANN-based compact model.

Figure 12. Time comparison of Monte Carlo simulations by stages of a ring oscillator using the global
device model.
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Figure 13. Time comparison of Monte Carlo simulations by stages of a ring oscillator using the
single-device model.

6. Conclusions

In this paper, an ANN-based compact model was developed to predict the I-V and
C-V characteristics of 405 NSFETs, including all typical devices and sub-3-nm devices. This
approach can be very useful when designers and process engineers work together. The
ANN model was created by selecting five key geometric parameters. Even after using a
large number of global device datasets (405), fewer neurons and hidden layers were used
to reduce the complexity of the ANN model and accurately perform device modeling at
a high speed. It was confirmed that the five geometric parameters chosen were able to
represent more than 98% of the I-V and C-V characteristics. When tested on the datasets
that were not included in training, the predicted values of the ANN model and TCAD
simulations matched very closely. Additionally, the TCAD data usage was effectively
reduced. The ANN-based compact model was implemented in Verilog-A. The modeling
flow was automated using Python. The ANN-based compact model proposed in this work
is approximately two times faster than the SPICE simulation of the existing compact model,
and it can be further accelerated by 2–3 times by using a single-device model. The accuracy
of the proposed ANN-based compact model was also demonstrated through simulations of
XOR, ring oscillators, and SRAM circuits. In addition, the physics-augmented loss function
can be used to reduce the error in the desired operation region. The developed ANN-based
compact modeling framework is being expanded and applied to a negative-capacitance
NSFET. In addition, ANN-based statistical analyses will be performed to reflect global and
local variations.
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Abstract: Many factors have been confirmed to affect ferroelectric phase formation in HfO2-based
thin films but there was still a lack of general view on describing them. This paper discusses the
intrinsic parameters to stabilize the ferroelectric phase of HfO2 thin films to approach this general
view by investigating the separate effects of dopant, oxygen vacancy (VO), and specific surface area
on the crystal phase of the films. It is found that in addition to extensively studied dopants, the
ferroelectric orthorhombic phase can also be formed in pure HfO2 films by only introducing sufficient
VO independently, and it is also formable by only increasing the specific surface area. By analyzing
the common physics behind these factors, it is found that orthorhombic phase formation is universally
related to strain in all the above cases with a given temperature. To get a general view, a physical
model is established to describe how the strain influences ferroelectric phase formation during the
fabrication of HfO2-based films based on thermodynamic and kinetics analysis.

Keywords: ferroelectricity engineering; HfO2; impactor factors; general parameters

1. Introduction

HfO2-based high-k dielectrics have been applied as an alternative to thin SiO2 gate
insulators in Si technology since 2007 [1]. Continuously, a ferroelectric property in Si-doped
HfO2 thin films, which was not expected in the thermodynamic phase diagram of HfO2,
was observed in 2011 [2]. As soon as it was discovered, it attracted great attention because
the HfO2-based ferroelectrics with good CMOS compatibility and scalability are promising
to overcome the critical obstacles in the application of conventional ferroelectric materials
in memory and logic devices [3–5]. Clarification of fundamental material science essentially
is critical to the device demonstration in the era beyond Moore’s Law. In the last decade,
intensive studies on understanding the physical origin of ferroelectricity and controlling the
fundamental properties of HfO2-based thin films have been carried out. It has been agreed
that the metastable orthorhombic (O-phase) phase, which is formed during the transition
from tetragonal (T-phase) to monoclinic (M-phase) phase, is the origin of ferroelectricity
in HfO2 [1,6]. Additionally, many experimental factors, including doping concentration,
oxygen vacancy (VO), film thickness, annealing conditions, and capping layers, have been
confirmed to influence the stabilization of the O-phase [7–17]. However, a general model
describing the intrinsic driving force to determine the stabilization of the O-phase from the
T–M phase transition in HfO2 thin film has not been clarified clearly up to now.

It has been argued that defects and surface energy are two main categories of impact
factors to help stabilize the O-phase [7,8]. The former refers to dopants and VO, while
the latter is usually related to mechanical clamping of electrodes, substrate orientation,
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and film thickness [9–17]. However, in these studies, the above categories and factors are
usually synergistic to affect the ferro-O phase formation. For example, ferroelectricity in
undoped HfO2 films was usually observed in a sandwich structure with TiN or TaN as
bottom and top electrodes followed by post metalization annealing. However, the top
layer would not only introduce Vo through the scavenging effect but also bring extra stress
into the films [15–20]. Additionally, thinner films with larger surface energies enable more
ferro-O phase formation, while this effect was mostly demonstrated in doped films [13–21].
Therefore, it is difficult to discuss the effect of every single factor and to get the intrinsic
parameters behind these factors for engineering the ferroelectricity of the HfO2-based
films. It is even difficult to confirm whether the ferroelectric phase is formable or not in an
undoped film.

In this study, we intend to approach a general view of phase formation in the films.
For achieving reliable conclusions, we investigate the independent effect of dopants, VO,
and specific surface area of HfO2-based thin films by carefully designing the experiment
process. Our results show that all the above factors enable the formation of ferroelectric
O-phase individually. By analyzing our results and the reported ones of other factors, it
is found that most of the factors are related to strain universally. On the basis of this, a
thermodynamic model is further proposed to give a universal description of the driving
forces on the stabilization of the metastable O-phase.

2. Experimental

The 30 nm undoped and Si-doped HfO2 (HSO) films were fabricated by plasma-enhanced
atomic layer deposition (PE-ALD) at 200 ◦C on p-Si substrates (HfO2/p-Si) and heavily doped
p-Ge substrates (HSO/p+-Ge), respectively. Tetrakis-ethylmethylamino-hafnium (TEMAHf)
and oxygen plasma were used as precursors for HfO2. Bis-terarybutylamino-silane (BTBAS)
was used for silicon doping. Post-deposition annealing (PDA) was carried out in 0.005 atm
O2 for HSO films and in 0.005 atm O2, 0.005 atm N2, and ultra-high vacuum (UHV, base
pressure of 10−7 Pa) for undoped HfO2 films, respectively. The heating conditions were all
set at 10 ◦C/s which began from 100 ◦C and all films were annealed at 650 ◦C for 30 s. A
Premtek rapid thermal processing furnace was used for O2 or N2 annealing and a chamber
of thermal desorption spectroscopy (EMD-WA1000S/W (ESCO, Ltd.)) was used for UHV
annealing. Then, Au was deposited by thermal evaporation as the top electrode (TE). For
some samples, films were etched into cuboid arrays by Ar+ plasma whose side lengths
were set to 2 μm, 5 μm, and 10 μm before PDA.

Figure 1 shows the experiment process designed to control doping, VO, and specific
surface area separately. For controlling doping singly, quadrivalent Si dopants were selected
because they do not induce VO in the film like trivalent cation, and O2-PDA was carried
out for eliminating the VO generated in film deposition. Meanwhile, employment of Ge
substrate and PDA process help to minimize the interface effect such as inducing extra VO
or stress. While for controlling Vo independently, undoped HfO2 films were annealed in
O2, N2, or UHV respectively. Similarly, the PDA process was employed, but the Si substrate
was selected because less leakage is induced on Si than on Ge in UHV-PDA. While for
the individual control of the specific surface area, undoped HfO2 films were etched into
different sizes before annealing to explore its impact, while Ge substrate and PDA were
also employed for the reasons stated above.

Film thickness was measured by spectroscopic ellipsometry (Filmetrics F50). Doping
concentration, defined as dop% = Si/(Si + Hf), was confirmed by X-ray photoelectron
spectroscopy (XPS, AXIS-ULTRADL DLD). Grazing incidence X-ray diffraction (GIXRD)
was used to detect phase composition by a Riguaku D/max 2500 V (Cu-Kα radiation,
λ = 0.154 nm). The incidence angle was fixed at 1◦ and the emergence angle varied from
27◦ to 33◦. An atomic force microscope (AFM, Bruker ICON, Billerica, MA, USA) was
utilized for detecting surface morphologies. Polarization-electric field (P-E) properties
were measured by semiconductor parameter analyzer (Keithley 4200, Cleveland, OH,
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USA) and triangular voltage pulse was set at 10 KHz. Positive-up-negative-down (PUND)
measurement was carried out to check the ferroelectricity of samples with UHV annealing.

 

control doping concentration

control VO concentration

control specific surface area

Figure 1. The process for independent control of doping concentration, VO concentration, and specific
surface area in HfO2 thin film.

3. Results

3.1. Independent and Common Effects of Dopants and VO

Firstly, we consider the independent effect of doping concentration and VO on the
ferroelectric phase of HfO2 thin films. GIXRD patterns of doped films with different
doping concentrations and undoped-HfO2 films with different annealing conditions are
summarized in Figure 2a,b. The M-phase appears at both 28.5◦ and 31.6◦, while the peak
around 30.5◦ is attributed to T-, O-, or cubic phases (C-phase) whose difference is difficult
to distinguish solely. Therefore, it is referred to as the O/T/C phase hereafter [22]. In order
to clarify the impact quantitatively, we extracted the O/T/C phase fraction (RO/T/C) by
Gaussian peak splitting. RO/T/C is defined as the ratio of O/T/C phase peak intensity to
the total intensity (I), expressed as

RO/T/C = (IO/T/C/(IM(−111) + IO/T/C + IM(111))), (1)

Based on the literature, ferroelectricity in HfO2 is observed with RO/T/C of 20–90% [23].
The effect of doping concentration and VO on RO/T/C are summarized in Figure 2c,d where
the red regions are those with ferroelectricity. As for the doped films, 60% of the O/T/C
phase was stabilized with a suitable doping concentration (~4 mol%) without other effects.
The M-phase tends to form with lower doping concentrations while the T-phase with higher
ones. The P-E characteristics in Figure 2e confirm ferroelectricity in ~4 mol% HSO films
and non-ferroelectricity in ~6 mol% or undoped ones. This is consistent with reported
data [1]. As for undoped HfO2 films, a pure M-phase is formed with N2- or O2-PDA as
expected. Interestingly, ~60% of the O/T/C phase is formed with UHV-PDA. This indicates
the formation of ferroelectric O-phase with this condition. In Figure 2f, the ferroelectricity
of the film with UHV-PDA is further confirmed by PUND measurement. These results
clearly suggest that either sufficient VO or sufficient dopants enable the stabilization of the
O-phase in HfO2 thin film independently. Although the effect of dopants and VO on phase
formation have been investigated widely, previous studies neglected to separate the effect
of these two parameters, thus making it difficult to get the intrinsic and general view. Here,
we clearly show their independent effect and amply confirm that the ferroelectric phase
can be formed in really undoped HfO2 films with an amount of Vo. However, it should be

35



Electronics 2022, 11, 2369

noticed that introducing too much VO into the films will arouse large leakage which brings
negative effects from the perspective of application engineering.

Figure 2. Summarized GIXRD patterns of (a) HSO films with different doping concentrations and
(b) undoped HfO2 films with different annealing atmospheres. (c,d) Extracted RO/T/C by fitting
curves from (a,b). (e) PE curves of undoped, ~4% and ~6% HSO films with O2 annealing. Only
~4% of doped HfO2 films show ferroelectricity. (f) The difference in current measured by PUND
measurement demonstrates that undoped HfO2 films with UHV annealing are ferroelectric.

In addition to the independent effect of Si dopants and VO on promoting O/T/C phase
stabilization, the combined effect of two factors was further considered. Figure 3a shows
P−E results of low doped HSO films (~2.5 mol%) with N2- or O2-PDA, respectively. As
expected, no obvious polarization is observed in ~2.5 mol% HSO with O2-PDA. However,
the polarization of ~2.5 mol% HSO films with N2-PDA increases rapidly which even
becomes greater than that of 4 mol% HSO films. Figure 3b,c shows the surface topography
of the films with N2- and O2-PDA respectively. Both films have excellent uniformity,
while films with O2-PDA have larger grains (RMS = 0.158) compared to that of N2-PDA
(RMS = 0.203). It is well known that the T-phase has smaller grains than the M-phase [24].
Thus, these results suggest that a certain amount of O/T phase can also be formed if the
additive concentration of Vo and Si is sufficient, though the individual concentrations of
them are not enough. Namely, VO plays a similar role as a dopant.

Figure 3. (a) P-E curves of 2.5 mol% HSO films with N2- and O2-PDA, and 4 mol% HSO films with
O2-PDA. AFM results of 2.5 mol% HSO films which were annealed in (b) N2 and (c) O2, respectively.

3.2. Effect of Specific Surface Area

Next, we investigate the independent effect of surface area. The effect of reducing the
planar size of the film is very important to device performance when the technology node is
within a nanometer. To get a clear view experimentally, we etched 30 nm ~4 mol% Si-doped
and 10 nm undoped HfO2 films into cuboids with different sizes, followed by O2-PDA to
study the influence of the specific surface area. Figure 4a shows the morphology diagram
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of the cuboid arrays and Figure 4b shows the AFM analysis of a cuboid with a length of
10 μm. The etching depth is about 30 nm, indicating that HfO2 films are removed without
residual. Figure 5a,b show GIXRD patterns of doped and undoped HfO2 cuboid arrays
with a length of 2 μm, 5 μm, and 10 μm, respectively. The signal of the undoped HfO2
cuboid array with a length of 2 μm is too weak to analyze, so we did not show the result.
Similarly, we extracted RO/T/C from the curves and plotted them in Figure 5c. It is shown
that more O/T/C phases tend to be stabilized as the length of the cuboid decrease, namely
the specific surface area increases, regardless of doping. In particular, the emergency of
the O/T/C phase in the undoped HfO2 array with a length below 10 μm suggests that
the O-phase could be formable by only increasing the specific surface area largely. RO/T/C
of 25% is reached in our results for undoped films with a length of 5 μm. Although it is
still relatively small for getting enough polarization, we believe that it can be optimized
by further decreasing the size of the film to the nanoscale. These results clearly show the
enhanced effect of specific surface area on the ferroelectric phase formation. Moreover,
decreasing film thickness is another common way to increase specific surface area and it
has been intensively investigated in previous studies. It has been shown a similar result
that thinner HfO2 films tend to form T-phase while thicker films tend to form M-phase.
In general, our results provide an approach to controlling the properties of HfO2-based
devices in size scaling. This is quite valuable for the demonstration of nanoscale devices.

Figure 4. (a) Graphical presentation of cuboid array films whose side lengths were set to 2 μm, 5 μm,
and 10 μm before PDA. (b) AFM diagram of one cuboid in a 10 μm array, showing that HfO2-based
films were all etched.

Figure 5. GIXRD results of (a) HSO (~4 mol% of Si) cuboid array films and (b) undoped HfO2

cuboid array films. The peak] intensity of the O/T/C phase increases with the decrease of array size.
(c) Extracted RO/T/C by fitting GIXRD results in (a,b). O-phase seems formable in undoped films
only by decreasing the side length.

4. Discussion

Finally, we discuss the intrinsic parameters for controlling ferroelectric O-phase for-
mation in HfO2 films by combining the above results with those published previously.
Apart from Si, which was discussed in our study, quadrivalent cation dopants, including
Ge, Si, Zr, and various trivalent ones, including Y, Al, La, Gd, Sc, and Sr have been con-
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firmed to stabilize the O-phase in HfO2 films by sputtering or ALD [1,25,26]. However,
quinquevalent cations, such as Nb, do not show such an effect [23]. To get a general view,
the radii, and the concentration for the ferro-O phase stabilization of these dopants are
summarized in Figure 6a,b. It is found that all the quadrivalent dopants with smaller radii
than Hf (~71 pm) and lower doping concentrations are needed for smaller radii dopants.
This indicates that the tensile strain caused by dopants with smaller radii than Hf is likely
to make HfO2 films ferroelectric. These quadrivalent dopants will cause lattice to shrink-
age, and the smaller the dopant radius is (shorter bond length), the larger the strain is.
Thus, it can be understood that a lower doping concentration is needed for dopants with
smaller radii to get the same strain as dopants with larger radii. As for trivalent dopants,
interestingly, all of them work with similar doping concentrations for O-phase stabilization
but the radii vary from 53 pm (<Hf) to 115 pm (>Hf). It has been proposed that trivalent
dopants introduce VO into HfO2 [25]. In addition, anion dopant N has been reported to
have a similar effect [27]. Additionally, our results also confirm that even the pure VO is
able to stabilize the O-phase in HfO2 thin film. Therefore, we consider that all the trivalent
dopants, anion N dopant works in the same manner as VO. It is well known that VO also
induces tensile strain into HfO2 [28]. Thus, the intrinsic effect of all the dopants including
VO can be understood as inducing tensile strain. Meanwhile, we noted that the doping
concentration to achieve ferroelectricity in HfO2 by SPD was slightly lower than that by
the ALD process even for the same dopants. This may be because the sputtering process
induces more Vo additionally than ALD which affects the ferroelectricity with dopants
commonly as mentioned above [20]. Therefore, it is worth noting that the tensile strain is
related to dopants and VO, and tensile stress is associated with the direction of the in-plane.
It is different if the direction is changed.

Figure 6. (a) Summarized doping concentration and ionic radii of (a) quadrivalent (Si, Ge, Zr) and
(b) trivalent (Al, Sc, Y, Gd, La, Sr) dopants that make HfO2 films ferroelectric [22,23].

Considering the effect of specific surface area, it is well known that the increase in
surface area is a kind of increase in surface tension. Surface tension can be regarded
as tensile stress from the surface and enables the distortion of crystalline lattice [29]. In
addition, there is also other external stress acting on the surface to promote the formation
of the O-phase, such as mechanical capping or selecting the substrate [2,8,9,30]. Moreover,
an early paper found that ferroelectricity in HfO2 can be observed on substrates inducing
tensile stress in the film but not on those inducing compressive stress [31]. Therefore, the
effect of specific surface area may also be originated from the effect of tensile strain from
the surface.

To sum up, in controlling phase composition in HfO2 thin films, all the effects of the
dopants, VO, and specific surface area, which are investigated in this work, as well as other
factors reported in the literature can be generalized to be a strain effect. To understand this
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more deeply, we further consider it from a thermodynamic view. The change in Gibbs free
energy of an elastic dielectric with fixed pressure is given by

dG = −SdT − εidσi − DidEi, (2)

where S is entropy, T is temperature, ε is strain, σ is stress, D is electric displacement, E
is the electric field, and i is the coordinates (i = 1, 2, 3). Therefore, in the process of HfO2-
based film fabrication, two parameters, temperature and strain, affect the phase formation
intrinsically as E = 0. Since the O-phase is thought to be stabilized in the phase transition
from T- to M-phase, we will only discuss the M-, O-, and T-phases in the following [32].
It is well known that T-phases are generally under high temperature while M is for the
reverse case [2]. Based on Equation (2), it is understandable that strain has a similar effect to
temperature, that is, the T-phase is more stable with larger strain and the M-phase is more
stable with lower strain, which is consistent with our results. Thus, the phase formation and
transition with different strains and given annealing temperature (<700 ◦C) are discussed
as follows. For the film with relatively small strain, namely, the film with low doping
concentration, no VO, or small specific surface area, the M-phase is the most stable. Thus,
the M-phase is nucleated and dominant after annealing which behaves as non-ferroelectric
(first panel of Figure 7a). When sufficient strain is induced in the film by any method, the
free energy of the T-phase is lowered relative to the M-phase, which makes it possible for
the T-phase to be stabilized. Especially in the stage of initial nucleation, the tiny crystallite
(radius ~2 nm) with larger surface energy promotes the nucleation of the T-phase [33]. As
the grain grows and the thermal process continues in annealing, part of the strain may be
released and the T-phase may become less stable than the M-phase. It has been studied
that the activation energy of the T–O phase transition (~30 meV f.u.−1) is lower than that of
the T–M phase transition (~300 meV f.u.−1) due to the similar crystal structure between
T- and O-phases [11,34]. Thus, T–O–M phase transition may occur and a metastable O-
phase is formed transitionally (second panel of Figure 7a). When the strain in the film is
further increased, corresponding to high doping concentration in our experiments, the
T-phase keeps being the most stable even with partial strain releasing [13,30]. In this case,
there is only the T-phase in the films (third panel in Figure 7a). The schematics of phase
concentration in HfO2-based film with strain increases at a given temperature are shown in
Figure 7b.

Figure 7. (a) Free energy diagram with different strains at a given temperature which determines
phase composition in HfO2 film. (b) The schematic diagram of the mechanism for general parameters
influencing phase stability in HfO2 films.
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5. Conclusions

In conclusion, the separate effects of dopant, VO, and specific surface area on O-phase
formation in ferroelectric HfO2 films have been demonstrated experimentally. It has been
confirmed that in addition to sufficient dopants, only sufficient VO or specific surface
area enables us to stabilize the ferroelectric O-phase in HfO2 films independently. By
summarizing the results, a strain effect is considered to be the origin of these factors and
this view is applicable for interpreting most of the results reported to date. The strain effect
has also been understood from a thermodynamic view. T-phase nucleation with sufficient
strain and its transition to the M-phase through a T–O–M pathway is a key to the formation
of a ferroelectric O-phase. Thus, engineering the strain in HfO2-based films is critical for
controlling the ferroelectricity of HfO2 thin films.
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Abstract: The AI and IoT era requires software and hardware capable of efficiently processing massive
amounts data quickly and at a low cost. However, there are bottlenecks in existing Von Neumann
structures, including the difference in the operating speed of current-generation DRAM and Flash
memory systems, the large voltage required to erase the charge of nonvolatile memory cells, and
the limitations of scaled-down systems. Ferroelectric materials are one exciting means of breaking
away from this structure, as Hf-based ferroelectric materials have a low operating voltage, excellent
data retention qualities, and show fast switching speed, and can be used as non-volatile memory
(NVM) if polarization characteristics are utilized. Moreover, adjusting their conductance enables
diverse computing architectures, such as neuromorphic computing with analog characteristics or
‘logic-in-memory’ computing with digital characteristics, through high integration. Several types of
ferroelectric memories, including two-terminal-based FTJs, three-terminal-based FeFETs using electric
field effect, and FeRAMs using ferroelectric materials as capacitors, are currently being studied. In
this review paper, we include these devices, as well as a Fe-diode with high on/off ratio properties,
which has a similar structure to the FTJs but operate with the Schottky barrier modulation. After
reviewing the operating principles and features of each structure, we conclude with a summary of
recent applications that have incorporated them.

Keywords: HZO; ferroelectric memory device; NVM; in-memory computing; neuromorphic; FTJ;
Fe-diode; FeFET; FeRAM

1. Introduction

Software is being developed to develop learning algorithms for machine learning, deep
learning, and artificial intelligence (AI). Hardware must also be developed that matches
the performance of this software [1–3]. Structurally separated processing and memory
devices have high energy costs and poor data bandwidth performance (Von Neumann
bottlenecks) [4,5]. The human brain shows high accuracy and as it calculates and remembers
in the analog domain [6,7]. Therefore, neuromorphic systems that imitate the human brain
can be expected to overcome the Von Neumann bottleneck. Efforts are also underway to
overcome the so-called “memory wall”, i.e., the speed gap between logic and memory in the
current CMOS stage, which occurs when hundreds of processes are performed in parallel
by a graphic processing unit or custom-designed processor [8–12]. Resistive random-access
memory (RRAM), phase change material (PCM), and magnetic random-access memory
(MRAM) have been proposed as new non-volatile forms of memory that reduce the physical
distance between computing components and data for memory and processing to overcome
the fundamental limitations of existing CMOS systems [13–16]. However, these candidates
are too slow, possess only a limited data bandwidth, and offer no price advantage [14]. As
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an alternative, in-memory computing has been proposed as a means of breaking away from
the Von Neumann structure itself. In-memory computing improves latency and energy by
performing calculations without physical separation from the storage where the data are
located. Ferroelectric-based non-volatile memory with independent switching mechanisms
and high-power efficiency has recently been recognized for its potential in neuromorphic
and in-memory computing [17–22].

Ferroelectric materials are those with spontaneous two-way remanent polarization
even in the absence of an electric field applied from the outside. Perovskite, for example, is
a well-known ferroelectric material [23–26]. Perovskite may possess polarization properties
depending on the location of Ti or Zr cations. In general, a phase transition occurs to
tetragonal systems with ferroelectricity at low temperatures. When an external electric
field higher than the coercive field (Ec) is applied, the position of the positive ion in the
material moves to the opposite position compared to the conventional one, and polarization
is reversed [26–28]. Accordingly, even when an electric field is not applied, binary states of
0 and 1 can be obtained by using reversing polarization. For this reason, these materials
have begun to attract attention as an NVM [29]. However, polarization is reduced by an
irregular interface layer formed between the silicon and ferroelectric material, reducing
ferroelectricity, and for that reason is not compatible with the CMOS process. Moreover,
since the size of the metal atom is relatively large and has a three-dimensional structure,
ferroelectric properties do not appear in thin films of 50~70 nm or less [30].

In 2011, it was reported that SiO2 doping performed on an HfO2 thin film resulted
in the expression of ferroelectricity. Since then, doping attempts with Si, Zr, Al, Y, Gd, Sr,
La, etc., have been made [31–41]. Among these, Zr has the advantage of having a lower
heat treatment temperature than other dopants and a similar atomic radius and lattice
parameter to Hf, so HZO (HF1−xZrxO2) doped with Zr in Hf is receiving a lot of attention.
HZO shows ferroelectric characteristics as its crystal structure between an electrode and
a ferroelectric thin film is changed by stress from a conventional monoclinic phase to an
orthorhombic phase at a temperature of 400~600 ◦C. HZO shows the highest ferroelectricity
when the composition ratio of Hf and Zr is 1:1, and since HZO is usually deposited through
atomic layer deposition (ALD), the composition ratio can be controlled and thin films can be
produced easily [42,43]. In addition, HZO has ferroelectric characteristics even in thin films,
so it is easy to integrate into devices and is compatible with existing CMOS processes [44].
However, studies noted its insufficient endurance, sustainability, and reliability, as well as
the difficulty associated with manufacturing the back-end-of-line (BEOL) process at high
temperatures. Ferroelectric memory can be classified into four types: ferroelectric tunnel
junction (FTJ), Fe-diode with diode operation, FeFET with field effects, and ferroelectric
random-access memory (FeRAM) [23,24,44]. This review paper introduces the operation of
these four types of memory devices and some of their applications.

2. Ferroelectric Memory Operation Category

2.1. Ferroelectric Tunneling Junction (FTJ)

A FTJ is based on tunneling current conversion between the upper and lower metal
electrodes and ferroelectrics. FTJs were first proposed by Esaki et al. in 1971 and only
began to attract attention as it became possible to manufacture a very thin high-quality
ferroelectric thin film [27,45]. FTJs have a metal-ferroelectric-metal (MFM) structure in
which electrodes are formed on both sides of a nanometer thick of ferroelectric thin film.
The potential barrier of the energy band between the electrode and the ferroelectrics varies
depending on the polarization direction of the ferroelectric, and the amount of tunneling
current changes with the change in resistance (a phenomenon called tunneling electrical
resistance (TER)) [30,46]. TER occurs through three mechanisms: “direct tunneling” (when
electrons pass directly through the tunneling barrier), “Fowler-Nordheim tunneling” (when
electron tunneling occurs in a relatively thick tunneling barrier), and “thermionic emission”
(when carriers receive thermal energy and exceed potential barrier) [47].
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The bistable resistance states for the two opposite polarities can be obtained, which
means that they are eventually polarized to the low resistance (LRS) and high resistance
states (HRS) as shown in energy band diagrams of Figure 1a,b. FTJs can be driven at low
power because the program and erase occurs in nanoseconds and do not lose data thanks
to a non-destructive read process. In principle, the on/off states of an FTJ follow linear or
quasi-linear I-V relationships, so an additional selector device is required to reduce the skip
current in the crossbar arrangement.

 

Figure 1. Conduction band schematic by polarization during FTJ operation of an MFM and MIFM
structure: (a) Asymmetric screening length x from other effective tunneling barrier height Φ: LRS
(On); (b) HRS (Off); (c) direct tunneling through tunneling barriers; (d) Fowler-Nordheim tunneling
that passes through only part of the tunneling barrier [47].

The FTJ using tunneling current causes problems from thin films compared to hafnium-
based materials and other ferroelectric devices. When polarization is reversed due to a high
Ec value (~1 MV/cm), a hafnium-based ferroelectric has a small voltage margin, causing
failures and poor cycling endurance. In addition, a high tunneling current may occur that
traps electrons during operation. Trapping affects the barrier via remanent polarization and
lowers the LRS and HRS values. Moreover, when a very thin polycrystalline layer is used,
the memory window (MW) is dramatically reduced as parasitic currents are generated
due to unwanted conduction from the interface. To address this problem, a structural
metal-insulator-ferroelectric-metal (MIFM) with additional tunneling barriers inserted into
the dielectric membranes has been explored as an alternative [46,48,49]. Figure 1c,d show
that direct tunneling and Fowler-Nordheim tunneling contribute to tunneling current,
respectively. Although the current density is slightly reduced from the stack structure, it
can be useful for neuromorphic computing using large-scale parrel arrays.

Hwang et al. examined an FTJ with an MIFM structure by inserting a TiO2 layer to
increase the ferroelectricity of the HZO films. The insertion layer increased the TER ratio
of the device (which had an asymmetric structure). Figure 2a shows that the TER was
maintained up to 107 times when a 10 μs bipolar pulse was applied. In addition, the TER
ratio of the device was measured for 28 h (Figure 2b), and their research confirmed that the
ratio was maintained for more than 10 years through the fitting [49].
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Figure 2. (a) Endurance characteristics and (b) retention characteristics of FTJ devices with a TiO2

layer inserted in the HZO film with permission from Ref. [49], 2021, IEEE.

2.2. Ferroelectric Diode (Fe-Diode)

Fe-diodes use polarization inversion caused by Schottky barrier modulation at an
interface between a metal electrode and a ferroelectric thin film. The molecular structure
and energy band diagram of the TiN/HZO/TiN Fe-diode is exhibited in Figure 3a,b,
respectively. In a conventional metal-semiconductor contact, a spatial charge region in
the semiconductor is formed to align the Fermi level, and a charge exacts same and
opposite exists on the interface of the metal. The interfacial charge of a single ferroelectric
Schottky diode and the band diagram is therefore subject to continuous and sustainable
variability by the application of an external electric field [50,51]. The positive and negative
polarization charges result in the accumulation of electrons that, respectively reduce the
barrier height and increase the band bending by the positively charged oxygen vacancy. The
current-voltage characteristic has a bistable operation due to the polarization dependence
of the Schottky barrier. In the ferroelectric, as the rigidity of the lattice increases, the
dielectric constant decreases in inverse proportion to the increasing electric field [50]. After
polarization inversion, the changed electric field of the ferroelectric, and the depletion
width of the Schottky diode decrease linearly until the depletion region end is zero at the
maximum value of the interface. Finally, the transmission characteristic of the ferroelectric
Schottky diode is obtained from a bias exceeding the threshold voltage.

 

Figure 3. (a) Molecular structure of Hf0.5Zr0.5O2 and structural mimetic diagram of a Fe-diode;
(b) Energy band diagram showing Schottky to ohmic internal contact in a TiN/HZO/TiN structure
modulated from polarization; (c) Nonlinear I-V curve for two polarizations of ferroelectric with
permission from Ref. [52], 2020, Springer Nature.
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Figure 3c shows the I-V characteristics of an Fe-diode [52]. The blue and red lines refer
to positive voltage sweep and negative voltage sweep. In the former, the current becomes
high and changes to a positive forward diode, while in the latter case, the current remains
high and changes to a negative forward diode.

Fe-diodes and FTJs are both two-terminal devices, but the Fe-diode differs in its unique
nonlinearity, which is defined as the ratio of the read current in Vr and Vr/2 attributable to
the Schottky barrier. This means that the leakage current may be effectively reduced at the
intersection of the array. Therefore, each memory cell and an external selector device need
not be additionally connected in series. Moreover, if the two-terminal device repeatedly
switches ferroelectric polarization, an error occurs during the read operation. The generated
error can be solved by restoring the initial polarization state using the existing read pulse
and inversion pulse as inputs.

2.3. Ferroelectric Field Effect Transistor (FeFET)

A FeFET incorporates a ferroelectric material into a gate oxide and is a non-destructive
method that induces a change in current in a channel according to the polarization switching
of the ferroelectric material. For this reason, the electric field that reaches the channel can
be reduced, and the switching speed of the polarization is brisk [44,47]. Fast read/write
operations are possible that use less power than static random-access memory (SRAM)
and dynamic random-access memory (DRAM). Even if the gate voltage applied from the
outside is stopped, the remanent polarization of the ferroelectric remains and can be applied
to nonvolatile memory, and the character appears as hysteresis in the transfer curve [53]. In
short, FeFET employs the same driving method as an existing FET in which ferroelectricity
in the insulator site of the existing FET structure is used to generate an inverse layer of
the semiconductor channel. It differs, however, in that the polarization of the ferroelectric
induced by the applied gate voltage changes the threshold voltage [54]. This difference in
threshold voltage is defined as MW, which can be obtained by multiplying the Ec by the
thickness of the ferroelectric material and then doubling the result.

A Hf-based ferroelectric material has a larger Ec value than other materials, so it is
easy to scale down and implement a high MW, though the issue of write endurance and
read-after-write delay due to retention and parasitic charge trapping remains. This can
be addressed by using a MIFM structure that inserts an insulating layer or by adding a
layer of oxide with good conductivity to the FeFET channel. Mo et al. used an ultrathin
IGZO channel in FeFET, and when the P/E voltage is higher than 2V, Vth is effectively
shifted to record high endurance and retention [55,56]. The former characteristics can
be determined through drain current measurement over time in the absence of applied
voltage, and the latter characteristics can be extracted in the number of cycles by repeatedly
applying positive/negative voltage pulses. When the program and erase were operated
108 times, 2Pr = 15 μC/cm2 was recorded without wake-up and significant degradation. In
addition, it has been confirmed that both the program and the erase state are maintained
for at least 1 year. Hoffmann et al. achieved high write endurance by inserting SiNx
layers to improve the parasitic charge trapping of FeFETs [57]. It has been confirmed that
the retention degradation caused by the reverse conversion of ferroelectric domains in a
large demarcation theater is capable of overcoming retention instability by controlling the
gate work function. Gaddam et al. reported the use of HfO2 as a seed layer above and
below HZO in a MFM structure composed of TiN-HZO-TiN (Figure 4a) [58]. Figure 4b
shows that the thickness of the insert layer is inversely proportional to its ferroelectric
characteristics, and a 1 nm seed layer in the HZO bottom layer of HZO yields a maximum
(Pr) of 22.1 μC/cm2, while a 1 nm seed layer inserted into the upper layer of HZO yields a
maximum (Pr) of 19.6 μC/cm2. Endurance and retention characteristics were measured
and compared, which can be confirmed in Figure 4c,d. In both cases, the upper and lower
layer show improved properties after the insert layer is added.
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Figure 4. (a) Schematic of HfO2 using bottom insert layer in an HZO MFM structure; (b) rema-
nent polarization of the thickness of the HfO2 bottom insert layer; (c) endurance and (d) retention
characteristics with no HfO2 insert layer or location with permission from Ref. [58], 2020, IEEE.

2.4. Ferroelectric RAM (FeRAM)

FeRAM is a memory with a 1T-1C structure that uses a ferroelectric as a capacitor-
based material [59]. FeRAM is similar to DRAM in which the capacity layer has been
replaced by a nonlinear dielectric, and the plate line of FeRAM, unlike DRAM, does not
maintain a constant voltage because it requires pulses to switch the ferroelectric polarization
direction [47]. The binary information is stored in the ferroelectric capacitor and the
transistor allows random access for read/write operations. Because ferroelectricity is used,
it has NVM characteristics, but the stored values have destructive characteristics because
the polarization is detected by the read pulse as to whether it is inverted, and the cell needs
to be recovered.

Unfortunately, FeRAM has the disadvantage of having a larger cell size than other
memories because it requires a plate line. Accordingly, FeRAM footprints range from
15 to 20 F2, making them larger than other ferroelectric memory devices, including FeFETs
(4–8 F2), FTJs (4 F2), and Fe-diodes (4 F2). Therefore, these are unlikely candidates for next-
generation ferroelectric devices because integration is more difficult even if a scale-down is
performed [44].

3. Ferroelectric Device Application

Recently, researchers have focused on implementing artificial neurons and synapses
with memory devices using ferroelectric materials and using these in neuromorphic com-
puting systems. [60–65]. The basic behavior of computing is based on the matrix product
of the voltage generated in artificial spiking neurons and the variable resistance called
synapses [66]. Conventional CMOS can also construct neurons and synapses, but it re-
quires a great deal of unit devices, resulting in low energy efficiency and difficulty in device
integration [67]. Hf-based ferroelectric materials have a bistable polarization state and thus
can be used as a non-volatile memory that stores binary information via the regulation
of electric field strength [68]. Hf-based ferroelectric devices are stochastically capable of
unexpected switching and multi-value polarization control and have a larger band gap (5.0
to 5.5 eV) than perovskite-structured ferroelectric devices (3 to 4 eV). Their high stability
against leakage current renders them suitable for high-speed and low-power storage ap-
plications even if the scale of the device is reduced in charge-based ferroelectric memory
devices (three-terminal devices). Furthermore, two-terminal ferroelectric memory devices
are available for high-performance, low-power, and large-scale parallel memory computing
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applications due to their excellent analog switching characteristics, high nonlinearity, and
uniformity [69–73]. However, the two-terminal device has current density, sneak current,
and retention characteristics, and the three-terminal device has endurance, and the number
of states in the scaled-down device causes problems. This section highlights the benefits of
ferroelectric devices as memory devices from an application perspective.

3.1. Two-Terminal Devices
3.1.1. FTJ

Neuromorphic applications perform many analog tasks such as addition, multiplica-
tion, etc., and require linear and symmetric conductance tuning, low current write-read
operations, fast transition speed, and high endurance. [74,75]. In the MFM structure of a
FTJ or MFIM structure with an added insertion layer, related studies are noted because the
current density is low, and a crossbar arrangement structure is possible [76]. In general,
when the crossbar arrangement structure is expanded through the linear I-V characteris-
tics of FTJ, there is the problem of high current flow from high conductivity. However,
research has been conducted to provide ultra-low conductivity and ultra-low current by
developing nonlinear I-V characteristics [77]. In short, FTJ brings great advantages in terms
of large-scale parallel computing and integration [78].

Reservoir computing (RC) refers to energy-consuming networks that compute time
data. They have attracted attention for their low cost of learning-only weights among
reading layers [79]. Currently, data processing power must be improved, and research is
ongoing to develop a dynamic RC hardware system by combining it with an RRAM-based
readout layer using nonlinear features based on FTJ devices. The RRAM used in one
experiment showed stable Set/Reset operation from the I-V curve by measuring 1T-1R
100 times. When the dielectric effect is removed from the polarization current over time in
the FTJ; four peak values from the beginning of the polarization current are used as RC
computing nodes. This experiment confirmed the trend of the recognition accuracy of the
RC hardware system simulation value and the measured value matched for digital signals.

Chen et al. have reported electron synapses for neuromorphic systems that use
three-dimensional vertical HZO-based FTJs, which can be confirmed in Figure 5a [80].
Throughout the training, the FTJ synapse showed analog-like conductivity and low en-
ergy consumption characteristics when synapse weights were updated, as well as high
integration performance. As shown in Figure 5b,c, implemented in hardware, the synapse
was trained by applying boost/decrease pulses through a 1/2 bias to change conductivity.
When the original state is maintained, caution is needed because both the word line and the
cell related to the bit line can be selected if an appropriate bias is not applied. Subsequently,
as shown in Figure 5d, recognition accuracy of 96% was confirmed through 50 test character
patterns through a hardware neural network (HNN) application.

Ota et al. used an FTJ that enhanced the performance and reliability of in-memory
reinforcement learning (RL) through structural and material engineering, which can be
confirmed in Figure 6a [81]. Compared to conventional memristors, which are difficult
to program for accurate conductive states, RL can achieve human-level performance on a
variety of control or decision-making tasks [82]. As shown in Figure 6b, the simulation of
the standard problem showed that the training speed could be optimized at the standard
deviation value (σ) and at the same normalized conductance change by adjusting the pulse
voltage. Even at an optimal pulse voltage, if the σ increased, the minimum convergence
time also increased, which means that the smaller σ better maximizes RL performance
in Figure 6c. It was confirmed that the endurance is improved as the voltage margin
(Vm) increases. As shown in Figure 6d,e, to increase Vm, the thickness of HZO and the
concentration of Zr should be reduced. In this case, it is advantageous to reduce the
thickness of the HZO in order to secure the variability of the RL system. Vm fluctuation
with respect to the scale of the device can be solved by voltage compensation.
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Figure 5. (a). Section cut of 3D vertical ferroelectric HZO−based FTJ array structure. (b) Diagram
of 1/2 bias training of FTJ array structure. (c) The curve of the change in conductance according to
the pulse number, the difference in conductance between the selected-synapse and the half-selected
synapse effectively changed. (d) The test set trained 50 letter patterns at 20 epochs, and these
characters recorded high accuracy of more than 96%. With permission from Ref. [80], 2018, RSC.

Figure 6. (a) The RL system in a parallel structure operates by read operation the maximum current
from Word-line to Bit−line. (b) Changes in conductivity of FTJ by positive and negative pulses.
(c) Minimum convergence time and optimal voltage by different conductance. (d) Vm in inverse
proportion to HZO thickness. (e) Vm in inverse proportion to Zr concentration with permission from
Ref. [81], 2019, IEEE.

In the crossbar array, the parasitic component between the sneak path current and the
mutual is fatal to the FTJ’s operation pursuant to Kirchhoff’s current law, and as a result,
the sum of the currents is difficult to determine by a subsequent amplifier [67,78,83]. Goh
et al. implemented a crossbar array without a selector using TaN as the insertion layer
to prevent sneak current and confirmed that this was possible up to 4 kbit [84]. With the
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addition of the insertion layer, stable intermediate states of 30 or more, linear potentiation
and depression are possible, as is the possibility of synapse implementation with long-
term reinforcement and suppression, spiking-timing-dependent plasticity (STDP), and low
energy consumption. As a result, we looked at instances of neuromorphic computing and
in-memory that used an HZO−based FTJ compatible with CMOS as a synaptic device.
In addition, we identified the difficulties in implementing these in large crossbar array
environments and briefly summarized the research that sought solutions to these problems.

Kim et al. implemented a physical unreachable function (PUF) by simulating a
4 × 4 FTJ array [85]. PUF uses unique variability as an electrical parameter, compared
to storing sequential passwords in existing memory devices. It is attracting attention be-
cause it has advantages in terms of price and is strong against side-channeling attacks. To
implement this PUF, RRAM was considered a promising structure, and thus research was
initiated to use it as an encryption device using FTJ. This study was simulated with an FTJ
array of three sizes. It has been confirmed that reliability due to deviation between devices
has more influence than reliability due to the scale-down of devices. That being said, even
if the FTJ is scaled down, a stable operation may be performed in the intersection array.
Lim et al. proposed SR-FTJ (self-rectifying-FTJ) through simulation that allows content-
addressable memory (CAM) and PUF to operate in two layers [86]. CAM is specialized in
in-memory computing, specializing in high-speed search of cache controllers or routers.
However, since it has a security problem, research has been conducted in giving it high area
efficiency by vertically combining it with the PUF introduced above. A certain difference in
the leakage current of SR-FTJ was used as CAM data, and the leakage current was used as
a value of PUF. Although its performance is still low, such memory can reduce its area by
88.1 to 97.4% compared to the previous one.

3.1.2. Fe-Diode

A design of a Hf-based Fe-diode was published in 2020 by Luo et al. [52]. The current
density and nonlinearity were very high compared to the widely examined perovskite.
Relative to FTJ, a higher on/off ratio could be obtained using Schottky contact. The
following year, a study conducted by Bae described a diode formed by stacking an HZO
layer on an oxide IGZO layer [87]. When IGZO and a ferroelectric are combined, they
have high mobility and ideal SS, and high retention and endurance characteristics [55,56].
Therefore, when IGZO is efficiently positive bias and the polarization of ferroelectricity
is up-polar, and negative biases and polarization of the ferroelectricity is down-polar, the
charges have a depletion state and an accumulation state, respectively. The single device
had a high on/off ratio of 3 × 105 and can be used as a high-speed, low-power non-
volatile memory operating at 800 ps and 0.8 fJ. To implement logic-in-memory, the Boolean
logic ‘NOT’ was operated using two diodes, with a significant difference in input/output
current of as much as 104. In addition, a Fe-diode that combines HZO and IGZO called
TCAM (Ternary-Content-Addressable-Memory) was implemented using non-volatile and
ambipolar characteristics. This was verified as a potential device for in-memory data
processing and neuromorphic computing [88].

To implement logic-in-memory with an Fe-diode, researchers have sought to improve
the retention performance through the insertion of a HfOx layer into the HZO layer [89].
Since the retention defect in the ferroelectric was caused by the leakage current and the re-
sulting trapping effect, retention performance was improved by adding the HfOx insertion
layer [90]. A logic ‘XOR’ operation was performed on these devices by three sequential
cycles (write 1, write 2, and read). The logical variables p and q were used for 16 Boolean
functions. For one fluorine function, for example, 0 and 1 were excluded when 0 and 1 are
0 V and +7.5 V in the write cycle, and 0 and 1 operate when each was −4 V and 4 V in
the read cycle. The operation was confirmed with the pulse results, and the experiment
confirmed that this can be used as a logic-in-memory device in an MFIM structure in which
an insertion layer is added to the ferroelectric layer.
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3.2. Three-Terminal Devices
3.2.1. FeFET

A FeFET has a similar driving method as MOSFET, therefore efforts have been made to
improve memory performance using a structural approach. An HZO-based FinFET device
was investigated by Bae et al. [91]. Space and energy distributions were extracted from
the trap density of the ferroelectric layer and interface layer, which were stacked on the
gate, through low-frequency noise measurement (a non-destructive analysis). In addition,
degradation due to radiation damage was analyzed based on the interface trap and bulk
trap. A 3D FeFET was developed by Florent et al. that connected three transistors in series
in the vertical direction, confirming the potential for achieving CMOS process compati-
bility and high integration as an NVM. To significantly improve on the low endurance
characteristics in the three-terminal device created by Liao et al., a 3D GAA nano-sheet
was structurally introduced, and the corner dead zone of ferroelectric polarization was
suppressed [92]. In Figure 7a, HZO is used as a double layer to enable multiple Ec, which
can store 3 bits of data. Figure 7b shows that the relatively nonuniform vectors at the
edge of the GAA offset each other for a single HZO film using TCAD, resulting in weak
polarization. In Figure 7c,d, the high endurance of 1011 and the metal-HZO interface dead
layer are improved by using HZO as a double layer. Using the ITO-IGZO heterojunction
channel developed by Chen et al., one study showed that the top interface defects can be
self-compensated in the top gate and dual gate structure to improve the ultra-low sub-pA
leakage, disturb-free, and sneak-current-free read/write operations [93]. First, the defect
self-compensation effect on the ITO-IGZO channel FeFET, as well as the FeFET using
only the IGZO channel, was investigated as the top gate, and it was confirmed that the
trapping/de-trapping of electrons in the IGZO channel device lost the hysteresis response.
As a result, MW converged to 0, and Figure 8a shows that the deep-level trap density
of the low IGZO channel device is 100 times higher than that of the ITO-IGZO channel
device. XPS analysis suggests that oxygen vacancy in Figure 8b is less in ITO-IGZO devices
than in IGZO devices because metals with high bond dissociation energy (BDE) suppress
oxygen defects. Meanwhile, read-after-write delay tests were performed on devices with
BEOL dual gate and IGZO channel devices, and delays of 200 ns and 10 s were observed
(Figure 8c), respectively. As illustrated in the energy band diagram of Figure 8d, interface
and bulk deep-level traps are effectively passivated by the self-compensation effect. Finally,
BEOL, which was structurally and thermally disadvantageous, was developed as a BEOL
top gate FeFET with a very low delay value of 200 ns and an ideal SS of 62 mV/dec using
heterogeneous bonding channels.

Unlike a two-terminal device, an FET structure changes channel conductivity by
the gate and determines the weight of the input/output. This system shows an advan-
tage in online learning because the learning and option are easily separated [44,94,95].
TiN/HZO/TiN structures were created using a 10 nm HZO thin film, and remanent polar-
ization was measured in three ways (Figure 9a–c) to investigate synaptic properties [96].
The best way for remanent polarization proved to be increasing the voltage amplitude
while retaining the same pulse interval. In this way, 32 polarization states were generated
and converted into channel current states by simulation, and the MNIST simulation showed
a pattern recognition accuracy of 84.34%, as shown in Figure 9d,e. Storage computing
systems operating based on the parallel computing of FeFETs examined have been shown
by Nako et al. to be well-suited for large-scale in-memory computing, which is updated
over time in real-world applications such as speech recognition via online learning [97].
Voice numbers from 0 to 9 are converted into 78 frequency channels and 48 time steps, and
the voltage pulse of a single frequency channel can be used as input as the gate voltage of a
single FeFET. A number is determined in one device through the drain current obtained
from there, according to the majority vote of the finally determined FeFET connected in
parallel. In this study, several measures were proposed to increase detection accuracy. The
time step used to make virtual nodes was adjusted, the voltage conversion and frequency
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channel selection methods were optimized, and drain, source, and substrate currents were
measured and applied in detection to improve accuracy.

Figure 7. (a) ID-VG curve with 3-bit operation from double HZO layers; (b) decreased polarization
in corner region for GAA FeFET with a single HZO layer by TCAD; (c) endurance (>1011) and
MW (=0.9 V) characteristics obtained using double HZO layer; and (d) schematic of the effect of
polarization field on corner areas when single and double HZO layers are used with permission from
Ref. [92], 2022, IEEE.

Figure 8. (a) Trap density for interface/bulk of deep-level through C-V measurement; (b) XPS analysis
confirms the effective inhibition of oxygen vacancies in the ITO-IGZO channel device; (c) 200 ns delay
occurred during read after programming operation; (d) The energy band diagram shows that the
self-compensation effect is capable of good passivation for defects with permission from Ref. [93],
2022, IEEE.
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Figure 9. (a) Programming identical pulse; (b) increasing programming pulse width; (c) increasing
programming pulse voltage; (d) the polarization states of 32 levels did not overlap each other,
resulting from the cycle-to-cycle variation of each polarization state; (e) as a result of the simulation
for three neural networks, the pattern recognition accuracy was 84.34% recorded with permission
from Ref. [96], 2017, IEEE.

Chung et al. fabricated FeFETs using a germanium (Ge) channel to study the time
response to the HZO gate stack, as shown in Figure 10a [98]. In Figure 10b,c, experiments
demonstrate that a single pulse of fewer than 10 ns and a pulse train of 100 ps are suitable
for attempting polarization transitions in FeFET. Time response is an indicator of the
working speed of FeFET, which means that it is possible to operate in the GHz region when
responding in an ultra-high-speed region of less than 10 ns. This group also presents a study
that updates the optimal weights for improving the linearity and asymmetry of the channel
conductance using the same Ge-FeFET [69]. The weight update applies potentiation and
depression pulses to the gate electrode to enter a new conductance value through partial
polarization of the ferroelectric. Online networks are required for the effective operation of
linear and symmetric conductance. Therefore, if it is not optimized for the voltage or width
of the pulse, as the number of pulses increases, the size of the decreasing conductance has
nonlinear and asymmetric characteristics, and the network becomes inefficient. Through
experiments, the pulse was optimized, and it was proved that the better the linearity, the
higher the accuracy, and the lower the accuracy of the nonlinearity pulse. Using these
devices, MNIST images were trained with these devices and achieved high accuracy of
up to 88%. This means that the results confirm that optimization for the pulse has a great
influence on updating the conductance.

Figure 10. (a) 3D structure of nanowire FET with Ge-channel; (b) ID-Accumulated pulse time curve
showing polarization switching limits less than 10 ns; and (c) accumulated 100 ps pulse train to detect
polarization transition with permission from Ref. [98], 2018, IEEE.
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Noh et al. conducted a study to combine β-Ga2O3 and HZO, which operate well at
high temperatures available in rough environments (desert, space, etc.) [18]. β-Ga2O3 is
a wide bandgap of 4.8~4.9 eV and has recently succeeded in melt-grown growth about
low-priced large bulk substrates, receiving attention as a next-generation power semicon-
ductor [99,100]. In this letter, FeFET was manufactured using HZO and β-Ga2O3 channels
on sapphire substrates. The SS and Ion/Ioff characteristics of FeFET were excellent, and
MW for use as a synaptic device was also confirmed. Meanwhile, as the number of pulses
increases, both the nonlinear formation and the maximum conductance increase, resulting
in a trade-off relationship. On-chip learning allowed excellent learning of 94% accuracy in
a wide temperature band (20–200 ◦C) for the MNIST data set. Therefore, ferroelectric mate-
rials combined with β-Ga2O3 and HZO can be used to create devices that can overcome
high temperatures.

So far, this paper has only considered HZO-based ferroelectric memory devices, but
a recent study of P(VDF-TrFE) ferroelectric material-based 2D FeFET is worth reviewing
from a structural and application perspective. To realize in-memory computing, Luo et al.
implemented the ‘logic-in-memory’ system, which means digital operation, and the ‘neu-
romorphic computing’, which means analog operation, in a single three-terminal device,
blurring the boundaries between the two operations [101]. With dual-ferroelectric-coupling
effects and 2D transition metal dichalcogenide (TMD) channels, MoS2 with unipolar char-
acteristics was used as the upper electrode, and MoTe2 with ambipolar characteristics was
used as the lower electrode. The digital operation was performed using two ferroelectric
layers located at the upper and lower ends. These layers induced four conductance states,
and the ‘OR’ and ‘AND’ were implemented through the upper electrode while the ‘XNOR’
logic was implemented through the lower electrode, as shown in Figure 11a–c. In addition,
one layer was set to a fixed polarization to implement analog operations that perform
synaptic behavior like a general FeFET through long-term focus (LTD) measurement and
MNIST simulation. This study is considered one of the low-power and high-efficiency
in-memory computing hardware technologies that simultaneously conducts logic and
synaptic operations when the switching between double-gate and single-gate methods
was free.

Figure 11. Polarization state by applying different voltage pulses to the top and bottom gates of the
(a) MoS2 FET; and (b) MoTe2 FET; (c) ‘And’ and ‘XNOR’ Boolean logic gate operation results table
with permission from Ref. [101], 2018, ACS.

3.2.2. FeRAM

FeRAM, with its 1T-1C structure, has been studied due to its high endurance, low
voltage operation, and disturbance-free operation, but it is large footprint and destructive
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read operation suggest that it is better suited for use as, a memory array than in any
neuromorphic application [44,102,103].

FeRAM was developed by Francois et al. as a 1T-1C array with a 16 kbit capacity [102].
The capacitor is less than 300 nm in diameter, and it has been confirmed that it has an
operating speed of 30 ns, that data are in a 125 ◦C environment, that it has endurance
characteristics of 1011 or more, and that it is compatible with the BEOL process. A 64 kbit
array with a larger capacity was demonstrated by Okuno et al. [104]. A high operating
speed of 14 ns, an endurance of 1011 or higher, and data retention characteristics of 10 years
or more were also investigated. Their research attempted to amplify a voltage that changes
in accordance with the difference in capacitance obtained through the comparison of
the reference capacitor and the ferroelectric capacitor by the sense amplifier. Simulation
and experimental results confirmed that the two memory states were distinguished. The
dependence on the read voltage margin on the MFM capacitor size was calculated, and it
was found that it was possible through a 40 nm process based on a 3D cylinder capacitor.
While working on a low-capacity FeRAM array, a high-capacity FeRAM with 8 GB density
was demonstrated by Sung et al. [105]. While the existing FeRAM operated by maximizing
2Pr by adjusting the capacitor plate voltage, the demonstrated FeRAM showed potential
as a low-power, high-speed memory by using a low fixed capacitor plate voltage that
widened the difference in work functions of the upper and lower electrodes. However, the
system remained disadvantageous in terms of density, and additional improvements will
be needed to improve the 2Pr and speed switching through asymmetric operating voltage,
upper/lower electrode development, and HZO composition.

4. Conclusions

We described four types of ferroelectric-based memory devices, focusing on their
operational methods, features, and applications. FTJ operates according to the TER whose
resistance changes depending on the polarization direction of the ferroelectric. Fe-diodes
operate by causing polarization inversion through Schottky barrier modulation at the
interface between the metal electrode and the ferroelectric thin film. These two structures
are two-terminal devices, so high integration that enables large-scale parallel computing
can be implemented. In addition, their analog switching characteristics and uniformity
are excellent. FTJs which have a linear I-V and Fe-diode generally have nonlinear I-V
characteristics, but FTJs with a nonlinear I-V are also being studied. This is the nonlinear
I-V characteristic of the two-terminal device that is advantageous for synaptic devices
in neuromorphic applications and low-current devices in large-scale parallel computing
with resistance-based crossbar arrays [77,78]. To improve mobility, SS, endurance, and
retention characteristics, an IGZO layer or several oxide layers (such as TiO2 and HfOx)
can be used as insertion layers [58,87,89]. FeFET induces a change in the current of a
channel according to polarization switching, and FeRAM uses a ferroelectric material in
a capacitor having a 1T-1C structure to perform a destructive operation. FeFET has low
leakage current due to the wide bandgap of the HZO and thus shows advantageous high-
speed and low-power characteristics, even when the associated device scale is small. Since
they operate like MOSFET, researchers have focused on developing memory performance
through a structural approach [91–93]. Especially, inducing a channel current change by
gate has proved that learning and operation can be separated and have advantages in
online learning [97]. FeRAM is being actively researched for use as a memory array, in light
of its high endurance characteristics and compatibility with the BEOL process [102,104].
Finally, studies of low fixed plate voltages, have yielded encouraging findings for the
development of low-power high-speed memory [105]. In summary, while research has
only just begun on the application of memory devices using ferroelectric doped with Zr on
Hf, the potential is clearly enormous. If each structure’s unique strengths and weaknesses
continue to be improved upon, many applications, such as in-memory computing and
neuromorphic computing, will be developed.
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Abstract: In this paper, a Silicon-Pillar (SP) structure, a new structure to improve the erase speed in
the 3D NAND flash structure to which ferroelectric memory is applied, is proposed and verified. In
the proposed structure, a hole is supplied to the channel through a pillar in the P+ crystal silicon
sub-region located at the bottom of the 3D NAND flash structure to which the COP structure is
applied. To verify this, we first confirmed that when the Gate Induced Drain Leakage (GIDL) erasing
method used in the 3D NAND structure using the existing Charge Trap Flash (CTF) memory is
applied as it is, the operation speed takes more than 10ms, for various reasons. Next, as a result of
using the SP structure to solve this problem, even if the conventional erasing method was used until
the thickness of the pillar was 20 nm, thanks to the rapidly supplied hole carriers, a fast-erasing rate of
1us was achieved. Additionally, this result is up to 10,000 times faster than the GIDL deletion method.
Next, it was confirmed that when the pillar thickness is 10 nm, the erase operation time is greatly
delayed by the conventional erasing method, but this can also be solved by appropriately adjusting
the operating voltage and time. In conclusion, it was confirmed that, when the proposed SP structure
is applied, it is possible to maximize the fast operation performance of the ferroelectric memory while
securing the biggest advantage of the 3D NAND flash structure, the degree of integration.

Keywords: ferroelectric; 3D NAND; GIDL; polysilicon

1. Introduction

The recent development of NAND flash technology for high density has been ex-
tensively utilized in industry. The first vertical channel NAND flash technology was
announced by Toshiba in 2007 [1]. The Terabit Cell Array Transistor (TCAT) by Samsung [2]
and Stacked Memory Array Transistor (SMArT) by SK Hynix [3] were developed in 2009
based on this structure. Since then, the development of vertical channel structures has
grown rapidly. In particular, the layered stack of the vertical channel structure is expected
to have a high-end structure of more than 200 layers in 2023 [4–6].

Three-dimensional NAND memory is a high-density, cost-effective technology, but it
still has some drawbacks, such as speed, cell size, and power consumption at the system
level due to the required peripherals (e.g., charge pump). In particular, the program
speed is pointed out as a weak point compared to other memories (ex: Dynamic Random
Access Memory (DRAM)) in the NAND flash structure, and attempts to solve this have
been studied.

To solve this problem, resistance change memory, such as Phase-Change Random
Access Memory (PCRAM), Resistance Random Access Memory (RRAM), and Magnetic
Random Access Memory (MRAM) are being actively studied as next-generation memory
that can replace charge trap flash (CTF), which is currently used in 3D NAND flash
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memory. In particular, these resistance change memories have the advantage of relatively
fast operating speed and low operating power [6]. However, it is difficult to apply the
resistance change memory to a large-scale product, especially when it is applied to the
current 3D NAND flash structure, due to the disadvantage that only the one transistor-one
resistor structure is possible compared to the CTF device that can be configured with
one transistor.

As a result of this problem, most of the resistance-changing memories studied so far
do not replace mass storage devices such as Solid-State Disks (SSD) and have limited use
in specialized fields such as internal memory. Among these, in the case of ferroelectric
memory recently studied using ferroelectric material [7–10], it is only necessary to replace
the ONO structure used in the CTF flash with ferroelectric material. Therefore, the NAND
flash structure using the ferroelectric memory basically has an advantage in that the existing
NAND flash structure and operation method can be used as it is. Due to these strengths,
research for applying ferroelectric memory to the 3D NAND structure, the latest structure
of NAND flash, has progressed rapidly compared to other memory devices, and there are
cases where actual devices have been made to prove the possibility [11].

However, there are several problems in the practical application of ferroelectric mem-
ory to 3D NAND flash structures. Among them, the most urgent and major problem is the
low operating speed of the Gate Induced Drain Leakage (GIDL) erasing method currently
used in 3D NAND flash memory. In the early days of 3D NAND flash development, there
was Bulk Erase of the TCAT structure and GIDL deletion of the Bit Cost Scalable (BiCS)
structure, but as the structure of 3D NAND flash evolved to the COP structure to improve
density, the peri circuit layer was placed underneath. Therefore, although it showed a
faster erase speed compared to the GIDL erase method, the bulk erase method, which
relies on the p+ sub-region under the string to supply hole carriers to supply the erase
voltage to the channel, is deprecated. Therefore, although most of the currently manufac-
tured 3D NAND flash structures use the GIDL erase method, this GIDL erase method has
many disadvantages in actual operation because it requires making a hole carrier using
the GIDL phenomenon. The biggest problem among them is that the operation speed is
extremely slow.

Furthermore, if ferroelectric memory is applied to the 3D NAND flash structure,
the GIDL erase method becomes a bigger problem because the operating voltage of the
ferroelectric memory is very small compared to the operating voltage of the conventional
CTF memory. Because it is the operating voltage that determines the GIDL erase speed,
if the erase voltage is decreased to protect the performance of the ferroelectric memory
and the ferroelectric film, the operation speed will inevitably be lowered. Therefore, in
order to apply ferroelectric memory to the current 3D NAND flash structure, an innovative
structure and operation method that can have a fast operation speed even at a low erase
voltage is required. If this problem cannot be solved, even if ferroelectric memory is applied
to the 3D NAND flash structure, the program speed will only be faster, and the erase speed
will be slower than the existing CTF memory. To address this, this paper proposes and
validates a Silicon-Pillar (SP) structure capable of supplying high-speed hall carriers by
columns inside the 3D NAND flash string.

2. Details of the Proposed Structures

Figure 1 describes the structure proposed in this study by comparing it with the
general 3D NAND flash structure. First, it is assumed that a ferroelectric memory is applied
to the general 3D NAND flash structure described in (a) and (c). In this structure, the
lower P+ crystal sub-region is completely separated from the single memory string and
simply plays the role of a substrate for the Peri circuit. Therefore, the supply of hole
carriers to increase the channel voltage in the erase operation depends entirely on the GIDL
phenomenon that occurs in the N+ doping region (red color) of the GSL and SSL transistor
regions. Therefore, in this structure, the erase speed will take about 1.5 ms [12] only for the
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rise of the channel voltage, so the fast operation speed of the ferroelectric memory will not
be reflected at all and will operate very slowly.

Figure 1. Comparison of the proposed structure with general 3D NAND flash to which ferroelectric
memory is applied. The schematic diagrams in (a) and (b) are a 3D NAND flash structure and a
single string of the proposed SP structure. (c,d) show the details of the proposed structure.

Next, the SP structure described in (b) and (d) is based on the IP structure presented
in a previous study [13]. As shown in (b), the proposed SP structure can serve as a
passageway for hole carriers rich in crystal pillars connected in the P+ polysilicon sub-
region to move upward, unlike the existing 3D NAND flash structure. Next, the P+
polysilicon sub-region on the upper part of the Peri circuits exists to stably supply the
holes supplied from the crystal pillar to the upper P polysilicon pillar. Of course, it is ideal
that the lower crystal pillar and the upper polysilicon pillar are directly connected one to
one. However, in reality, it is almost impossible to align pillars with a diameter of only
several tens of nanometers through lithography. Therefore, in order to secure the degree of
freedom, an additional sub-region with a large area is absolutely necessary. In the figure,
for convenience, the upper polysilicon pillar and the lower crystal silicon pillar are located
at the same location, but in the actual structure, they can be freely placed at any position in
the P+ polysilicon sub-region.

The supplied hole carriers are quickly supplied to the adjacent intrinsic polysilicon
channel on the P polysilicon pillar, and at the same time, the high erase voltage applied
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from the BL contact and the CSL contact can be transmitted to the channel. Because the
expected performance of the proposed SP structure, especially the rising rate of the channel
voltage, has already been confirmed in the IP structure published by our previous study,
using this structure can improve the very slow erase speed of the existing 3D NAND flash
structure. Due to these advantages, the proposed SP structure will become a new structure
that can properly utilize the speed of ferroelectric memory in the 3D NAND flash structure.

3. Simulation Results and Discussion

3.1. Simulated Structures, Models, and Parameters

In this paper, Synopsys’ Sentaurus TCAD tool [14] was used. The structure editor
tool was used to design the proposed structure in Figure 2 above. This structure was
used as a Virtual Gate All (GAA) structure during device simulation via the Sentaurus
tool’s cylindrical command (Rotate 360 degrees). Next, in the composition of each contact,
starting with the SUB contact at the bottom, the Common-Source-Line (CSL) contact serves
a ground function, and the Ground-Select-Line (GSL) located above it controls a total of
10 word lines (WLs), and the Source-Select-Line (SSL) contact serves as a gate for control
Bit-Line(BL). Finally, the uppermost Bit-Line (BL) serves as a drain.

Figure 2. Details of the simulated device. (a) Schematic of the 10 stacked memory cells, word lines
WL0 to WL9, and select transistors, GSL, SSL, BL, and CSL. (b) Expanded view of the simulated
structure with dimensions of the constituent parts.

Figure 2b shows an expanded view of the dimensions of the elements used in the
simulated device. The Macaroni(M)oxide, pillar, channel, and ferroelectric layer thicknesses
were held at 0~20, 30~10, 10, and 10 nm, respectively. Therefore, the total diameter of
the simulation device is 100 nm. The word line gate length and the interval between
successive word lines were fixed at 30 nm. It is also confirmed that the doping concentration
dependence, high field saturation, and trap scattering mobility models were used in the
given device simulations. In addition, Shockley–Read–Hall [15], Auger [16], and Hurkx
band-to-band recombination models [17] were also used to simulate the operation of the
transistor in a 3D NAND flash structure.
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Figure 3 shows the doping concentration of the formed structure and additional
information on the SSL, GSL, and SUB-regions. First, in the case of the SSL region shown
in (b), the length of the SSL gate is set to 100 nm, and this is also the case for the GSL in
(c). This is for suppression of leakage current flowing to BL and CSL, respectively, and
enhancement of gate control capability. It is known that such a structure or a plurality of
gates is used in the actual 3D NAND structure. Second, the doping concentration of the
pillar was set to a lower concentration (5 × 1018 cm−3) than that of the lower sub-region.
This is in consideration of the difficulties in the process and the change of the threshold
voltage due to the increase in the doping concentration. Lastly, the position of the crystal
pillar in the sub-region is the same as the upper polysilicon pillar for the convenience of
simulation. However, in reality, it will be placed at the optimal position considering the
area and performance of the Peri circuits. In addition, the following document [13] was
referred to for the selection of the parameters for reflecting the trap characteristics of the
polysilicon channel. Finally, among the ferroelectric parameters of the ferroelectric, the
Saturation polarization (Ps) was set to 30 uC/cm2, the Remanent polarization (Pr) was set
to 25 uC/cm2, and the Coercive field (Ec) was set to 2 MV/cm. Additionally, the Time for
the polarization was set to 0 s. This setting is too ideal, but in this paper, we want to confirm
that the operation of ferroelectric memory can be effectively implemented in existing 3D
NAND flash structures, so reliability such as retention and endurance is not considered,
and the reliability part is to be confirmed by fabricating actual devices in the next study.

Figure 3. Details of the doping concentration. Schematic of (a) the overall doping distribution,
(b) the SSL region, and (c) the GSL and sub-region.

3.2. Analysis of the Erase Speed of Ferroelectric Memory When GIDL Erase Is Used

In this paper, we first analyzed the operation speed, especially the erase speed, when
using a ferroelectric memory in a structure using general GIDL erase. In particular, since
the ferroelectric memory operates at a lower voltage compared to the existing CTF memory
due to its characteristics, it is very important to check the operating speed reflecting this
low voltage.
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Figure 4 is the result of verifying the erase speed in the GIDL erase structure composed
of 10 WLs while having the same geometry as the SP structure described above. First, as
shown in TPGM in Figure 4, the program operation that directly applies a voltage to the gate
proceeds at a high speed of 80 ns. However, on the contrary, the erase operation that needs
to increase the channel voltage due to the channel GIDL phenomenon does not progress
at all until 1 ms, and it can be seen that the erasing operation completely proceeds after
10 ms. In particular, the fact that the erase voltage does not increase at all, even when the
erase voltage is increased to 8 V, suggests that it is impossible to improve the erase speed
by simply increasing the erase voltage.

 

Figure 4. Result of operation speed change according to erase voltage in ferroelectric memory using
general GIDL erase structure.

The cause of the slow speed of the erase operation identified in Figure 4 can be
explained in Figure 5. First, looking at the change in channel potential through (a), it
can be seen that the channel potential rose only 2.2~3 V when the erase operation time
progressed to 1 ms. Of course, in this voltage range, Ec (2.5 MV/cm), one of the ferroelectric
parameters set for this simulation, is not satisfied, or the erase operation will not proceed
because it has a value that is almost meaningless. In fact, a time point at which a channel
potential rises to a level at which an erase operation may proceed is 10 ms, and in this case,
the channel potential rises to 3.5 to 6.2 V according to a change in an operating voltage
(6 to 8 V), and this voltage range greatly exceeds the aforementioned Ec, and thus an erase
operation can be performed. Next, looking at the change in the hole carrier density of the
channel in the same time zone through (b), it can be seen that it is also very low at about
1015 cm−3 at the time of 1 ms. With this degree of hole carrier density, it is natural that the
erase voltage (6 to 8 V) applied in the BL and CSL contact is not transferred to the channel
properly, and this problem may be seen when the normal erase operation is performed only
when the hole carrier density exceeds 1019 cm−3 at a time of 10 ms.

From the above results, it may be seen that the change in the hole carrier density does
not show a significant change more than when the voltage exceeds a predetermined value
(1019 cm−3), but the change in the channel potential gradually increases. Therefore, in order
to shorten the operation time, an operation voltage close to 20 V, which is an erase operation
voltage of CTF memory, may also be considered. (Of course, in the erase operation, the
reduction in power consumption due to the low operating voltage, which is an advantage
of ferroelectric memory, should be given up.) However, recklessly increasing the erase
operating voltage can be very dangerous. This is because the thickness of the CTF memory
layer currently used is about 20 nm, but the thickness of the ferroelectric memory layer is
being studied to be about 10 nm, and the breakdown limit of the ferroelectric material itself
is known to be only 6 MV/cm.
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Figure 5. Channel potential change and hole density change by operating voltage (6~8 V) in erase
operation. (a) shows the channel potential change and (b) shows the hole carrier density change in
the channel.

As can be seen in Figure 6, the increase in operating voltage sharply increases the
E-field and increases stress applied to the ferroelectric thin film, thus increasing the break-
down potential. Until now, various research results have been published on the breakdown
of ferroelectric thin films with ferroelectric properties, but assuming 6 MV/cm, which is
the breakdown field of a typical ferroelectric thin film [18], the maximum erase operation
voltage that can be applied at a thickness of 10 nm is 7.6 V. Of course, assuming a very ideal
situation, in order to avoid the possibility of a breakdown of the ferroelectric thin film, it is
possible to think of a method of quickly generating hole carriers with a high erase voltage
and reducing the erase voltage at the moment when the hole carriers are sufficiently filled
in the channel. However, in an actual device, the speed at which the hole carrier is charged
and the speed at which the channel voltage is increased may vary for each string by the
influence of traps and other defects randomly present on the polysilicon channel or the
surface. In addition, it is clear that there will be a difference in the transmission speed
of the operation signal in a large-scale string currently used, and even if the difference
is only several ns, the breakdown of the ferroelectric layer by high voltage is sufficient.
Accordingly, in order to overcome this problem, a structure and an operation method
for quickly supplying hole carriers to the channel even with a low operating voltage are
required. If this structure and operation method can be secured, the ferroelectric memory
can be applied to the 3D NAND structure to catch two rabbits at once: fast operation speed
and high integration of the 3D NAND flash structure.

Figure 6. Electric field (E-field) change of the ferroelectric thin film according to the change of the
erase operation voltage (6~8 V).

69



Electronics 2022, 11, 2038

3.3. Analysis of the Erase Speed of Ferroelectric Memory When the Proposed Structure Is Used

In this section, we will check the performance and considerations of the proposed SP
structure as a new concept structure mentioned above.

As seen in Figure 7a, the leakage current generated in the SP structure is about 10−12 A,
which is one order higher than that of the general 3D NAND structure. However, this
leakage current can be suppressed by increasing the voltage of the SUB and increasing the
potential of the SUB. Instead, what was additionally confirmed was band bending caused
by the P-type pillar and the lowering of the operating current due to the disturbance of
electrons. This problem can also be solved by increasing the voltage (0 ->2 V) of the SUB
contact. Additionally, it can be seen that the voltage rise of the pillar through the SUB contact
greatly improves the Subthreshold Swing (SS) of the I-V curve (200 mV/dec -> 86 mV/dec).
Unlike the general 3D NAND structure in which the SUB contact cannot exist, the SP
structure in which the potential of the entire channel can be kept constant by the pillars
shows that a much more stable operation is possible. For this reason, it is shown that
the stability in Multi Level Cell (MLC) operation, which is essential for current NAND
flash operation, can also be greatly improved. Next, as shown in Figure 7b, the erase
performance of the proposed SP structure is very good, and in particular, in terms of erase
speed, it can be confirmed that it shows a speed more than 10,000 times faster than that of
the GIDL erase method. However, as expected, the erase speed decreases as the thickness
of the pillar decreases. In particular, when the thickness is 10 nm, it can be seen that the
same speed as the GIDL erase method is shown except for a slight increase in the memory
window (0.23 V).

 

Figure 7. Results of performance analysis of the proposed structure. (a) is the result of the I-V
operation, and (b) is the result of the erase operation.

Figure 8 explains the difference in the erasing speed according to the change in the
thickness of the column, as in Figure 7. As expected, it can be seen that the channel
potential and hole density rapidly decrease as the thickness of the column decreases. This
phenomenon can be said to be because the supply of hole carriers is not smooth due to
the decrease in the thickness of the pillar. In particular, when the thickness of the pillar
is 10 nm, the channel potential rises by only 0.91 V, and the density of the hole carriers is
also close to zero. For this reason, as in the previous results, there is almost no difference
between the erase operation speed and the existing GIDL erase operation, and so real erase
operation is thought to depend on the GIDL phenomenon, which is operated much later
without the supply of hole carriers by the pillar. Therefore, in order to secure a stable
erasing operation speed, it is preferable that the thickness of the pillar is 20 nm or more,
but it is difficult for the reasons described below. In terms of the actual device, if the pillar
thickness is designed to be 30 nm, there is virtually no space for the M-Oxide to be located.
This point is practically difficult to use because it gives up the grain boundary suppression
function of the polysilicon channel, which is an important function of M-oxide, and it can
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be said that the structure from 20 nm is realistic. Furthermore, in order to form a more
stable polysilicon channel, it is also desirable to increase the thickness of the M-oxide, so it
is necessary to enable fast operation even when the thickness of the pillar is 10 nm or less.

 
Figure 8. Channel potential change and hole density change by pillar thickness (30~10 nm) in the
erase operation. (a) shows the channel potential change and hole density, and (b) shows hole density
change according to the pillar thickness.

3.4. Two-Step Erase Method to Achieve Fast Erase Operation on Structures with a Pillar Thickness
of 10 nm or Less

Figure 9 shows the change in hole density in the CSL region, which is the cause of
the change in hole density according to the change in the thickness of the pillar shown in
Figure 8. When the voltage of the pillar and the voltage of the CSL contact are equal to 6 V,
it can be seen that the voltage of the CSL prevents the flow of hole carriers moving through
the pillar. However, when the thickness of the pillar is sufficiently thick (30~20 nm), since
there is a region not affected by the CSL voltage, hole carriers move through the region to
supply the hole carriers to the channel. Conversely, when the thickness of the pillar is thin
(10 nm), since the CSL voltage affects the entire pillar, the hole carriers cannot move and
are trapped, which prevents the hole carriers from being supplied to the channel.

Figure 9. Hole density change by pillar thickness in the erase operation in the CSL region. (a–c) show
the hole density change according to the pillar thickness change (30 to 10 nm) at 100 ns.

Therefore, in order to solve this problem, it is necessary to use a two-step erase method
that does not interfere with the movement of hole carriers by appropriately adjusting the
CSL voltage.

In the proposed two-step deletion method, as shown in Figure 10, the voltage of the
BL contact and the CSL contact is set to Hole Charging Voltage (Vhc) lower than Erase
voltage (Verase) during the Hole Charging Time1 (Thc1), and through this, the pillar and
channel are charged with hole carriers. The Hole Charging Time2 (Thc2) of the two contacts
is properly adjusted so that the hole carrier can be fully transmitted to the channel. With
this method, it is possible to sufficiently supply hole carriers to the channel even with a
thin pillar. Figure 10c shows the results of comparing the erase performance according to
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the difference in Thc2 when the two-step erase method is used in the SP structure using a
pillar with a thickness of 10 nm. Interestingly, when Thc2 is 100 ns, the erase speed does not
show much difference from the result of the GIDL erase operation but increasing Thc2 by
1 us dramatically increases performance.

Figure 10. Description and application results of the proposed 2-step operation method. (a) describes
the existing erase method, (b) describes the 2-step method, and (c) result of operation speed change
according to Thc2 in the SP structure (Pillar thickness = 10 nm).

Figure 11 explains how the difference in erase speed of Figure 10c occurs. First, in
the Thc1 section, the voltage of the CSL and BL contact points is 0 V, and only the SUB
voltage is 6 V, so the hole carrier can move quickly through the pillar. The problem is
that the Thc2 section raises the voltage between the CSL contact and the B contact. If this
section is short (100 ns), as shown in (a)-Low channel potential, the hole carriers in the
channel are not sufficiently filled due to the rapidly rising CSL voltage. In this state, the
supply of hole carriers through the pillar and the change in potential are blocked. Therefore,
it can be seen that the CSL contact and the channel region with sufficient hole carriers
are far apart, as shown (b)-Low hole density. However, if the time of Thc2 is increased to
1us, the distance between the CSL contact point and the point where the hole carriers are
sufficient is reduced, as shown (b)-High hole density because the hole carrier supplied
through the pillar has enough time to fill the channel. Therefore, finally, the change in the
potential of the channel rises from 2.71 V to 4.9 V, and the erase speed also rises sharply
accordingly. In conclusion, it was confirmed that even if the thickness of the pillar becomes
10 nm, the proposed structure can show an erase speed of 1 μs if the operation method is
properly controlled.
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Figure 11. Channel potential change and hole density change according to Thc2 change during erase
operation. (a,b) show the channel potential change and the hole density change in the cross-section
according to the Thc2 change.

4. Conclusions

In this paper, the SP structure, a new structure to improve the erase speed in the 3D
NAND flash structure to which ferroelectric memory is applied, was proposed and verified.
First, it was confirmed that when the GIDL erase method used in the 3D NAND structure
using the existing CTF memory is applied as it is, the operation speed takes more than
10 ms for various reasons. Next, as a result of using the SP structure to solve this problem,
even if the existing erase method was used until the thickness of the pillar was 20 nm, a
fast erase speed of 1us was achieved thanks to the hole carriers rapidly supplied through
the pillar. Next, when the thickness of the pillar is 10 nm, the erase operation time is greatly
delayed by the existing erase method, but when the two-step method is used, the hole
carrier is sufficiently supplied to the channel, and the erase operation time is maintained
at 1 μs. In conclusion, it is confirmed that the application of the proposed SP structure
maximizes the fast operating performance of ferroelectric memory and secures the biggest
advantage of the 3D NAND flash structure, the degree of integration.
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Abstract: HfO2-based resistive random-access memory (RRAM) with a Ti buffer layer has been
extensively studied as an emerging nonvolatile memory (eNVM) candidate because of its excellent
resistive switching (RS) properties and CMOS process compatibility. However, a detailed under-
standing of the nature of Ti thickness-dependent RS and systematic thermal degradation research
about the effect of post-metallization annealing (PMA) time on oxygen vacancy distribution and RS
performance still needs to be included. Herein, the impact of Ti buffer layer thickness on the RS
performance of the Al/Ti/HfO2/TiN devices is first addressed. Consequently, we have proposed
a simple strategy to regulate the leakage current, forming voltage, memory window, and unifor-
mity by varying the thickness of the Ti layer. Moreover, it is found that the device with 15 nm Ti
shows the minimum cycle-to-cycle variability (CCV) and device-to-device variability (DDV), good
retention (105 s at 85 ◦C), and superior endurance (104). In addition, thermal degradation of the
Al/Ti(15 nm)/HfO2/TiN devices under different PMA times at 400 ◦C is carried out. It is found
that the leakage current increases and the forming voltage and memory window decrease with the
increase in PMA time due to the thermally activated oxidation of the Ti. However, when the PMA
time increases to 30 min, the Ti can no longer capture oxygen from HfO2 due to the formation of
self-limited TiOx. Therefore, the device shows superior thermal stability with a PMA time of 90 min
at 400 ◦C and no degradation of the memory window, uniformity, endurance, or retention. This work
demonstrates that the Ti/HfO2-based RRAM shows superior back-end-of-line compatibility with
high thermal stability up to 400 ◦C for over an hour.

Keywords: RRAM; HfO2; Ti buffer layer; thermal stability; self-limited TiOx

1. Introduction

Recently, RRAM based on transition metal oxides (TMOs) has attracted increasing
attention as one of the most promising candidates for the next generation of eNVM because
of its prominent advantages, including its low cost, high integration density, fast switching
speed, high endurance, and good CMOS process compatibility [1–9]. In recent decades,
RS characteristics have been observed and extensively investigated in various TMOs such
as HfO2, TaOx, TiO2, AlOx, NiOx, and ZrOx [10–15]. Among these TMOs, HfO2 is one of
the most representative candidates owing to its high endurance, fast switching speed, and
excellent thermal stability [10,16,17].

However, HfO2 deposited by atomic layer deposition (ALD) tends to be a stoichio-
metric film with few defects or vacancies, resulting in high forming voltage and hard
breakdown during the forming operation [10]. This forming process, which involves
the application of a voltage typically higher than the operation voltage, induces worse
RS performance, larger power consumption, and an additional burden on circuit design.
Therefore, to increase the initial oxygen vacancy concentration in the HfO2 to reduce the
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forming voltage and improve the RS performance, reactive metals such as Ta, Ti, and Hf are
generally introduced on the top of the HfO2 layer as oxygen-scavenging metals [18]. Up to
now, excellent RS properties, including superior endurance (1010), good retention character-
istics (10 years at room temperature), and low switching energy (0.1 pJ per bit operation),
have been demonstrated in Ti/HfO2-based RRAM [19,20]. Although the importance of the
Ti buffer layer is well understood, the detailed interpretation of Ti thickness-dependent
RS has not been fully understood, which significantly limits its applications. Recently,
other researchers have found that the leakage current increases and the forming voltage
decreases as the Ti thickness increases, and the RS properties can be regulated by changing
the Ti thickness [21–23]. However, due to the insufficient thickness of the Ti layer, the
saturation of the leakage current and the forming voltage with increasing Ti thickness
was not observed, resulting in some interesting phenomena being missed. In addition,
the effect of the Ti thickness on the RS uniformity has yet to be investigated. Therefore,
it is urgent to comprehensively reveal the relationship between Ti thickness and oxy-
gen vacancy concentration in the HfO2 layer and regulate the RS behavior by changing
Ti thickness.

Notably, both the fabrication process of the RRAM device and the post-RRAM process
need to be carried out at 400 ◦C. Furthermore, since HfO2-based devices operate based on
the formation/fracture of conductive filaments originating from the migration of oxygen
vacancies, they are vulnerable to structural defects caused by the heat applied during
the annealing process. Therefore, to enable the mass production of RRAM, it is critical
to meet the thermal budget requirements of the CMOS process. However, most research
on HfO2-based RRAM has focused on improving the RS characteristics of the device. In
contrast, there are few reports on the impact of the PMA process on RS performance [24].
Additionally, the cumulative duration of the post-RRAM thermal process, including chemi-
cal vapor deposition, rapid thermal annealing, ALD, furnace annealing, and UV curing,
usually exceeds one hour. However, up to now, most of the reported thermal stability tests
have lasted less than or equal to one hour [25–29]. More importantly, there is no systematic
research about the effect of PMA time on oxygen vacancy distribution and RS properties.

In this work, the HfO2-based RRAM devices with different thicknesses of Ti buffer
layer are fabricated. It is found that the leakage current, forming voltage, memory window,
and uniformity can be regulated by varying the thickness of the Ti buffer layer. Owing
to the low forming voltage, the device with 15 nm Ti presents superior uniformity, good
retention, and excellent endurance. In addition, the Al/Ti(15 nm)/HfO2/TiN devices with
different PMA times at 400 ◦C are compared and analyzed. It is found that the leakage
current (the forming voltage and ON/OFF ratio) increases (decrease) with the increase
of the PMA time and remains unchanged when the PMA time increases to 30 min due to
the formation of self-limited TiOx. More importantly, the memory window, uniformity,
endurance, and retention show no obvious degradation with a PMA time of 90 min at 400
◦C, indicating superior thermal stability of the present devices.

2. Materials and Methods

The fabrication process of the Al/Ti/HfO2/TiN devices is described in Figure 1a.
To fabricate the Al/Ti/HfO2/TiN devices, 15 nm TiN was first deposited on the heavily
doped Si as the bottom electrode by ALD. The precursors used for TiN deposition are
ammonia and titanium tetrachloride. Subsequently, pure HfO2 with a thickness of 8 nm
was deposited by ALD using tetrakis(dimethylamino)hafnium (TDMAHf) and H2O as
precursors. The chamber temperature was set at 250 ◦C. After the HfO2 deposition, five
different thicknesses of the Ti buffer layer (0, 5, 10, 15, and 20 nm) on top of the HfO2
layer were deposited by the sputtering system. Al capping layer with a thickness of 80 nm
to protect Ti from oxidation was then deposited by thermal evaporation using the same
sputtering system without breaking the vacuum. The TE layer (Al/Ti) was patterned via
the lift-off process. Finally, PMA was performed for 0, 10, 15, 30, 60, and 90 min at 400 ◦C
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in the N2 atmosphere. The schematic of the prepared Al/Ti/HfO2/TiN devices is shown
in Figure 1b.

Figure 1. (a) Process flow and (b) schematic of the Al/Ti/HfO2/TiN RRAM devices with a Ti
buffer layer.

X-ray photoelectron spectroscopy (XPS) characterizations were performed using a
Kratos Axis Ultra system to analyze the chemical states of the samples with a monochro-
mated Al anode. The source operated at a voltage of 14 kV and an emission of 8 mA. The
vacuum of the analysis chamber was higher than 5 × 10−9 Torr before measurements. The
binding energies were calibrated for the sample charging effect by referencing the C 1s
peak at 284.8 eV. Before XPS characterization, the TiOx on the surface was first removed by
Ar sputtering in the load lock chamber. To ensure consistency between different samples,
special attention needs to be paid to keeping the etching time constant (5 s). The etching
rate was roughly 0.7 nm/s.

An Agilent B1500A semiconductor parameter analyzer conducted electrical measure-
ments in the atmospheric ambient. The voltage bias was applied to the top electrode while
the bottom electrode was grounded.

3. Results

3.1. Ti Thickness-Dependent RS

In order to reveal the effect of Ti buffer layer thickness on the RS performance, electrical
properties, including leakage current (Jg), forming voltage (Vf), and ON/OFF ratio of the
Al/Ti/HfO2/TiN devices with different Ti thicknesses, are displayed in Figure 2. The
Jg represents the current measured at the initial resistance with a read voltage of 0.1 V.
Notably, over 20 devices were tested for each structure to compare. As shown in Figure 2a,
the mean values of Jg of the Al/Ti/HfO2/TiN devices with five different Ti thicknesses
(0, 5, 10, 15, and 20 nm) are 1.27 × 10−11, 1.18 × 10−10, 3.52 × 10−10, 8.48 ×10−10, and
8.45 ×10−10 A, respectively. Correspondingly, the Vf values are 4.4, 2.4, 1.6, 1.35, and
1.35 V, respectively. It is found that Jg increases and Vf decreases as the Ti thickness
increases due to the high oxygen-gettering ability of the Ti. When the Ti thickness increases
from 0 to 15 nm, more oxygen vacancies in the HfO2 are introduced, resulting in a higher
Jg and a lower Vf. However, Jg and Vf remain almost unchanged when the Ti thickness
increases from 15 to 20 nm. It can probably be explained that the oxidation of Ti is self-
limiting and that the oxygen vacancy concentration in HfO2 reaches a constant value. Yang
et al. demonstrated that self-limiting oxidation comes from the residual compressive stress
in TiO2 [30]. When the potential barrier resulting from compressive deformation is higher
than the activation energy of oxygen diffusion and reaction, self-limiting oxidation occurs.

After the forming process, bipolar RS behaviors were obtained, where the device
could be SET (the switching from high resistance state (HRS) to low resistance state (LRS))
after the positive voltage sweeping and RESET (the switching from LRS to HRS) after
the negative voltage sweeping. Figure 2b shows the ON/OFF ratio distribution of the
Al/Ti/HfO2/TiN devices with different Ti thicknesses. Notably, the ON/OFF ratio can-
not be obtained in the device without the Ti buffer layer, since no RS was observed after
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the forming process. It is found that the ON/OFF ratio shows a slight decrease when
the Ti thickness increases from 5 to 15 nm, which suggests that the initially created oxy-
gen vacancies also play a vital role in switching cycles. Moreover, the ON/OFF ratio
remains almost unchanged when the Ti thickness exceeds 15 nm due to the formation of
self-limited TiOx.

 
Figure 2. (a) The Jg and Vf of the Al/Ti/HfO2/TiN devices with different Ti thicknesses. (b) ON/OFF
ratio distribution of the Al/Ti/HfO2/TiN devices with different Ti thicknesses. (c) Schematics of the
role of Ti thickness in the RS performance of the HfO2-based RRAM devices during SET and RESET
operations. Green circle represents oxygen vacancies.

Based on the above experimental results, schematic diagrams of the generalized model
to understand the role of Ti thickness in the RS performance of the present devices are
shown in Figure 2c. When a thin Ti layer is inserted on top of the HfO2, the RS behavior
is generally unstable due to the higher Vf originating from pre-existing oxygen vacancies.
Note that more oxygen vacancies are introduced in the HfO2 layer, and a lower Vf can be
obtained by selecting a thick Ti layer (15 nm). However, the ON/OFF ratio decreases (see
Figure 2b), which may result from the shorter oxygen vacancy gap region during switching
cycles compared to the sample with a thin Ti layer.

Additionally, to further investigate the effect of Ti buffer layer thickness on the RS
uniformity, the CCV and DDV of the Al/Ti/HfO2/TiN devices with different thicknesses
of the Ti buffer layer (5, 10, and 15 nm) are displayed in Figure 3. It is worth noting that
the data for the devices with 20 nm Ti is not displayed in Figure 3, since the devices with
20 nm Ti exhibited a similar RS behavior to those with 15 nm Ti. Regarding the extraction of
SET voltage (VSET), we employ a numerical technique that identifies the voltage at which a
sudden change occurs in the current. This abrupt transition signifies the initiation of the SET
process. In contrast, the LRS and HRS are determined by measuring the resistance values
at 0.1 V after the completion of the SET and RESET processes, respectively. Figure 3a,b
present the statistical distribution of VSET, LRS, and HRS obtained by 100 dc sweep cycles.
It can be clearly observed that the sample with a thicker Ti buffer layer shows improved
control of tail bits in the distribution of VSET, HRS, and LRS, indicating that the device with
a 15 nm Ti buffer layer exhibits a minimum CCV. In addition, we statistically analyze 200
I-V curves collected in 10 devices for each device with different Ti thicknesses (5, 10, and
15 nm) and quantify the DDV of the VSET, HRS, and LRS by calculating the coefficient of
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variation (CV) as the standard deviation (σ) divided by the mean value (μ). As displayed in
Figure 3c,d, both VSET, HRS, and LRS follow a Gaussian distribution:

y = y0 + A × exp

(
− (x − μ)2

2σ2

)
, (1)

where y0 and A are constants, μ is the expectation, representing the mean value of the
voltage, and σ is the standard deviation, representing the concentration of the voltage
distribution. CV is the ratio of σ and μ, reflecting the concentration of the distribution.
Furthermore, the VSET, HRS, and LRS of the device with 15 nm Ti show the narrowest
distribution, and the DDV of the VSET, HRS, and LRS is 12.85%, 17.07%, and 17.16%,
respectively. The above results demonstrate that the device with a 15 nm Ti shows the best
RS uniformity, which may originate from the initial high oxygen vacancy concentration,
reduced forming voltage, and TiOx formation [26,31].

Figure 3. The statistical distribution of (a) VSET and (b) LRS/HRS obtained by 100 dc sweep cycles.
Cumulative distribution of (c) VSET and (d) LRS/HRS collected from 200 DC cycles of 10 randomly
selected devices.

Since the HfO2-based RRAM device with a 15 nm Ti buffer layer shows the best
uniformity, the RS behaviors of the present devices are systematically investigated, as
displayed in Figure 4. After the application of a forming voltage (~1.3 V), the present
device exhibited stable bipolar RS behavior when the voltage was swept between
−1.5 V and 1.5 V, as displayed in Figure 4a. While a continuous voltage swept from
0 V to 1.5 V→−1.5 V→0 V, an obvious hysteresis loop was obtained, where SET occurred
at about 1 V and RESET happened at about −1 V. It is worth noting that a compliance
current of 50 μA was applied during the forming and SET processes to prevent irreversible
breakdown, while no compliance current was applied during the RESET process. This
hysteresis behavior is reproducible in the consecutive 100 voltage sweeps, demonstrating
stable RS characteristics in the Al/Ti/HfO2/TiN devices. The retention characteristics were
measured at 85 ◦C, as shown in Figure 4b. The ON/OFF ratio is larger than 50, and the
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current values of the HRS and LRS show no degradation within 105 s, indicating superior
retention characteristics.

 

Figure 4. (a) The forming process, the first RESET process, and subsequent 100 cycles of I-V curve
of the Al/Ti(15 nm)/HfO2/TiN device. The arrow represents the sweeping direction. (b) Cur-
rent values of the HRS and the LRS with a read voltage of 0.1 V at 85 ◦C. (c) The measured cur-
rent when one sequence of SET, read, RESET, and read pulses is applied. (d) Endurance of the
Al/Ti(15 nm)/HfO2/TiN device.

In addition to stable bipolar RS behavior and good retention characteristics, the
present device exhibits superior endurance. When one sequence of SET (1.2 V, 1 μs), read
(0.1 V, 30 ms), RESET (−1.5 V, 10 μs), and read (0.1 V, 50 ms) pulses was applied, it was
observed that the current value after the SET pulse is several tens of times that of the current
value after the RESET pulse (see Figure 4c), demonstrating the presence of the RS behavior.
To obtain the endurance for one cycle, one can record one current data point in each read
pulse. By repeatedly applying the above pulse sequence, an endurance plot showcasing
the current levels of HRS and LRS for 104 cycles was achieved (see Figure 4d), indicating
the superior endurance of the present device.

3.2. Systematic Thermal Degradation Research about the Effect of PMA Time on Oxygen Vacancy
Distribution and RS Performance

The electrical properties of the Al/Ti(15 nm)/HfO2 /TiN devices with different PMA
times were compared and analyzed to investigate the thermal budget effects on the RS
characteristics. Figure 5a presents the distribution of Jg and Vf of the Al/Ti(15 nm)/HfO2
/TiN devices with increasing PMA time from 0 to 90 min. The mean values of Vf in the
present devices with increasing PMA times (0, 10, 15, 30, 60, and 90 min) are 1.35, 1.05,
1.00, 0.96, 0.96, and 0.96 V, respectively. Correspondingly, the Jg values are 1.1 × 10−9,
2.44 × 10−8, 3.36 × 10−8, 4.00 ×10−8, 3.77 ×10−8, and 4.09 ×10−8 A, respectively. Notably,
for the devices with PMA for over 30 min, the Vf (0.96 V) is close to the VSET (0.9–1.0 V),
indicating that the devices show forming-free characteristics. It is obvious that Jg increases
and Vf decreases with the increase of the PMA time from 0 to 30 min due to thermally
activated oxidation of the Ti buffer layer. However, Jg and Vf remain almost unchanged
when the PMA time is over 30 min, which indicates that self-limiting oxidation has occurred.
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Figure 5. (a) The distribution of Jg and Vf of the Al/Ti(15 nm)/HfO2/TiN devices with increasing
PMA time from 0 to 90 min. Ti 2p spectra of three samples with the structure of Ti/HfO2/TiN using
PMA times of (b) 0 min, (c) 30 min, and (d) 90 min, respectively. All spectra are normalized and fitted
with Ti 2p and TiO2 2p peaks. (e) Schematic diagrams of the model to understand the role of the
self-limited TiOx in thermal stability of the Al/Ti/HfO2/TiN device with increasing PMA time.

Furthermore, to demonstrate the occurrence of self-limiting oxidation, XPS characteri-
zations were employed to reveal the atomic composition changes of Ti on the surface of
three samples with the structure of Ti/HfO2/TiN using PMA times of 0, 30, and 90 min.
Notably, the TiOx on the surface is first removed by Ar sputtering in the load lock chamber
of the XPS system. Figure 5b–d show the normalized Ti 2p core-level spectra of three
samples with increased PMA time. Quantitative peak analysis was performed by fitting
spin-orbit splitting components with Doniach Sunjic (Ti) and Gaussian-Lorentzian (TiO2)
line shapes to the spectrum. Each Ti 2p orbital doublet peak was fitted with an area ratio
of 1:2, and the spin orbit splitting of Ti and TiO2 was 6.1 eV and 5.60 eV, respectively,
consistent with the values in the literature [32]. To highlight the changes in the Ti oxidation
among these three samples, the ratio between the Ti and the TiO2 intensity was calculated
and further expressed as Ti/TiO2. When the PMA time increases from 0 to 30 min, the
Ti/TiO2 ratio decreases from 37.6% to 6.5%, demonstrating enhanced Ti oxidation at the
Ti/HfO2 interface because of the thermally activated oxidation of the Ti. More importantly,
the Ti/TiO2 ratio is nearly unchanged when the PMA time further increases to 90 min,
suggesting that the oxidation of Ti has stopped due to the formation of self-limited TiOx.

In order to better understand the role of the self-limited TiOx in the thermal stability of
the Al/Ti/HfO2/TiN device, schematic diagrams of the model with increasing PMA time
are depicted in Figure 5e. For the device without PMA, due to the high oxygen-gettering
ability of the Ti, the Ti captures oxygen from the HfO2 layer and is spontaneously oxidized
to TiOx. Meanwhile, a large number of oxygen vacancies are introduced in the HfO2 layer.
When the PMA time increases to 30 min, the TiOx layer becomes thicker because of the
thermally activated oxidation of the Ti. Therefore, more oxygen vacancies are introduced in
the HfO2 layer, resulting in higher Jg and lower Vf. When the PMA time further increases,
the TiOx layer is thick enough that the remote Ti cannot capture oxygen from HfO2, leading
to the occurrence of self-limiting oxidation. Once the self-limited TiOx is formed, the Jg and
Vf become saturated (see Figure 5a).
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Furthermore, the I-V curves of the Al/Ti(15 nm)/HfO2/TiN devices with increasing
PMA time from 0 to 90 min are compared in Figure 6a. To confirm the fair comparison
of the devices with different PMA times, a consistent compliance current of 100 μA was
applied during the SET process. It is observed that all the devices show similar bipolar RS
behavior. However, the HRS and LRS degraded clearly with the increase in PMA time. To
further verify the relationship between PMA time and RS performance, the distribution of
HRS/LRS and ON/OFF ratio with increasing PMA time from 0 to 90 min is summarized
in Figure 6b. When the PMA time increases from 0 to 30 min, the HRS (LRS) degrades
from 2.75 MΩ to 519 KΩ (from 57 KΩ to 16 KΩ), and the ON/OFF ratio exhibits a slight
decrease from 48.2 to 34.8. This trend can be explained by the formation of permanent
vacancies in the film due to the thermally activated oxidation of the Ti buffer layer. Notably,
the HRS/LRS and ON/OFF ratios remain nearly constant when the PMA time is over
30 min, similar to the trend of the Jg and Vf caused by the formation of self-limited TiOx.

 

Figure 6. (a) I−V curves of the Al/Ti(15 nm)/HfO2/TiN devices with increasing PMA time from
0 to 90 min. The PMA temperature is fixed at 400 ◦C. The arrow represents the sweeping direction.
(b) The distribution of HRS/LRS and ON/OFF ratio of the Al/Ti(15 nm)/HfO2/TiN devices with
increasing PMA time from 0 to 90 min. The PMA temperature is fixed at 400 ◦C.

Additionally, to further verify the thermal stability of the Al/Ti(15 nm)/HfO2/TiN
devices, the switching properties of the devices with PMA times of 0 and 90 min are
compared in Figure 7. Although the device with a PMA time of 90 min shows lower VSET
and HRS/LRS, both devices have similar distributions of VSET and HRS/LRS, indicating
that the uniformity of the Al/Ti(15 nm)/HfO2/TiN device shows no degradation after
PMA (see Figure 7a,b). In addition, after PMA for 90 min, the device still exhibits superior
retention characteristics (104 s) and good endurance (103), as shown in Figure 7c,d. These
results demonstrate that the Ti/HfO2-based device shows high thermal stability up to
400 ◦C for over an hour.

Table 1 summarizes the performance comparison with previous works using PMA.
Most of the reported HfO2-based or TaOx-based RRAM with PMA [25–28] generally used Pt
as the bottom electrode or the capping layer, leading to poor compatibility with the CMOS
process. In addition, the duration of most reported thermal stability tests was less than or
equal to one hour [25–29]. In our work, the devices show forming-free characteristics with
good CMOS compatibility. More importantly, the duration of PMA was more than 1 h in
this work, and the effect of PMA time on oxygen vacancy distribution and RS performance
was systematically studied.
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Figure 7. The statistical distribution of (a) VSET and (b) LRS/HRS obtained by 100 dc sweep cycles of
the Al/Ti(15 nm)/HfO2/TiN devices with PMA time of 0 and 90 min. The temperature is fixed at
400 ◦C. (c) Endurance and (d) retention characteristics of the Al/Ti(15 nm)/HfO2/TiN devices with
PMA times of 0 and 90 min. The temperature is fixed at 400 ◦C.

Table 1. Performance comparison with previous works using PMA.

Structure Forming Voltage Temp. Time Ref.

Ta/TaOx/Pt Forming free 400 ◦C 30 s [25]
Pt/Ti/HfO2/Pt Forming free 500 ◦C 10 min [26]
Al/Ta/HfO2/Pt 8.79 V 400 ◦C 60 min [27]
Pt/Ti/HfO2/Pt Forming free 300 ◦C 60 s [28]

TiN/Ti/HfO2/TiN 3.8 V 400 ◦C 60 min [29]
TiN/Ti/TiN/

HfO2/TiN 1.2 V 400 ◦C 180 min [31]

Al/Ti/HfO2/TiN Forming free 400 ◦C 90 min This
work

4. Conclusions

In this work, the effect of the Ti buffer layer thickness on the RS performance has been
systematically investigated. It was found that the device with a thick Ti shows improved
uniformity and RS properties compared with the device with a thin Ti. The Ti buffer layer
plays a vital role in the engineering of the interfacial oxidation reaction, which acts as
an oxygen-scavenging layer to enhance RS uniformity. In addition, systematic thermal
degradation research about the effect of PMA time on oxygen vacancy distribution and RS
performance was employed based on the Al/Ti(15 nm)/HfO2/TiN devices. It was found
that the leakage current increases and the forming voltage and memory window decrease
with the increase in PMA time due to the thermally activated oxidation of the Ti buffer
layer. However, when the PMA time is over 30 min, the forming voltage and memory
window remain unchanged because of self-limiting oxidation. Therefore, the device shows
superior thermal stability with a PMA time of 90 min at 400 ◦C and no degradation of the
memory window, CCV, endurance, or retention.
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Abstract: A trade-off between the memory window and the endurance exists for transition-metal-
oxide RRAM. In this work, we demonstrated that HfOx/Ge-based metal-insulator-semiconductor
RRAM devices possess both a larger memory window and longer endurance compared with metal-
insulator-metal (MIM) RRAM devices. Under DC cycling, HfOx/Ge devices exhibit a 100× larger
memory window compared to HfOx MIM devices, and a DC sweep of up to 20,000 cycles was
achieved with the devices. The devices also realize low static power down to 1 nW as FPGA’s
pull-up/pull-down resistors. Thus, HfOx/Ge devices act as a promising candidates for various
applications such as FPGA or compute-in-memory, in which both a high ON/OFF ratio and decent
endurance are required.

Keywords: Germanium; HfOx RRAM; MIGe; endurance; memory window

1. Introduction

Resistive random access memory (RRAM) has been intensively investigated for its
diversified applications, including embedded memory, storage class memory, FPGA, and
in-memory computation of neural networks [1–3]. Metal Oxide (i.e., HfOx, TaOx, NiO,
and TiO2) is commonly applied as the switching layer sandwiched between two metal
electrodes to build a metal-insulator-metal (MIM) structure. Among various switching layer
materials, hafnium oxide (HfOx) stands out owing to its technical maturity, fab-friendliness,
and decent device performance [4–6]. The choice of metal electrodes affects the behavior
of HfOx-based RRAM a lot. Normally, when noble metal (i.e., Pt and Ru) is constructed
as the top and bottom electrodes [7–9], the devices have unipolar switching because the
conductive filament (CF) is annihilated by thermal diffusion. However, the switching
behavior of unipolar RRAM is unstable, and the current during the annihilation of CF is too
large for the applications of embedded memory, FPGA, and in-memory computation. As
for bipolar RRAM, the materials of the top electrode are usually Ti, W, Al, and TiN [4,10–15].
Table 1 shows the benchmark of bipolar HfOx-based RRAM with different electrodes. It
is reported that the endurance is 106~107 in reference [11,14], but the memory window
(i.e., the ratio between high and low resistance states) is ~10. Reference [12] improved
endurance to 1010 by utilizing oxygen plasma treatment within Ti/HfO2/TiN structured
RRAM, while the memory window is 102 and the operation voltage is larger than 3 V.
Moreover, reference [10] realized a larger memory window up to 105 as the thickness of
HfO2 is 24.7 nm. It is observed that endurance can be improved by increasing the extra
available oxygen ions in HfO2, and the memory window can be enlarged using a thicker
HfO2 film. Nevertheless, both a large memory window and long endurance achieved in
one RRAM device are difficult when the HfO2 film is less than 10 nm. In other words,
there is generally a trade-off between the memory window and the endurance of MIM
RRAM [16].
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Table 1. Benchmark of bipolar HfOx-based RRAM.

Ref. Structure Window Retention Endurance VF/VSET/VRESET ICC

[10] TiN/HfO2/Pt 105 104 s NS 1 FF 2/−4.3/6 V NS
[11] W/Zr/HfO2/TiN >10 NS >106 2/0.5/−1.25 V 50 μA
[12] Ti/HfO2/TiN 102 104 s 1010 NS/3/−3.5 V 1 mA
[13] Al/HfOx/Al 104 NS NS 1/1.8/0.8 V 1 μA–1 mA
[14] Ti/HfO2/TiN >10 104 s >107 FF/0.5/−0.5 V NS
[4] TiN(Ti)/HfOx/W ~10 NS >104 2.5/0.5/−1 V 500 μA

[15] Ti/HfOx/Pt 40 >105 >103 2.5/0.5/−0.7 V 1 mA
1 Not Specified. 2 Forming Free.

As of today, MIM-based HfOx RRAM is gradually entering the market at 40 nm
technology nodes and beyond in embedded or standalone memory applications [17,18].
For advanced applications such as FPGA’s pull-up/pull-down resistors [19], or compute-
in-memory (CIM) [20], both a low leakage in the high resistance state (HRS) and a large
memory window are required to achieve good energy efficiency. Since MIM RRAMs with
the HfOx switching layer often exhibit modest memory windows, an alternative stack with
a higher ON/OFF ratio is highly desired. In this work, we experimentally studied the
metal-insulator-semiconductor (MIS) RRAM devices with the HfOx switching layer and Ge
or Si bottom electrodes in order to achieve a higher memory window with good endurance.
In particular, a memory window over 105 was achieved with Pd/HfOx/p-Ge RRAM
devices, and the conductance mechanism was analyzed in detail. Furthermore, stable
DC cycles with a large memory window were demonstrated for Pd/HfOx/p-Ge devices
up to 20,000 DC sweep cycles. Compared with TiN/HfOx/Pt devices and Pd/HfOx/p+-
Si devices, Pd/HfOx/p-Ge devices possess better DC endurance under the same test
condition. These results suggest HfOx/Ge RRAM device is a promising candidate for
FPGA and CIM applications.

2. Materials and Methods

Two types of devices were fabricated, including MIS and MIM devices. For MIS
devices, Pd/HfOx/p-Ge devices and Pd/HfOx/p+-Si devices were fabricated. The process
flow is depicted in Figure 1a. After the wafer cleaning, 7 nm HfOx was deposited on Ge
or Si substrates by Atomic Layer Deposition (ALD). The ozone post oxidation (OPO) is
not processed here in contrast with the process of previous HfOx/Ge RRAM [21,22]. It
is not only because the interface is vital for previous RRAM stack used in MOSFET, but
the stack variable here needs to be the same as the one in MIM devices. Subsequently, the
lithography process and Pd deposition were carried out, and a lift-off process was utilized
to form the top electrode. Al was finally deposited using thermal evaporation as a contact
metal to Ge or Si substrates. To distinguish the Ge-based and Si-based devices, hereinafter
MIGe is used to refer Pd/HfOx/p-Ge devices, and MISi is used to refer Pd/HfOx/p+-Si
devices. For MIM devices, a typical TiN/HfOx/Pt device was fabricated by the following
process flow. First, back electrode Pt was sputtered on a SiO2 substrate. Next, 7 nm HfOx as
the switching layer and 15 nm TiN as the top electrode were sequentially deposited by ALD.
Afterward, the contact metal W was deposited by sputtering and patterned by lithography.
Lastly, a W/TiN/HfOx stack was etched layer by layer using Inductive Coupled Plasma
(ICP) tool to expose the bottom electrode.

The DC I-V characterizations were carried out by Agilent B1500A semiconductor
parameter analyzer. SET and RESET operations were achieved by sweeping from a non-
zero voltage Vstart to a larger voltage Vend, where Vend was large enough to trigger the
switching event. During the SET operation, current compliance (CC) was exerted by
B1500A on MIGe/MISi devices (CC = 50 μA) and MIM devices (CC = 1 mA). The READ
operations were achieved by applying single-point voltage on the device and measuring
the currents for resistance calculation.
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(b) 

 
(a) (c) 

Figure 1. MIGe RRAM devices’ (a) process flow, (b) structure schematic and (c) TEM graph.

3. Results and Discussion

Typical DC I-V characteristics were measured for Pd/HfOx/p-Ge and TiN/HfOx/Pt
devices, as shown in Figure 2. For MIM devices, stable low resistance states (LRS) can
be achieved by 1 mA CC, and the resistance of high resistance states (HRS) is roughly
104 times the virgin-state resistance. The memory window of MIM devices is around 103,
while a larger memory window of over 105 is realized in MIGe devices. It is worth noting
that the HRS current of MIGe devices is approximately equal to the current of virgin states,
implying a complete annihilation of the conductive filament (CF). Furthermore, the low
operation current of MIGe (CC = 50 μA) leads to the advantage of low operating power.
The RESET current of MIM devices is around several mA while that of MIGe devices is
around 100 μA, in line with the SET current compliance. Thus, the write power of MIGe
devices is estimated to be dozens of times smaller than that of MIM devices. For MIM
devices, if a lower CC is applied to reduce the operation power, the memory window will
also shrink significantly.

 
(a) (b) 

Figure 2. DC I-Vg curves of (a) Pd/HfOx/p-Ge devices and (b) TiN/HfOx/Pt devices.

It is worth pointing out that the effective voltage drops on the oxide stack (Vox) of
MIGe devices are less than the voltage applied on the gate/top electrode (Vg). There
are two situations: (a) The MIGe device works like a MOS when it is at HRS due to the
negligible CF; (b) When the MIGe device works at LRS, the CF is conductive, so the device
is not equivalent to a MOS. In the case of HRS, the voltage on the gate contributes to a series
of oxide capacitance (Cox) and substrate capacitance (Cs). The total capacitance (Ctot) is
approximate to oxide capacitance at negative bias; thus, the voltage drop on the oxide stack
is equal to Vg. While the device is positively biased, the surface potential, which is equal to
the voltage dropped on the substrate (Vs), is extracted using a quasi-static technique [23,24].
The surface potential is expressed as Equation (1):

ϕs
(
Vg

)
=

∫ Vg

Vacc

[
1 − C

(
Vg

)
Cox

]
dVg + Δ (1)
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where, Δ is correction factor and expressed as:

Δ =
∫ VFB

Vacc

[
1 − C

(
Vg

)
Cox

]
dVg (2)

To obtain VFB, CFB needs to be calculated firstly using Equation (3):

CFB =
1

1
Cox

+ 1
Cs

, Cs =
εsε0

Ddeby
=

εsε0√
kTεsε0/q2NA

(3)

NA is 5 × 1016 /cm3, and εs is the relative permittivity of Germanium. Derived
from Equation (1), the voltage across the RRAM stack and substrate varies with the gate
voltage, as plotted in Figure 3. It is indicated that the practical voltage across the RRAM
stack is the same as what is in MIM RRAM. Moreover, the substrate doping concentration
does not affect the switching behavior except for the operation voltage due to the partial
voltage on the substrate. Hence, the scalability will not be affected by the substrate doping
concentration. As for the LRS state, the voltage across the RRAM stack and the substrate
will be discussed further in this paper.

Figure 3. The voltage drops across the RRAM stack (Vox, the curve in blue) and substrate (Vs, the
curve in black) when the device is positively biased.

To further understand the conduction mechanisms of MIGe devices, double logarith-
mic J-E curves in LRS were plotted. As shown in Figure 4a, the fitting results suggest that
two different conductive mechanisms exist for MIGe devices. When the applied voltage
on the top electrode (TE) is less than V1, the conduction behavior is ohmic because ln(J)
is proportional to ln(E), and the slope is around 1. When the voltage on the TE increases
above V1, the slope of the curve reduces to smaller than 1. The current density vs. electric
field data fits well with the Schottky emission equation in which ln(J) ∝ E1/2 [25]. Based on
the Schottky emission equation, the barrier height ΦB is calculated to be 0.35 eV, while the
electron effective mass in HfOx is approximated to be about 0.11 m0 [26]. The conductive
current through CF is contributed by electrons, which are the minority carriers for MIGe
devices. A comparatively low current through CF, especially at the moment of CF forming,
could help limit the overgrowth of the CF region [27]. For MIM devices, the J-E curve is
symmetric, as shown in Figure 4b, and the slopes are both around 1. Plenty of free electrons
are available from the two metal electrodes leading to a high operating current.
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(a) (b) 

Figure 4. J-E curves of (a) Pd/HfOx/p-Ge devices and (b) TiN/HfOx/Pt devices in low resistance state.

Figure 5 exhibits the energy band diagram for the illustration of electronic transport
mechanisms when the MIGe device works at HRS. As shown in Figure 5d, the voltage
drop, Vg, is divided between the oxide switching layer and Ge substrate. When negatively
biased, the resistance of the Ge substrate is negligible, and the resistance of CF (RCF)
can be extracted from I-Vg. Then the voltage dropped on the Ge substrate (Vs) could be
derived as Vg–I*RCF, where I*RCF is approximately the voltage on the switching oxide
(Vox). Therefore, Vg is almost equal to Vox when the device is negatively biased (Vg < 0).
On the other hand, when Vg > V1, Vg is mostly distributed to Vs. As depicted in Figure 5b,
the conductive filament consists of abundant oxygen vacancies (VO), which can gather
to form a quasi-continuous defect energy band in the bandgap of HfOx [28]. In this case,
the filament consisting of VO can be treated as a metallic conducting path between the TE
and Ge substrate at negative biases (Figure 5a). However, when the Vg is positive and
larger than V1, the electrons from the Ge substrate need to overcome an energy barrier
of 0.35 eV to reach the defect levels of the CF (Figure 5c). From the experimental data, it
is estimated that the energy level of CF is close to the conduction band minimum (CBM)
of Ge and roughly 1.75 eV below the CBM of HfO2. This energy level is consistent with
previous studies, which identified VO levels to be ranging from 1.2 to 2.1 eV below the
CBM of HfO2 [29–31].

 
(a) (b) 

 

(c) (d) 

Figure 5. Energy band diagram of current transmission at (a) region 1, (b) region 2, (c) Vg = V1.
(d) Vs-Vg curve. (Vs: the voltage dropped on Ge substrate; Vg: the voltage applied on the gate.).
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Furthermore, the DC endurance was characterized for Pd/HfOx/p-Ge, Pd/HfOx/p+-
Si, and TiN/HfOx/Pt devices. The sequence of SET-READ-RESET-READ cycles was used,
and devices with the same dimension (40 μm × 40 μm) were characterized. The cycling
results of MIGe and MIM devices were plotted in Figure 6, which suggests different en-
durance failure phenomena of MIGe and MIM devices. For MIM devices, it can be observed
that a sudden hard breakdown happened during the RESET, as shown in Figure 6d. Its en-
durance failure behavior is similar to those that originated from the depletion of O2− which
induced the RESET difficulty and increased vacancy concentrations [19,32]. In contrast, the
MIGe devices maintained a stable endurance window of 100× or more but failed when
the HRS and LRS converged into an intermediate state, as shown in Figure 6a,b. Although
the distribution of HRS appears to be wide on account of the randomness of oxygen ion
movement, pulse programming is an effective approach to improve the uniformity of
HRS [10]. Pulse characterizations were implemented further for MIGe and MIM devices
(data not shown here). The results of pulse endurance are in correspondence with the
results of DC endurance. The MIGe device is still functional after 105 fully successful
switching cycles, whereas the MIM device broke down after 104 pulse switching cycles.
The effective operation cycles of the MIGe device (>105) are sufficient for CIM [33] since
the SET/RESET operations will not be executed frequently.

 
(a) (b) 

 
(c) (d) 

Figure 6. DC endurance cycles of (a) Pd/HfOx/p-Ge devices (10 MΩ for minimum of HRS and
500 kΩ for maximum of LRS in test code) and (c) TiN/HfOx/Pt devices (50 kΩ for minimum of HRS
and 5 kΩ for maximum of LRS in test code); DC endurance failure of (b) Pd/HfOx/p-Ge devices and
(d) TiN/HfOx/Pt devices.

In addition to the larger and more stable memory window achieved by MIGe devices,
it is also demonstrated that the devices have superior endurance over the other two types of
devices. To further confirm the superior endurance performance of MIGe devices compared
to MISi and MIM, DC endurance tests were further carried out for multiple devices of each
sample. Figure 7a summarizes the mean DC endurance of MIGe, MISi, and MIM devices.
The mean DC endurance of MIGe devices is around 104, while that of MIM devices is ten
times smaller. Moreover, the static power of FPGA’s pull-up/pull-down resistors when
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implemented with RRAM was calculated [2]. For FPGA’s configuration memory, the 1T2R
structure was widely investigated. In these two resistors, usually one is ON, and the other
is OFF. Therefore, the static power mainly depends on the OFF state resistor. Figure 7b
compares the static powers of MIGe, MISi, and MIM devices at a 1.8 V supply. The results
suggest that MIGe RRAM is a promising candidate for FPGA’s pull-up/pull-down resistors.

 

(a) (b) 

Figure 7. MIGe, MISi and MIM devices’ (a) mean DC endurance and (b) static power (Vdd = 1.8 V) of
FPGA’s pull-up/pull-down resistors.

4. Conclusions

In conclusion, a large memory window of over 105 was demonstrated for Pd/HfOx/p-Ge
RRAM devices. Furthermore, the devices have been proven to have better endurance and
a more stable memory window than MISi and MIM RRAM devices. Moreover, a low static
power down to 1 nW was observed in MIGe devices as FPGA’s pull-up/pull-down resistors.
Therefore, HfOx/p-Ge-based RRAM is a promising candidate for FPGA applications.
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Abstract: Germanium (Ge) is a promising semiconductor as an alternative channel material to
enhance performance in scaled silicon (Si) field-effect transistor (FET) devices. The gate stack of
Ge FETs has been much improved based on extensive research thus far, demonstrating that the
performance of Ge FETs is much superior to that of Si FETs in terms of the on-state current. However,
to suppress the performance degradation due to parasitic contact resistance at the metal/Ge interface
in advanced nodes, the reduction of the Schottky barrier height (SBH) at the metal/Ge interface
is indispensable, yet the SBH at the common metal/Ge interface is difficult to control by the work
function of metal due to strong Fermi level pinning (FLP) close to the valence band edge of Ge.
However, the strong FLP could be alleviated by an ultrathin interface layer or a low free-electron-
density metal, which makes it possible to lower the SBH for the conduction band edge of Ge to
less than 0.3 eV. The FLP alleviation is reasonably understandable by weakening the intrinsic metal-
induced gap states at the metal/Ge interface and might be a key solution for designing scaled
Ge n-FETs.

Keywords: germanium; metal/semiconductor interface; Schottky barrier height; Fermi level pinning

1. Introduction

Silicon (Si) complementary metal-oxide-semiconductor (CMOS) technologies have
been continuously advancing with new materials and technologies, such as high-k gate
dielectrics, metal gates and strain, to overcome the physical scaling limit. Furthermore, the
channel material has been replaced recently in a p-channel field effect transistor (p-FET) by
silicon–germanium (SiGe), which has a smaller effective hole mass [1]. From the viewpoint
of channel materials in Si CMOS technologies, since germanium (Ge) has smaller effective
masses for both the electrons and hole than Si and SiGe [2] and belongs to the group XIV
elements, which has a high process compatibility with Si, meaning it is an attractive candi-
date for an alternative channel material for further advanced nodes. Although Ge oxide has
some disadvantages, such as thermodynamic instability and water solubility [3–7], many
studies have been performed to realize high-performance Ge FETs expected from the poten-
tial of bulk Ge properties. At first, Chui [8] and Shang [9] demonstrated a high-performance
Ge p-FET, which is much superior to that of Si, with the nitride passivation of the gate
stack in 2002. Thereafter, by advancing the understanding of the Ge gate stack design,
both the Ge n- and p-FET performance have been greatly improved [10–23]. The progress
of the effective mobility improvement in inverted FET channels over the last 20 years is
summarized in Figure 1. With regard to the equivalent oxide thickness (EOT) scaling in
the Ge gate stack, feasibility down to approximately 0.5 nm has been demonstrated [24,25].
Additionally, Ge FETs with nanowire or gate-all-around channel structures that assume
further scaling have been reported [26,27]. In the future, for designing practical Ge FETs, it
is also important to consider the disadvantage of a higher dielectric constant of Ge in terms
of drain-induced barrier lowering and the advantage of easy planarization by thermal
annealing in various atmospheres [28–30] in terms of structural dispersion.
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(a) (b)

Figure 1. Progress of effective carrier mobility in inversion channels [at inversion carrier density
Ns = 5 × 1012/cm2 or effective electric field E = 0.5 MV/cm] of (a) p-FET and (b) n-FET. The line of
“Si” corresponds to the universal mobility of Si FETs fabricated on (100) surface. In contrast to Ge
p-FET, the performance of Ge n-FET was worse than Si n-FET at initial stage, but has been improved
to be 2 times higher than Si universality. On the other hand, InGaAs (In0.53Ga0.47As) exhibits much
higher electron mobility than Ge. However, there are other challenges such as small capacitance of
inversion channel due to lower DOS, process compatibility with Si, control of stoichiometry, etc.

On the other hand, a typical factor that degrades performance in practically scaled
FET devices is an increase in parasitic resistance. The parasitic resistance is composed
of interconnecting and contact metal resistance, semiconductor resistance around the
source/drain and contact resistance just at the metal/semiconductor interface; the contact
resistance becomes more dominant by scaling down [31]. It is preferable to reduce the
contact resistance as little as possible and below 10−9 Ωcm2 is required for advanced
nodes [32].

The contact resistivity at the metal/semiconductor interface is described as [33]:

ρ ∝ exp
(

C
Φb√

N

)
, (1)

where Φb and N are the Schottky barrier height at the interface and the density of the
electrically activated impurities in the semiconductor, respectively. Therefore, to reduce the
contact resistivity, a decrease in the Schottky barrier height and an increase in the activated
impurity density are required based on the precise control of the Schottky barrier height
and impurity activation and diffusion. Both are tough challenges for Ge CMOS, but this
paper addresses the former.

2. Fermi Level Pinning at the Metal/Ge Interface

The Schottky barrier height is one of the band alignment parameters at the metal/
semiconductor interface and the barrier for the conduction band (Φbn) at the ideal interface
with no charge transfer is described as:

Φbn = Φm − χ, (2)

where Φm and χ are vacuum work functions of the metal and electron affinity of the
semiconductor, respectively. This case is also called the Schottky limit and Φbn decreases
(increased) as much as the decrease (increase) of Φm (Figure 2a).
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(a) (b)

Figure 2. (a) Schematic band alignment at metal/semiconductor interface with no charge transfer (no
Fermi level pinning (FLP)). This is called Schottky limit and Schottky barrier height for conduction
band of semiconductor Φbn is equal to subtraction of electron affinity of semiconductor χ from
vacuum work function of metal Φm. Therefore, Schottky barrier height at the interface is controllable
by vacuum work function of metal. (b) Schematic band alignment at metal/semiconductor interface
with FLP. Due to charge transfer at the interface, Fermi level at the interface relative to band edge of
semiconductor is shifted from Schottky limit in direction to charge neutrality level, where the charge
neutral level is defined as ΦCNL from conduction band edge of semiconductor. In the case that S
parameter is 0, Φbn is equal to be ΦCNL irrespective of vacuum work function of metal and is not
modulated by vacuum work function of metal. This is called Bardeen limit.

However, in most cases of actual metal/semiconductor interfaces, Φbn is not as sensi-
tive to Φm. It is known as Fermi level pinning (FLP) and is generally described as a charge
transfer between the metal and semiconductor through the interface states (Dit) in the band
gap of the semiconductor [34] (Figure 2b). Assuming a constant Dit in the energy gap of
the semiconductor, the band alignment is described as:

Φbn = S(Φm − χ) + (1 − S)ΦCNL, S =
1

1 + qδDit
ε

, (3)

where q, δ and ε are the elementary charge, dipole length and dielectric constant at the
interface, respectively. ΦCNL is the charge neutrality level of the semiconductor at the
interface from the conduction band edge of the semiconductor. According to the equation,
S is a parameter of sensitivity to Φm and takes a value between 0 and 1. S and ΦCNL
can be regarded as the FLP strength and FLP energy level. When S is 0, the Schottky
barrier height becomes completely constant irrespective of Φm. This case corresponds to
the Bardeen limit.

Next, we discuss the relationship between the vacuum work function of the metal
and Schottky barrier height at the metal/Ge interface. The systematic trend was first
reported by Thanailakis in 1973 [35]. After that, analyses focusing on FLP were reported by
Marshall [36], Dimoulas [37] and Nishimura [38,39]. The relationships between the Schottky
barrier height at metal/n-Ge(100) and the vacuum work function of metal are summarized
in Figure 3a. The vacuum work function of metals is found in references [40,41]. In three
recent reports, the Fermi level at the metal/Ge(100) interface is close to the valence band
edge of Ge and is little dependent on the vacuum work function of the metal and a large
Schottky barrier comparable to the band gap of Ge is formed on n-Ge. The FLP strength of
the S parameter at the metal/Ge(100) interface is evaluated from the slope in Figure 2a to

99



Electronics 2022, 11, 2419

be 0.02–0.05, which is much less than that at the typical metal/Si interface (~0.3) [34]. The
FLP energy level of ΦCNL at the interface is estimated from the intersection of the fitted
data line with the Schottky limit line in Figure 2a to be 0.49–0.58 eV. Both the S parameter
and ΦCNL are almost the same among the results in recent studies [36–39].

(a) (b)

Φ Φ χ

Φ

Φ

Figure 3. (a) Schottky barrier height for conduction band of Ge Φbn at metal/Ge(100) interface as a
function of vacuum work function of metal Φm. The barrier Φbn values in the graph are estimated
from I-V or C-V characteristics of metal/n-Ge diodes. Except for the result reported from Thanailakis,
Schottky barrier height for conduction band of Ge at metal/Ge interface is almost constant, in-
sensitive to vacuum work function of metal, and comparable to band gap of Ge (0.66 eV). The S
parameter estimated from the slope in the plots is 0.02–0.05, which corresponds to interface states of
~1014 states/cm2/eV. To realize Ge device with electron channel, it is indispensable to overcome the
strong FLP. Reproduced with permission from ref. [35], A. Thanailakis and E.C. Northrop; published
by Elsevier, 1973, from ref. [36] E.D. Marshall et al.; published by Springer Nature, 2011, from ref. [37],
A. Dimoulas et al.; published by AIP publishing, 2006, from ref. [38], T. Nishimura et al., published
by Japan Society of Applied Physics, 2006, from ref. [39], T. Nishimura et al.; published by AIP
publishing, 2007. (b) Typical I-V characteristics of metal/n-Ge(100) diodes. Schottky barrier height
can be evaluated from the relationship of Js = AT2 exp(−Φb/kT), where Js, A and T is saturation
current density, Richardson constant and measured temperature, respectively. The saturation current
density Js is estimated from linear extrapolation of current density at V = 0 in the graph. Due to the
strong FLP, rectified character appears irrespective of metals on n-Ge. On the other hand, typical
metal/p-Ge diodes exhibit ohmic characteristics (not shown).

From the correlation between the S parameter and Dit shown in Equation (3), the
FLP strength can be quantitatively considered as the interface state density for the sake of
convenience, irrespective of the mechanism of FLP. For example, assuming a δ of 0.5 nm
and ε of 10 ε0, the S parameter of 0.02 at the metal/Ge(100) interface is equivalent to a
Dit of 5 × 1014 states/cm3/eV. It implies that the interface might be electrically very poor,
considering that the atomic density on the Ge(100) surface is almost 6 × 1014/cm2.

The band alignment shown in Figure 2a was determined from the electric charac-
teristics (such as I-V or C-V characteristics) of metal/n-Ge(100) junctions (typical I-V
characteristics are shown in Figure 3b). On the other hand, it is difficult to determine
from metal/p-Ge(100) junctions. The Schottky barrier height for the valence band edge
of Ge at metal/p-Ge(100) is very low and ohmic contact is easily formed on the junction
at room temperature. This is a large advantage for p-type Ge devices in terms of choice
for the contact metal, but a critical disadvantage for n-type Ge devices. To reduce the
contact resistance at the metal/n-Ge interface towards the realization of practical n-type
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Ge devices, the strong FLP close to the valence band edge must be overcome based on an
understanding of its FLP mechanism.

3. Dominant FLP Mechanism at the Metal/Ge Interface

First, typical FLP mechanisms discussed for various metal/semiconductor interfaces
are reviewed, before a discussion of the dominant FLP mechanism at the metal/Ge inter-
face. FLP mechanisms can be categorized into intrinsic or extrinsic mechanisms. Here,
“intrinsic FLP” means that the FLP is caused by an intrinsic charge transfer due to the
metal/semiconductor interface formation itself, while “extrinsic FLP” means that the FLP
is caused by a charge transfer through the actual interface states, such as defects introduced
by the interface formation process. Metal-induced gap states (MIGS) [42–46] and chemical
bond models [47,48] are typical intrinsic FLP mechanisms. In the MIGS model, a charge
transfer is caused by a wave function tailing from the metal into the finite semiconductor
band gap. In the chemical bond model, it is through local chemical bonding between metal
and semiconductor atoms, considering an energy gain in the charge transfer against the
band gap of the semiconductor. On the other hand, the unified defect model (UDM) [49,50]
and disorder-induced gap states (DIGS) [51,52] are typical extrinsic FLP mechanisms. The
UDM has been discussed regarding the metal/III-V semiconductor interfaces and is based
on the formation of a universal defect energy level irrespective of the adsorbed element
on the semiconductor. In the DIGS model, the interface state density related to the FLP
strength is characterized by the strain and distortion of bonds, defects and dangling bond
densities. The FLP energy level is determined by the sp3 hybrid orbital energy, which
is universally located at approximately 5 eV from the vacuum level in diamond- and
zinc-blend-type semiconductors.

However, it is difficult to identify a dominant FLP mechanism at the metal/Ge interface
from the FLP strength, as follows. Since 1970, it has been implied that pure covalent bonding
semiconductors such as Ge and Si exhibit strong FLP [53]. The FLP strength of various
semiconductors has been systematically investigated and the correlation of FLP strength
with the ionic bond character in semiconductors has been discussed from the viewpoint
of surface states, which is based on the relationship between the ionic bonding character
and electronic structure modulation. In the previously mentioned intrinsic MIGS and
chemical bond model, FLP strength is primarily characterized by the electronic gap of
the semiconductor because the charge transfers in MIGS and the chemical bond model
are dependent on the decay of wave function tailing in the semiconductor and the energy
gain of the charge transfer to the valence band or conduction band of the semiconductor.
Considering the narrow band gap of Ge (0.66 eV at room temperature), it seems reasonable
that strong FLP occurs at the metal/Ge interface. In the UDM and DIGS, simply saying,
the FLP strength is determined by the actual interface states density. For example, the
surface cleaning method before metal deposition and the reduction of metal diffusion
into the semiconductor inside by cooling during metal deposition may be effective in
reducing the interface state density and weakening the FLP at the metal/6H-SiC [54] and
metal/GaAs [55] interfaces, while the alleviation of FLP at the metal/Ge interface by
appropriate surface treatment has not been reported. However, the narrow band gap of Ge
indirectly implies that the bond structure in the Ge crystals is easily broken and so a high
density of interface states may possibly be formed, which implies that the extrinsic FLP
mechanism causes the strong FLP of Ge.

It is also difficult to identify the dominant FLP mechanism from the viewpoint of
the FLP energy level. The experimentally determined effective charge neutrality level is
close to the valence band edge of Ge. In intrinsic mechanisms, the MIGS describes the
FLP energy level as an energy level that corresponds to the charge neutrality level of the
bulk semiconductor, where the dominance of the conduction band character and valence
band character is changed in the band gap. (It is a branch point in a one-dimensional
system.) The charge neutrality level ΦCNL of Ge is calculated to be 0.48 [44] and 0.63 [56].
On the other hand, in extrinsic mechanisms, the DIGS model describes the FLP energy of
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Ge. The energy in the DIGS model is the sp3 hybrid orbital energy, which is the same as the
charge neutrality level of the bulk semiconductor [51]. This result is also consistent with
the fact that vacancies in Ge work as acceptors [57] and that defective Ge exhibits p-type
characteristics [58,59].

Therefore, another approach is needed to understand the dominant FLP mechanism.
Here, we present an interesting result of comparing Ge and Si with SiGe [60]. A key property
of SiGe is the complete solid solution of Si and Ge. Therefore, SiGe includes natural bond
distortion and disordering even in perfect crystals. Moreover, SiGe used in the experiment
is not a single crystal substrate, but epitaxially grown on a Si substrate, which suggests
that SiGe includes extrinsic defects, dislocations and strain. These structural disorders are
detected, for example, as the broadening of the diffraction peak in the XRD measurement.
On the other hand, the band gap of SiGe monotonically increases with the decreasing
Ge ratio. Therefore, the band gap becomes simply wider in the order of Ge, SiGe and Si.
Therefore, the FLP mechanism, which dominantly characterizes the metal/Ge interface,
could be speculated by which metal/Ge and metal/SiGe interfaces exhibit a stronger FLP.
To analyze the band alignment at the metal/SiGe interface, the Schottky barrier height is
estimated from the rectified I-V characteristics of metal/n-SiGe(100) diodes, as shown in
Figure 4a. The saturation current density at the metal/SiGe junction is obviously metal
dependent compared with that at the metal/Ge junction shown in Figure 2b. Figure 4b
shows the relationship between the band gap, crystallinity and FLP strength of Ge, SiGe
and Si. The S parameter for the metal/SiGe(100) interface is estimated to be 0.07. This
value is less than that for the metal/Si (100) of 0.16, which is consistent with reports
from Archer [61], but obviously more than that for the metal/Ge(100) of 0.02. The Dit of
1.4 × 1013/cm2/eV, which corresponds to the S parameter for SiGe, is much lower than
that for Ge, even though SiGe has various structural disorders. These experimental facts
imply that the FLP of Ge may be dominantly characterized by an intrinsic mechanism.
Furthermore, the band alignment at the metal/Ge interface does not seem sensitive to the
surface orientation of Ge [39], which suggests that local structural characteristics such as
bonding at the interface do not strongly characterize the band alignment. In other words,
the FLP seems to be characterized by bulk Ge characteristics. This means that MIGS seems
to be the most reasonable FLP mechanism to describe the FLP at the metal/Ge interface. If
the strong FLP was extrinsic, the passivation and/or generation of extrinsic interface states
should be carefully considered. However, it appears to be intrinsic so that some sort of
breakthrough is needed.

Figure 4. (a) Typical I-V characteristics of metal/n-Si0.55Ge0.45(100) diodes measured at room tem-
perature. The off-state current density on high work function metal diodes is increased at negative
bias region, which might be caused by leakage through extrinsic defects in SiGe. However, saturation
current density is obviously more dependent on metals compared with that of Ge diodes depicted in
Figure 2b. (b) The correlation among FLP strength (S parameter), band gap and crystallinity (FWHM
of (400) diffraction peak in XRD) of semiconductors. The S parameter is simply increased with
band gap of semiconductor independent of its crystallinity, which suggests intrinsic FLP mechanism
dominantly characterizes the FLP at metal/Ge interface.

102



Electronics 2022, 11, 2419

4. FLP Alleviation by Ultrathin Interface Layer

In this chapter, focusing on the fact that such a strong FLP does not occur at a typical
metal/insulator/Ge interface, an approach to alleviate the strong FLP at the metal/Ge
interface is discussed. As mentioned in the introduction, various Ge gate stacks have been
analyzed by C-V characteristics to improve the performance of Ge FETs [8–23]. In these
C-V characteristics, the accumulation, depletion and inversion of the Ge layer are distinctly
observed, which indicates that the surface potential of Ge is modulatable; in other words,
the insulator/Ge interface is not strongly pinned as with the metal/Ge interface. On the
other hand, the flat band voltage of the Ge Metal/Insulator/Semiconductor (MIS) capacitor
obviously depends on the vacuum work function of the metal [62], which also suggests
that a strong FLP does not occur at the metal/insulator interface. Therefore, our interest
arising from the band alignment of the Ge MIS interfaces was how the FLP-free Ge MIS
interfaces behave after extremely thinning the insulator. In the best case, we hoped that
enough current could flow in the on state at the FLP-free MIS junction.

We selected GeO2, which is an oxide of the substrate, as an ultrathin interface insulator
to simplify the system. Additionally, GeO2 could form an electrically better interface
with Ge by the suppression of GeO desorption compared with other insulators [63,64].
Al was chosen as an electrode metal with a low vacuum work function to form low and
high Schottky barrier heights for n- and p-Ge at the FLP weakened interface, respectively.
Figure 5a shows typical I-V characteristics of Al/Ge(100) diodes with and without an
ultrathin GeO2 layer. Surprisingly, the Al/n-Ge diode characteristics change from Schottky
to ohmic by inserting a GeO2 layer, whereas the Al/p-Ge diode characteristics change from
ohmic to Schottky [65]. This is definitely understandable by a shift of the Fermi level at
the interface from the valence band edge of Ge to the near conduction band edge. The
ultrathin GeO2 interface layer between the Al and Ge substrates is also confirmed by the
cross-sectional TEM image shown in Figure 5b.

Figure 5. (a) Characteristics I-V of Al/Ge(100) diodes and those of Al/ultrathin GeO2/Ge(100)
ones. Due to the strong FLP close to valence band edge of Ge, as depicted in schematic, Al/Ge
diodes exhibit Schottky characteristic and ohmic one for n- and p-Ge, respectively. On the contrary,
Al/GeO2/Ge diodes show ohmic characteristic and Schottky one for n- and p-Ge, respectively, which
indicates that the Fermi level at the interface is shifted towards to conduction band edge of Ge.
(b) Cross sectional TEM image of Al/GeO2/Ge contact. It is observed that 2-nm-thick amorphous
GeO2 layer is formed at the interface.

Furthermore, the correlation between the Schottky barrier height at metal/ultrathin
GeO2/Ge exhibits an obvious vacuum work function dependence, as shown in Figure 6.
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The vacuum work function dependence of the Schottky barrier height indicates that the
ultrathin insulator surely has a role in alleviating the FLP and that the Schottky–ohmic
reversal of Al/ultrathin GeO2/Ge diodes shown in Figure 4a is not caused only by the
pinning level shift. As summarized in Figure 7a,b, Schottky barrier height modulation and
FLP alleviation have been observed by Al2O3 [66,67], TiO2 [68–70], MgO [71,72], GeON [73],
TiON [74], GeN [75] and SiN [76], in addition to GeO2 [65,68]. These experimental results
imply that the FLP alleviation by inserting an ultrathin insulator into the metal/Ge interface
is attributed to the insulating property of the interface layer or interface passivation by the
oxygen or nitrogen included in the interface layer.

 Φ

Φ

Figure 6. The correlation between band alignment at metal/1-nm-thick GeO2/Ge(100) and vacuum
work function of metal. That at metal/Ge(100) [38,39] are also shown. Schottky barrier height were
estimated from saturation current density in I-V characteristics measured at room temperature and
Richardson constant of Ge. The S parameter for metal/GeO2/Ge interface is estimated to be 0.14
and it is obviously more than that of direct metal/Ge one, which indicates that the FLP at metal/Ge
interface is weakened by ultrathin GeO2 interlayer. Adapted with permission from ref. [38], T.
Nishimura et al., published by Japan Society of Applied Physics, 2006, from ref. [39], T. Nishimura
et al.; published by AIP publishing, 2007.

Next, from the viewpoint of the role of insulator in FLP alleviation, the dominant FLP
mechanism at metal/Ge is considered again. The FLP alleviation by ultrathin insulators is
explainable in various models, as follows. In the intrinsic MIGS, the wave function tailing
to the semiconductor decays due to the wide energy gap and physical distance of the
interfacial layer. In the intrinsic chemical bond model, the energy gain in the charge transfer
with metal will be reduced by replacing the semiconductor with a wide gap insulator. In
extrinsic models, nonideal semiconductor structures, such as defects or dangling bonds,
resulting in interface states are passivated by oxygen or nitrogen. However, it is noted that
the role of the interface layer in each model is different. It is expected that intrinsic MIGS
is gradually weakened with an increasing insulator thickness as a result of the thickness
effect, whereas the extrinsic FLP mechanisms are immediately suppressed by forming
an insulator/Ge interface by the interface passivation effect. Hence, from an impact of
interlayer thickness on the FLP strength, the appropriate mechanism to describe the FLP at
the metal/Ge interface could be speculated from another aspect.
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Figure 7. (a) Summary of Schottky barrier height values at direct metal/n-Ge interfaces and
metal/ultrathin interface layer/n-Ge ones. Various interface layers such as oxides and nitrides
are effective to alleviate the FLP and improve controllability of the band alignment. By use of ap-
propriate interface layer and metal, Schottky barrier height for conduction band edge of Ge can be
efficiently reduced. Data from refs. [36–39,66–76]. (b) Summary of S parameters at direct metal/n-Ge
interfaces and metal/ultrathin interface layer/n-Ge ones. There might still be process dependence,
but it is sure that the strong FLP at metal/Ge interface is weakened by insertion of interface layer.
Data from [36–39,66,68,70,75,76].

Figure 8a shows the Schottky barrier height at the metal (Al, Cu and Au)/GeO2/Ge
interface as a function of GeO2 thickness. The Schottky barrier heights in the figure are
evaluated from the saturation current density in I-V characteristics measured at room tem-
perature and the Richardson constant, without any correction for the tunnel resistance [68].
However, it is obvious that the Schottky barrier height for the conduction band edge of Ge
at the Al (low work function metal) and Au (high work function metal) contact interfaces
gradually decreased and increased, respectively, with increasing GeO2 thickness. Although
it is difficult to exactly discuss the FLP strength from the few kinds of metals with different
vacuum work functions, the S parameter evaluated from the three kinds of metal gradually
increases with GeO2 thickness, as shown in Figure 8b. Gradual FLP weakening with an
increasing interface layer thickness is also observed at the metal/Si interface [68]. Although,
Schottky barrier height modulation at the metal/Si interface by an ultrathin insulator as
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a concept of MIGS suppression had been proposed by Connelly [77] before the reports
of these studies, which are focused on Ge, and these results suggest that the thickness
effect of the insulator results in FLP alleviation and qualitatively support that MIGS is the
dominant FLP mechanism both at the metal/Ge and /Si interfaces. On the other hand, here,
it is assumed that MIGS and other FLP mechanisms work independently. It is, however,
reported that intrinsic MIGS reduces defect formation energy based on first-principles
calculations [78] and that Si bond breaking by contact with metal has been observed [79].
Therefore, to further understand FLP alleviation, more quantitative analysis, including the
secondary effect of MIGS, might be necessary.

(a) (b)

Φ

Figure 8. (a) Schottky barrier height for the conduction band of Ge at metal/GeO2/n-Ge(100) interface
as a function of the thickness of GeO2. All metal electrodes were formed on the single Ge wafer
with beveled GeO2 layer and Schottky barrier height was estimated approximately from saturation
current density and Richardson constant of Ge(100). The thickness of GeO2 layer was determined
by spectroscopic ellipsometry. Reproduced with permission from ref. [68], T. Nishimura et al., IEEE
Proceedings; published by IEEE, 2010. (b) S parameter as a function of interface layer thickness.
In addition to the S parameter for metal/beveled GeO2/Ge estimated from (a), other results are
also depicted. The S parameter is not drastically, but rather gradually increased with interface
layer thickness at least in case of GeO2, which suggests that the FLP alleviation at metal/ultrathin
insulator/Ge interface is caused by thickness effect of interface layer. Data from refs. [68,75,76].

5. FLP Alleviation by Low Free-Electron-Density Metal

From the viewpoint of reducing contact resistance, direct metal/Ge contact is prefer-
able to metal/ultrathin insulator/Ge contact if FLP alleviation is possible at the direct
interface. In this section, how to alleviate the FLP at a direct metal/Ge interface is dis-
cussed, assuming the MIGS dominant interface. The presumption is that the FLP strength
caused by MIGS is characterized by the electronic structure of the semiconductor, such
as the band gap [45,46], since it is related to the coefficient of wave function decay in
the semiconductor. However, considering that the wave function which decays in the
semiconductor is correlated with that in the metal, it is expected that the strength of MIGS
could also be modulated from the metal side as follows.

In the MIGS model, the interface dipole, which causes FLP, is described as a result of
the wave function tailing from the metal. Therefore, the assumption is that such a dipole
is also formed at other interfaces. For example, even at the metal/vacuum interface, as
the simplest case, the wave function tailing from the metal also occurs through a finite
energy barrier between the Fermi level in the metal and the vacuum level, which would
result in interface dipole formation. Interestingly, the dipole formed at the metal/vacuum
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interface corresponds to a part of the vacuum work function of the metal. Lang calculated
the vacuum work function of metal with a simple Jellium model [80,81]. In that model,
the vacuum work function is composed of a bulk term and surface term; the former term
includes the interaction energy and kinetic energy in the bulk and the latter corresponds to
the surface dipole due to wave function tailing from the metal to the vacuum. The model
is significantly simple, but the result well describes the vacuum work function of simple
metals such as alkaline and alkali-earth metals. Here, it is a notable point that the surface
term is reduced with a decreasing free-electron density in the metal, which indicates that
the metal/vacuum interface dipole caused by wave function tailing is reduced. Therefore,
MIGS at the metal/semiconductor, which is described as a dipole caused by wave function
tailing, could be weakened by the decreasing free-electron density in the metal based on
the similarity of the physical description of the “surface term of the vacuum work function”
and “MIGS”.

The free-electron density in single-element metals commonly used to analyze FLP at
the metal/semiconductor interface is approximately 1022–1023/cm3 [82], whereas, for exam-
ple, in compound metals such as silicide, it is one digit less, approximately 1021/cm3 [83].
The free-electron density in germanide, which is a compound of metal and Ge, is expected
to be almost the same as that in silicide and the free carrier densities in Y-germanide and
Gd-germanide were evaluated to be 7 × 1019 and 9 × 1019/cm3, respectively, by Hall
effect measurements. Considering the previously mentioned analogy between MIGS and
the surface term of the vacuum work function, the FLP at the germanide/Ge interface is
expected to be weaker than that at the single-element metal/Ge interface.

Germanide/n-Ge(100) diodes show rectified I-V characteristics (Figure 9a), but the
saturation current densities seem to have a strong metal dependence compared with those
of single-element metals/n-Ge diodes (shown in Figure 2b), although the swept range
of the vacuum work function of germanide might be much narrower than that of single-
element metals due to compound formation with Ge. The relationship between the vacuum
work function of the metal and the Schottky barrier height at the metal/Ge interface is
shown in Figure 9b. Here, the work function of crystallized germanide is assumed from
the metal–Ge composition ratio in its crystal structure, the group electronegativity [84]
and the relationship between the electronegativity and vacuum work function [85]. The
FLP at the germanide/Ge interface is weaker, as expected, and the S parameter for the
germanide/Ge(100) interface is estimated to be 0.17, which is much larger than that for the
single-element metal/Ge(100) interface. Additionally, deviation from the strong FLP trend
at the single-element metal/Ge interface has also been reported at the YbGex/Ge [86], epi-
taxial Mn5Ge3/Ge(111) [87], epitaxial HfGe2/Ge(100) [88] and epitaxial Fe3Si/Ge(111) [89]
interfaces. These results seem reasonably understandable by the weakening of MIGS, even
though interface epitaxiality may sufficiently affect the band alignment in detail. Further-
more, in the case of the metal/Si interface, FLP at the silicide/Si interface is also much
weaker than that at the single-element metal/Si interface [90,91]. In addition to interfacial
layer insertion, a low free-electron-density metal is also effective in alleviating the FLP
at the metal/Si interface, which suggests that MIGS might also describe the FLP at the
metal/Si interface well.

At the metal/semiconductor interface with strong MIGS, the band alignment is dom-
inantly determined by the charge neutrality level, which is characterized by the bulk
properties of the semiconductor. However, by weakening MIGS at the interface, the
assumption is that other FLP mechanisms or interface structures possibly affect band align-
ment. Actually, the Schottky barrier height at the germanide/Ge interface has a noticeable
surface orientation dependence [92], as shown in Figure 10a. It was also demonstrated that
ohmic contact can be formed for n-Ge at room temperature without the heavy doping of
impurities by employing an appropriate metal and surface orientation of Ge, although a
direct metal/Ge interface is formed (Figure 10b). However, here, care is taken that not only
Ge surface orientation, but also other properties, such as germanide orientation, might
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be different for each Ge orientation because the germanide/Ge interface was formed by
thermal reaction of the elemental metal/Ge interface.

 Φ

Φ

(a) (b)

Figure 9. (a) Typical I-V characteristics of germanide/n-Ge(100) diodes measured at room tempera-
ture. All germanides were formed by thermal reaction of deposited single-element metal with Ge at
500 ◦C. The off-state current density of germanide/n-Ge diode is much dependent on metal compared
with that of single-element metal/n-Ge diode shown in Figure 2b. Adapted with permission from
ref. [92], T. Nishimura et al., published by IOP publishing, 2008. (b) The relationship between the band
alignment at germanide/Ge(100) interface and vacuum work function of metal. The vacuum work
function of germanide is estimated from the group electronegativity [XAm Bn = m+n

√
Xm

A Xn
B] [84] and

the correlation between electronegativity and vacuum work function [Φm = 2.27XPauling + 0.34] [85].
It is obvious that the FLP at germanide/Ge interface is much weaker than that at simple element
metal/Ge one.

 

Figure 10. (a) I-V characteristics of Gd and Gd-germanide/n-Ge(100) and (111) diodes. The I-V
characteristics of Gd/Ge diodes are not dependent on Ge surface orientation, while those of Gd-
germanide/Ge ones are strongly dependent. In addition, Gd-germanide/n-Ge(111) diode surpris-
ingly exhibits ohmic character, as also shown in the inset. The interface structure dependence in I-V
characteristics of germanide/Ge diodes is possibly understandable by appearance of other mech-
anisms which are masked by MIGS at typical single-element metal/Ge interface. Adapted with
permission from ref. [92], T. Nishimura et al., published by IOP publishing, 2008. (b) Cross sectional
TEM image of Gd-germanide/Ge(111) interface formed by thermal reaction of Gd with Ge. It is
confirmed that direct germanide/Ge interface is certainly formed and the Schottky barrier height
lowering is never caused by unintentional interface layer growth at the interface.
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The difference between single-element metals and compound metals such as silicide
and germanide on FLP at epitaxial metal/Ge and /Si interfaces has been discussed based
on first principle calculations [93]. According to the calculations, the Fermi level at the
single-element metal/semiconductor interface is determined by MIGS around the dangling
bond states of the semiconductor, while that at silicide/Si or germanide/Ge is determined
by that of the metal, which provides the difference in FLP strength. The calculated Si and
Ge surface orientation dependence on the band alignment is not completely consistent with
the experimental results [92], but the difference in the Schottky barrier height at the A- and
B-type epitaxial NiSi2/Si interfaces [94] is successfully reproduced. This suggests a key to
further understanding the impact of the microscopic interface structure on band alignment
from the viewpoint of local atomic configuration.

On the other hand, as previously implied, the interface fabrication process is different
between the germanide/Ge and single-element metal/Ge interfaces. The germanide/Ge
interface is generally formed by a thermal reaction, while the single-element metal/Ge
interface is by deposition. To purely focus on the impact of the low-electron-density metal
on the FLP, an example of band alignment at a low free carrier density metal/Ge interface
formed by deposition is discussed. Bismuth (Bi) is a famous semimetal and its carrier
density is approximately 1017/cm3, which is much less than that of common single-element
metals [95]. Bi can be thermally evaporated in a vacuum chamber in the same manner
as other single-element metals. There is no choice to pick up various semimetals with
different vacuum work functions, such as single-element metals, but the vacuum work
function of Bi is fortunately 4.22 eV [40]. It is energetically far from the FLP energy level
of Ge of approximately 4.6 eV from the vacuum level, so the alleviation of the strong FLP
is detectable as an obvious modulation of the Schottky barrier height. Additionally, Bi
cannot form a compound (germanide) with Ge [96], which means that the possibility of
band alignment modulation by Bi-germanide formation can be ruled out. As shown in
Figure 11, Bi/n-Ge diodes still show rectified I-V characteristics, but the off-state current
density is very high compared with the single-element metal cases. Moreover, the I-V
characteristics of Bi/p-Ge(100) diodes are definitely rectified. In the relationship between
the vacuum work function of metal and the Schottky barrier height at the metal/Ge
interface, Bi obviously deviates from the trend of strong FLP observed at the single-element
metal/Ge interface and is close to the Schottky limit [97], which suggests that MIGS at the
Bi/Ge interface is efficiently suppressed. The FLP-free interface is also obtained at the Bi/Si
interface [97] and the FLP-free Bi/2D semiconductor interface has also been reported [98].
Furthermore, the Schottky barrier height at the Bi/Ge interface is obviously changed within
0.05 eV, depending on the surface orientation of Ge. Although the details of the surface
orientation dependence have yet to be clarified, considering the polycrystallinity of Bi on
the Ge substrate, the impact of Ge surface orientation on the band alignment might directly
appear in this system.

As denoted above, the low-electron-density metal effect on the FLP supports that MIGS
is the most reasonable mechanism to describe the strong FLP. Certain metals (e.g., WSix [99],
a-TiNGe [100], TaN [101,102], Sn [103], graphene [104] and CNT [105]) show deviation from
the strong FLP trend at the single-element metal/Ge interface, as summarized in Figure 12,
but these results also seem understandable as MIGS reduction from the metal side, similar
to germanide and Bi. Further clarification about the correlation between the interface
structure and band alignment at low-electron-density metal/Ge and /Si are current big
challenges to build a guideline to precisely control the band alignment at direct metal/Ge
and /Si interfaces.
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Figure 11. I-V characteristics of Bi/n-Ge and /p-Ge diodes with various Ge surface orientation. The
off-state current density of Bi/n-Ge diodes are much higher than that of single-element metal/Ge
ones, shown in Figure 2b, and Bi/p-Ge(100) diode shows rectified I-V characteristics, as also shown
in the inset. The Bi/Ge interfaces were fabricated by deposition process, which is same to fabricate
the single-element metal/Ge interfaces. As shown in the cross-sectional TEM image in inset, direct
Bi/Ge interface formation is confirmed. However, Schottky barrier height for conduction band of
Ge at Bi/Ge(100) and /Ge(111) are estimated from saturation current density to be 0.37 and 0.44 eV,
respectively. This band alignment is out of trend of strong FLP observed at single-element metal/Ge
interface. The Ge surface orientation dependence on the Schottky barrier height at Bi/Ge interfaces
might purely be caused by difference of Ge surface orientation.

Figure 12. Summary of reported Schottky barrier height at low free-electron-density metal/n-Ge
interface. Schottky barrier height for Ge is very controllable by appropriate metal and interface
structure even at direct metal/Ge interface. In some case of metallic nitrides, Schottky barrier height
for conduction band of Ge is much less than half of Ge band gap (0.33 eV). Considering the process
compatibility of nitride metal with Si technology, those metals may also be possible candidates for
practical application. Data from refs. [36–39,86–89,92,97,99–104].

6. Reduction of Contact Resistivity

Finally, the reduction of contact resistivity at the metal/Ge interface is discussed. The
contact resistivity at the MIGS-effective metal/Si interface is fully described based on the
field emission and thermionic-field emission current [106]. Therefore, here, the contact
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resistivity at the metal/Ge interface is discussed based on the band alignment (Schottky
barrier height), although it has been reported that MIGS might affect the electronic structure
of the semiconductors at the metal/2D semiconductor interface [107]. As mentioned in
the previous sections, the ultrathin insulator layer at the metal/Ge interface enhances the
controllability of the Schottky barrier height, but adds series resistance due to the tunnel
barrier. Hence, for the ohmic contact formation to lightly doped semiconductors with a
lower contact resistance, the best thickness can be determined based on the balance between
FLP alleviation and insulator resistance. Since the tunnel resistance is decreased by reducing
the potential barrier of the insulator, it is better for the reduction of contact resistivity to
select an insulator with a small band offset between the insulator and semiconductor. For
contact with the conduction band of Ge, TiO2 [69], ZnO [108] and WSix [99] have been
proposed with the demonstration of FLP alleviation.

For contact in aggressively scaled n-type Ge devices, tunnel resistance caused by both
the interface insulator layer and semiconductor depletion layer must be considered because
of heavily doping of impurities in Ge. In the case of contact for the conduction band of Si
with doping over 1020/cm3, it is expected that even TiO2 might lose the advantage of a
small band offset due to an increasing tunnel distance in TiO2 [109]. As a solution, a more
conductive interface layer with a low band offset and heavy doping has been proposed.
For example, Al-doped ZnO and indium tin oxide (ITO) might be possible candidates for
contact with the conduction band of Ge. Low contact resistivity for lightly doped n-Ge has
been obtained experimentally [110], calculating that the resistivity would be reduced to
approximately 10−9 Ωcm2 [111].

Furthermore, a low-electron-density metal does not have tunnel resistance due to its
metallic property. The contact resistivity at the NiGe/n-Ge interface [112,113] still exhibits
high resistivity. However, the speculation is that other metals, such as rare-earth germanide,
which forms a low Schottky barrier height, could significantly reduce the resistivity. Al-
though the bulk resistivity of rare-earth germanide is slightly high (~10−4 Ωcm), rare-earth
germanide can be thinned down to 5 nm while maintaining a low Schottky barrier height
of 0.3 eV [114]. This result suggests that the total contact resistivity, which includes the
bulk resistivity of germanide, is possibly reduced below 10−9 Ωcm2 when the tunneling
effective mass of an electron of 0.12 m0 [115] and the high doping density up to ~1020/cm3

are assumed. The contact resistivities at various metal/n-Ge interfaces, including other
interface layers [116,117], are summarized in Figure 13.

Ω

Φ

Figure 13. Contact resistivity at various metal/n-Ge interfaces. The calculated contact resistivities
with various Schottky barrier heights are denoted in broken lines, where tunneling effective mass
of electron of 0.12 m0 and relative dielectric constant of 16 is assumed. The doped ZnO and ITO
looks possible to achieve ~10−9 Ωcm2 by increasing doping density. The calculated total resistivity
at rare earth metal germanide (REGex)/n-Ge interface is also shown with solid line, assuming that
Schottky barrier height is 0.3 eV and bulk resistivity of 5-nm-thick REGex (~5 × 10−10 Ωcm2). Data
from refs. [108,110–113,116,117].
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7. Conclusions

To realize scaled Ge FET devices, the reduction of contact resistivity is indispensable.
However, it was found that the band alignment at common metal/Ge interfaces is far from
the Schottky limit and a high Schottky barrier height for the conduction band edge of Ge is
formed irrespective of the metal work function. This is described as a strong FLP close to
the valence band edge of Ge. Therefore, this is a major hurdle to achieve high-performance
Ge n-channel devices, including FETs.

The origin of strong FLP is expected to be so-called MIGS, based on the comparison of
FLP strength between the metal/Ge interface and metal/SiGe interface focusing on intrinsic
and extrinsic structural disorder in SiGe. This MIGS dominant FLP at the metal/Ge interface
is also reasonably supported by the ultrathin insulator effect and low free-electron-density
metal effect, as later denoted.

To alleviate the strong FLP at the metal/Ge interface, two kinds of approaches are
demonstrated. One is the insertion of an ultrathin interface layer at the metal/Ge interface.
This approach is motivated by research on the FLP free-metal/insulator/Ge gate stacks.
The inserted interface layer has a role in reducing the tailing of the wave function into the
band gap of the semiconductor by decaying in the layer. As experimental facts, various
interlayers exhibit FLP alleviation and the FLP alleviation is enhanced with an increasing
interface layer thickness. The other approach is applying a low free-electron metal as a
contact metal. The analogy between the surface term of the vacuum work function of metal
in a simple Jellium model and MIGS at the metal/semiconductor interface implies that the
strength of MIGS is also characterized by the metal and MIGS can be reduced by decreasing
the free-electron density in metal, which is a viewpoint different from before. Both the FLP
alleviation at the germanides/Ge interfaces and the deviation from the strong FLP trend at
some special metal/Ge interfaces are reasonably understandable based on the character
of MIGS.

By further understanding the metal/Ge interface, the band alignment at the metal/Ge
interface becomes more controllable. For this situation, assuming the well-controlled
activation and diffusion of impurities in Ge, contact resistivity of less than 10−9 Ωcm2

seems achievable. Therefore, to realize practical Ge n-channel devices in future nodes,
further refined guidelines for interface design to reduce contact resistivity based on a further
understanding of band alignment at the MIGS-weakened metal/Ge interface are desired.
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Abstract: The state-of-the-art CMOS technology has started to adopt three-dimensional (3D) inte-
gration approaches, enabling continuous chip density increment and performance improvement,
while alleviating difficulties encountered in traditional planar scaling. This new device architecture,
in addition to the efforts required for extracting the best material properties, imposes a challenge
of reducing the thermal budget of processes to be applied everywhere in CMOS devices, so that
conventional processes must be replaced without any compromise to device performance. Ultra-
violet laser annealing (UV-LA) is then of prime importance to address such a requirement. First, the
strongly limited absorption of UV light into materials allows surface-localized heat source generation.
Second, the process timescale typically ranging from nanoseconds (ns) to microseconds (μs) efficiently
restricts the heat diffusion in the vertical direction. In a given 3D stack, these specific features allow
the actual process temperature to be elevated in the top-tier layer without introducing any drawback
in the bottom-tier one. In addition, short-timescale UV-LA may have some advantages in materials
engineering, enabling the nonequilibrium control of certain phenomenon such as crystallization,
dopant activation, and diffusion. This paper reviews recent progress reported about the application
of short-timescale UV-LA to different stages of CMOS integration, highlighting its potential of being
a key enabler for next generation 3D-integrated CMOS devices.

Keywords: UV laser annealing; CMOS; 3D integration; thermal budget; FEOL; MOL; BEOL; dopant
activation; interconnect; ferroelectricity

1. Introduction

Nowadays, sustainable, high-performance, and energy-efficient nanoelectronics drive
the further development of CMOS technologies, not only by traditional planar scaling,
called “More Moore”, but also by opening the integration dimension towards the third axis
perpendicular to the silicon (Si) wafer plane. This three-dimensionally (3D) stacked device
architecture alleviates the difficulties possibly encountered in the way of pursuing the tra-
ditional planar scaling of transistors, while allowing the continuous increment of effective
chip density and performance thereby. Here, a “monolithic” or “sequential” approach is
talked about, but not a “packaging” one, where interlayer connectivity is dominated by
chip bonding alignment accuracy. It also brings another benefit of implementing additional
functionalities in CMOS devices, being called “More Than Moore”. Furthermore, over the
coming end of the current CMOS scaling, “Beyond CMOS” is preconized to determine the
best means for continuing technological advancements, having new materials, concepts,
and architectures.

Among these three axes of evolution, “More Than Moore” would be the one which
has been the most investigated over the last several years, in parallel with the evolution of
ultra-violet laser annealing (UV-LA) technologies in the semiconductor industry. To realize
3D-integrated CMOS devices, a new electrically functional Si (or other semiconductor
materials) layer must be fabricated directly on the underlayer components, either by wafer

Electronics 2022, 11, 2636. https://doi.org/10.3390/electronics11172636 https://www.mdpi.com/journal/electronics
119



Electronics 2022, 11, 2636

bonding [1] or by deposition [2]. Of course, it also requires other steps. For instance, to form
a source and drain (S/D), recrystallization and dopant activation are necessary after ion
implantation. Otherwise, epitaxy enables in situ doping with good crystal quality. To form a
gate stack, dielectric and work function metal deposition, sometimes followed by reliability
annealing, are required. Some of them typically need high-temperature processing. Those
steps must be accomplished by reducing the thermal budget, which is empirically discussed
as a simple combination of temperature (i.e., activation energy) and time (i.e., kinetics)
effects, while avoiding any drawback in terms of the performance of each module. Today, as
shown in Figure 1, the thermal budget acceptable for 3D-integrated CMOS devices is known
as 500 ◦C for a few hours [1,3,4], and might be further reduced in future developments.
UV-LA is then of prime importance to address such requirements for the following reasons.
First, the use of a UV light enables strongly limited absorption into materials, and thereby
surface-localized heat source generation. Second, the UV-LA process timescale, typically
ranging from nanoseconds (ns) to microseconds (μs), efficiently prevents the generated heat
from diffusing deeply in the vertical direction. In a given 3D stack, these specific features
allow the actual process temperature to be elevated in the top-tier layer without introducing
any drawback in the bottom-tier one. In fact, although UV-LA itself has existed for decades,
most of the studies of those precedent eras were conducted in a laboratory-scale experiment
but not in real industrial-quality devices. This is certainly because there was no UV-LA
equipment ready to be implemented in high-volume manufacturing. On the other hand, in
the current era, our 300 mm process-compatible UV-LA equipment is commercialized [5],
with the capability of UV-LA process simulation [6] to support the UV-LA integration into
existing device fabrication flows.

Figure 1. Acceptable thermal budget to preserve the performance of bottom-tier devices. Reprinted
with permission from Ref. [3]. 2017, IEEE.

Considering the large freedom of designing applications in 3D integration (e.g., logic-
on-logic [3], memory-on-logic [7–9], and sensor-on-logic [3,9]), the thermal budget would
have to be managed application-by-application. Furthermore, in some cases components
are inserted into interconnect (i.e., the back-end-of-line (BEOL)) layers to enhance the
benefits of energy efficiency and look to future neuromorphic computing [10–13]. In such a
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context, a clear need to freely control the thermal budget is rising. An interesting study is
reported in Ref. [14], where the impacts of the buried-oxide (i.e., a Si dioxide (SiO2) layer
separating the top and bottom layers in a 3D stack) thickness and applied thermal budget
on the dopant activation in an ion-implanted top and bottom Si layers (i.e., a Si substrate as
the bottom layer, whereas an amorphous Si thin layer as the top layer) are systematically
investigated. It is noteworthy that a thicker SiO2 interlayer results in more efficient thermal
isolation. Moreover, with a given UV light, laser fluence can be another knob of thermal
isolation management. As shown in Figure 2, a more realistic study is conducted using
a 28 nm fully depleted Si-on-insulator (FDSOI) CMOS integration, where the impacts of
UV-LA on underlying components (i.e., bottom MOS devices and BEOL) are assessed in
terms of the performance of transistors and copper (Cu)-based interconnects [4]. The results
show no significant degradation in both, confirming the advantage and thermal budget
compatibility of UV-LA in 3D integration.

Figure 2. (a) Process flow and schematic figure of the 3D structure treated by UV-LA, (b) Simulated
time–temperature profiles of the applied UV-LA processes, (c) Cu line resistivity evaluated before
and after UV-LA, (d) ION-IOFF distribution of the bottom n- and p-type MOS devices before and after
UV-LA. Reprinted/adapted with permission from Ref. [4]. 2020 IEEE.

In the following sections, we aim at highlighting the potential benefits of short-
timescale UV-LA in materials engineering, crossing over diverse applications from the
front-end-of-line (FEOL) to BEOL.

2. FEOL Applications

2.1. Reliability Annealing for High-k/SiO2/Si Gate Stacks

In recent planar transistors (e.g., 7 nm node CMOS technology, as shown in Ref. [15]),
the SiO2/Si interface is still utilized in the gate stack (generally a stack of a few nm
thick high-permittivity (high-k) hafnium dioxide (HfO2) film on a Si substrate with a
subnanometer-thick SiO2 interlayer), requiring a lot of efforts to further scale the equivalent
oxide thickness (EOT) in a subnanometer region. This gate stack needs to be exposed to a
high-temperature annealing process, typically ranging from 800 ◦C to 1000 ◦C, for a few
seconds in order to ensure temperature instability (BTI) improvement [16–18].

The origin of the BTI is the electrical traps existing at the gate stack interface and
within the dielectric films [19]. In the HfO2/SiO2/Si stack, there are different BTI sources.
One of them is HfO2 bulk traps, and it is proposed to insert a dipole between the HfO2
and SiO2 layers [18] so that the Si channel does not electrically communicate with such
defect levels in device operation. Another source is the traps within the interfacial SiO2/Si
system (i.e., the bulk of the thin film and interface), where SiO2 is often chemically grown
to have a very thin film thickness (i.e., ~1 nm or less). Although annealing is necessary to
cure or passivate those electrical traps, it must comply with the thermal budget limitations.
Recently, low-temperature (from 100 ◦C to 450 ◦C) hydrogen-based annealing [20] and
plasma treatment [21] have been proposed as an alternative to the conventional high-
temperature annealing.

In fact, short timescale UV-LA may also address this problem. A chemically grown
SiO2 thin film is known to have a smaller density than thermally grown films, as well
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as some impurities remaining inside [22]. Such a situation would also be the case for a
subnanometer-thick SiO2 thin film grown by wet chemical cleaning for a CMOS gate stack.
High-temperature processing enabled by UV-LA is then expected to help the removal of the
remaining impurities in parallel with the nonequilibrium atomic bonding rearrangement
possibly occurring thanks to its short timescale. We have conducted a preliminary study [23]
relevant to the potential BTI source annihilation in the wet chemically grown SiO2/Si
system by ns UV-LA (Figure 3), where the effective process temperature is set at 900 ◦C
and the dwell time is in the order of 10−7 s. Interestingly, by accumulating the applied ns
UV-LA process up to 1000 times, the rearrangement of the Si-O-Si network is observed
by attenuated total reflectance (ATR) Fourier transform infrared (FTIR) spectroscopy and
X-ray photoelectron spectroscopy (XPS). This coincides with the evolution of the electrical
traps captured by a temperature-scan deep-level transient spectroscopy (DLTS). Then, the
Pb center-type traps seem annihilated, but it competes with the formation of another type
of trap, so-called “tail states” or “U-shaped continuum”, which could be associated to
Si–O weak bonds formed at the SiO2/Si interface. It is therefore supposed that UV-LA
alone may not be sufficient to perfectly build up the SiO2/Si system, but a potential of the
nonequilibrium SiO2/Si system engineering is clearly demonstrated.

Figure 3. (a–c) Schematic figures of a possible local rearrangement procedure of the tetrahedral SiO4

network. (d) Shift of the longitudinal optic (LO) phonon peak of the Si–O–Si asymmetric stretching
(AS) vibration as a function of the number of LA irradiation, where LA(1) and LA(1000) stand for
1 and 1000 times irradiation, respectively. (e) Normalized Si 2p XPS spectra of the as-grown (Ref.),
LA(1), and LA(1000) samples. (f) Comparison of the DLTS signals taken for the as-grown (Ref.),
LA(1), and LA(1000) samples. Reprinted/adapted with permission from Ref. [23]. 2020, The Japan
Society of Applied Physics.
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2.2. Channel Doping Engineering to Mitigate Short Channel Effects

The short channel effects (SCE) are known as one of the most critical issues when
scaling CMOS devices [24]. To alleviate the SCEs, shallow junction has been conceived,
introducing source and drain extension doping beside the channel [25]. Therefore, the
control of dopant diffusion in this extension area is critical for device performance. To
that end, ns UV-LA may be an ideal solution because, in such a short timescale, dopant
diffusion would be strongly limited (or even negligible). Indeed, for conventional dopants
such as boron (B), phosphorus (P), and arsenic (As) in Si, it is the case under the Si melting
point (i.e., ns UV-LA process does not melt the Si substrate) [26]. When melting the doped
Si substrate, although the diffusivity of the dopants strongly enhances (typically towards
the order of 10−4 cm2 s−1, as reported in Ref. [27]), their diffusion is limited within the
melted region, having a box-like profile [28–31].

A practical example taken in real devices is reported in our previous work [32], where
top planar FDSOI transistors having an 11 nm thick Si channel were fabricated (see Figure 4a
for their process flow). After the ion implantation in the extension part, ns UV-LA was
applied to fully melt the from 5 to 7 nm thick amorphized Si layer (Figure 4b,c) that regrows
into the monocrystalline state (Figure 4d,e). After this Si channel regrowth, a raised S/D
is properly formed by epitaxy, indicating that ns UV-LA does not seriously degrade the
surface morphology of the regrown Si thin layer. In terms of the impact on the SCE, ns
UV-LA clearly shows a benefit for suppressing the drain-induced barrier lowering (DIBL)
compared to high-temperature spike annealing (Figure 4f), especially with the dopants
such as B and P, which are easier to diffuse in Si than As [26].

Figure 4. (a) Process flow of the FDSOI transistors treated by UV-LA; (b) Simulated time–temperature
profiles of the applied UV-LA processes; (c) Structure used for the simulation; (d,e) Cross-sectional
transmission electron microscopy (TEM) images of the EDSOI transistors after UV-LA and spike
annealing; (f) DIBL extracted for different physical gate lengths. Reprinted/adapted with permission
from Ref. [32]. 2020, IEEE.

3. MOL Applications

The word “middle-of-line (MOL)” stands for the set of processes relevant to the
formation of the electrical connection of transistors prior to the BEOL modules. Especially,
the low resistive “contact” formation has become one of the biggest challenges in recent
years because it is a dominant parasitic factor in scaled transistors. This is a Schottky
contact formed by a metal–semiconductor interface. Therefore, to reduce the resistivity,
increasing the active carrier concentration in the semiconductor side is supposed to be a
strategy of choice. In fact, the required level of specific contact resistivity for future nodes
is going to be less than 1 × 10−9 Ω cm2 [33,34]. To achieve such a low resistivity of the
contact, the active carrier concentration needs to be close to 1 × 1021 at./cm3 [35,36], or
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even higher [37]. Then, the carrier transport at the Schottky interface should be dominated
by the field-emission model [38].

From the viewpoint of the UV-LA processes, there are two approaches. The first one is
the liquid phase epitaxial regrowth (LPER), where the doped semiconductor is once melted
and epitaxially regrown while activating the dopants. Typically, ns UV-LA enables this
approach [34,39–43]. In this article, when discussing LPER, we have a regime so-called
“Secondary Melting (SM)” in mind rather than the one so-called “Explosive Melting (EM)”.
In SM, the melted (i.e., liquid) layer forms at the surface of the semiconductor substrate and
simply extends downward [31,44]. On the other hand, in EM, a thin liquid layer (typically a
few to 10 nm of thickness [45]) formed at the surface travels in the depth direction, inducing
recrystallization into a polycrystalline state [31,44]. The LPER-induced rapid solidification
leads to the metastable incorporation of the dopants into the regrown semiconductor
crystal. The melting of a doped semiconductor substrate may result in the degradation of
the regrown surface morphology [1,40,42], and subsequent steps in a transistor fabrication
flow might suffer from it. The second approach is the solid phase epitaxial regrowth (SPER),
where the semiconductor layer amorphized by the ion implantation of the dopants can be
regrown into the monocrystalline state without melting. Although ns UV-LA can achieve
SPER and metastable dopant activation thereby, it requires multiple processes (i.e., more
than 20 times the irradiation of the laser pulse) [46]. Therefore, in terms of the productivity,
ns UV-LA might not be an optimal option. To address it, extending the process timescale
towards μs scale may help [47]. In the previously reported ns UV-LA SPER, the surface
morphology does not show serious degradation [46].

3.1. Dopant Activation by Liquid Phase Epitaxial Regrowth (LPER)

A potential advantage of LPER on contact resistivity lowering is that, if a doping
element is properly selected, its segregation towards the surface occurs during the so-
lidification of the melted semiconductor material. This may enhance the active carrier
concentration near the metal/semiconductor interface.

For that, the segregation coefficient of a doping element (k = CS/CL, where CS and CL
stand for the dopant concentrations in the solid (s) and liquid (l) phases at the vicinity of
the moving l/s interface) must be less than the unity (i.e., k < 1). It should be noted that
this k value is a function of the solidification front velocity (V) as shown in Figure 5 [48,49],
and increasing V makes k become closer to the unity. For instance, antimony (Sb) in Si
(i.e., n-type contact) shows such a surface segregation during ns UV-LA-induced LPER [42],
and gallium (Ga) [39–41,43], aluminum (Al) [41], and indium (In) [41] in SiGe (i.e., p-type
contact) also do (see Figure 6a,b) as experimental examples.

On the other hand, the activation of these segregated dopants seems not so simple.
Firstly, when comparing the ratio of the LPER-induced active carrier concentration to the
solid solubility limit of each doping case, that of Al in SiGe is almost unity at different melt
conditions. This might be related to the self-compensation of the Al atoms (i.e., electrical
deactivation due to lack of a bond between them when their doping concentration becomes
extremely high) [50]. Therefore, not every small k dopant may work. Secondly, as shown
in Figure 7, the activation also depends on V, drawing a downward convex shape as an
overall trend given by the whole red and blue data points. In fact, there is an interesting
theoretical prediction about the minimum substitutional concentration (of In in Si) as
a function of V [51]. If the nonequilibrium feature of the segregation coefficient (k) is
considered (i.e., k = f (V)), the relation between this concentration and V is also drawn by a
downward convex shape (Figure 8). Hence, increasing V is suggested to enhance the active
carrier concentration in LPER. However, it should be noted that it is in a trade-off with the
efficiency of surface segregation (i.e., k becomes closer to the unity when increasing V), and
a compromise would have to be found when integrating ns UV-LA LPER into real CMOS
contact modules.
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Figure 5. An example of the theoretically predicted dependence of the segregation coefficient (ki)
of dopants in Si on the solidification front velocity (i.e., the melt–front velocity, v). Reprinted with
permission from Ref. [48]. 1980, AIP Publishing.

Figure 6. Secondary ion mass spectrometry (SIMS) profiles of Ga, In, and Al taken in the (a) as-
implanted and (b) ns UV-LA-induced full SiGe epilayer melt samples. Reprinted with permission
from Ref. [41]. 2019, The Japan Society of Applied Physics.
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Figure 7. Plots of the degree of surpassing the solid solubility limit as a function of the simulated
solidification front velocity (V) for the Sb-implanted Si and Ga-implanted SiGe samples. Reprinted
with permission from Ref. [42]. 2020, AIP Publishing.

Figure 8. Theoretical prediction of the minimum substitutional concentration (of In in Si) as a function
of V. The downward convex shape curve represents the case considering the nonequilibrium feature of
the segregation coefficient. Reprinted/adapted with permission from Ref. [51]. 1981, AIP Publishing.
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Recently, we have accessed it by using Sb doping for 14 nm node generation FinFET’s
Si-based contact (Figure 9) [52]. Although there is no electrical data, the segregation of
ion-implanted Sb atoms at the top of the fin structure is clearly evidenced (Figure 9d,e, see
the position indicated by the arrow “S/D epi top surface”). The V extracted by 3D TCAD
simulation is about 4 m/s (Figure 9c). In fact, in real devices, the volume of the S/D parts
is negligible compared to the underlying Si substrate, so that heat dissipation becomes fast,
and V increases thereby. This value is in a promising range to have a high active carrier con-
centration, considering the Sb solid solubility limit in Si (∼6.8 × 1019 at./cm3 [53]) and the
expected gain from Figure 7 (more than 10 times at 4 m/s). Furthermore, other promising
results are obtained in the p-type contacts of planer FDSOI transistors, receiving high-dose
B ion implantation in in situ B-doped SiGe epilayers, then applying ns UV-LA to melt and
regrow it [54]. A remaining concern would be crystal defects left after LPER. It is mandatory
to melt the ion-implanted region down to the end tail of the dopant profile. Otherwise,
the residual point defects and impurities originated from ion implantation precipitate in
the form of extended defects in the top of the nonmelted region [30]. Moreover, stacking
faults starting from the initial amorphous/crystalline (a/c) interface can be observed even
at such a full melt condition [43]. They might come either from possible nonuniformity of
the as-implanted a/c interface or from nonuniform l/s interface during UV-LA [55,56].

Figure 9. Cont.
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Figure 9. (a) Process flow of the FinFET contact modules; (b) Structure used for the 3D TCAD
simulation; (c) Simulated time vs. melting Si fin depth profile during ns UV-LA; (d) Cross-sectional
TEM image of the Si-based contact module after ns UV-LA; (e) Energy-dispersive X-ray spectroscopy
line scan taken along the annealed Si fin (the carbon signal comes from the structures surrounding
the contact hole). Reprinted/adapted under CC BY 4.0 from Ref. [52]. 2020, T. Tabata et al.

3.2. Dopant Activation by Solid Phase Epitaxial Regrowth (SPER)

As already mentioned above, another way of enabling the metastable activation of the
dopants is SPER. In our previously reported ns UV-LA SPER processes [46], multiplying
thermally independent laser shots is necessary to fully crystallize a Si layer amorphized by
ion implantation (Figure 10a–c). Then, the moving amorphous/crystalline (a/c) interface
maintains a good flatness, resulting in a small root-mean-square value of surface roughness
(about 0.10 nm) after SPER completion. An extracted maximum crystallization rate is from
0.8 to 1.8 nm per shot in roughly 10 nm thick amorphous Si layers with different dopants
such as B, P, and As (Figure 10d). A rough estimation of film resistivity is also provided
based on sheet resistance measurements and an assumption that the conducting layer
thickness is equal to the amorphization depth. The calculated film resistivity values imply
that the active carrier concentration achieved by ns UV-LA SPER could be higher than that
of ns UV-LA LPER.

Figure 10. (a–c) Progressive SPER with ns UV-LA multiple pulses in a structure of amorphous
Si/SiO2/Si substrate. (d) Estimated recrystallization rates for each sample as a function of laser
energy density. Reprinted/adapted under CC BY 4.0 from Ref. [46]. 2021, P. Acosta Alba et al.
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We have reported similar attempts also for μs UV-LA SPER processes [47,57], where
the monocrystalline regrowth and flat surface morphology are basically reproduced as in
ns UV-LA ones. Interestingly, as shown in Figure 11a, μs UV-LA SPER processes introduce
the surface segregation of dopants (indeed, it is known for furnace SPER of As-implanted
Si, as reported in Ref. [58]). It is uncertain if our previously reported ns UV-LA processes
also induce it. There might be an impact of the SPER rate, which could be different between
the reported ns and μs UV-LA processes because of their different ramp-up and cool-down
rates. The active carrier concentration measured by the differential Hall effect methodology
(DHEM) [59] outperforms 1 × 1021 at./cm3 near the surface. The thermal stability of these
active carriers is investigated by using ns UV-LA as deactivation annealing (Figure 11b).
The applied deactivation conditions are those which are reported for copper (Cu) or
ruthenium (Ru) based the industrial BEOL interconnect annealing by using ns UV-LA. Up
to a submillisecond processing, the maximum sheet resistance degradation is limited to
about 5%, encouraging UV-LA integration into different stages of the CMOS devices.

Figure 11. (a) SIMS and differential Hall effect methodology (DHEM) profiles taken after μs UV-LA
SPER. The initial a/c interface position and the As solid solubility in c-Si at ∼1000 ◦C reported in
Ref. [60] are also indicated. (b) Ratio of sheet resistance degradation as a function of the accumulated
deactivation annealing time by using the ns UV-LA processes giving different maximum temperatures.
Reprinted/adapted under CC BY 4.0 from Ref. [47]. 2022, T. Tabata et al.
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4. BEOL Applications

The geometry of the BEOL interconnects (i.e., a trench filled with a highly conductive
metal) continuously shrinks. As it limits the growth of metallic grains and results in the
increasing density of grain boundaries, electron scattering starts to bring a serious demerit
in line resistivity. In fact, there is an exponential relationship between the increase of the line
resistivity and the scaling of the cross-sectional area of the BEOL lines (Figure 12) [61–64].
Beyond the 7 nm technology node, alternative metals such as Ru [61,63,65] and cobalt
(Co) [61,66,67] start to be considered because of their potential benefit in line resistivity.
The figure of merit is determined by a complex combination among bulk resistivity, the
cross-sectional area of lines, the mean-free-path of electrons, electro-migration reliability
(i.e., melting point of metals), integration compatibility (e.g., availability of raw materials,
process uniformity), and the impacts from a barrier and liner. However, some efforts to
extend the Cu-based BEOL technologies are found [61,68,69], and indeed Cu-based lines can
give lower line resistivity than the alternative metals, even in scaled BEOL modules [61,68].
In addition, it is not realistic to replace all Cu lines in the whole BEOL modules, especially
for large interconnects (e.g., semiglobal and global lines [70]).

Figure 12. Theoretical trends of line resistance vs. line scale (i.e., trench CD) for Cu- and Ru-based
interconnects. Reprinted with permission from Ref. [64]. 2020, American Vacuum Society.

In recent years, the impacts of LA have started to be investigated in real BEOL modules
or blanket thin films. Its expected benefit is to enable a bamboo-like structure (i.e., reduction
of electron scattering spots) in scaled BEOL lines thanks to the capability of processing
wafers at a higher temperature (possibly melting Cu but not Ru) than in typical BEOL
furnace annealing (e.g., less than 420 ◦C up to 1 h [71–74]). As shown in Figures 13 and 14,
ns LA (non-UV) indeed shows such a potential [75,76].
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Figure 13. (a–d) Schematics of ns LA process flow, (e,f) grain analysis performed in the control
and Cu melt ns LA lines, (g) RC performance measured in the control and Cu melt ns LA lines.
Reprinted/adapted with permission from Ref. [75]. 2018, IEEE.

Figure 14. Examples of Cu BEOL lines prior to and after Cu melt LA. Reprinted with permission
from Ref. [76]. 2018, The Electrochemical Society (ECS).

4.1. Cu Interconnect

Unfortunately, there is no published work yet about the use of UV-LA in real Cu
BEOL modules. However, we have recently conducted some preliminary works by using
blanket Cu thin (roughly 50 nm thick) films. Firstly, it has been demonstrated that μs
UV-LA enables much greater grain growth than furnace annealing at both Cu submelt and
melt conditions. A furnace process at 600 ◦C typically gives a mean grain size (Av.) of
about 100 nm in 50 nm thick Cu films [77,78], whereas it becomes approximately four times
and ten times greater in the Cu submelt and melt μs UV-LA, respectively (Figure 15) [79].
Secondly, it has been revealed that even in such a short timescale of process, the structure
(i.e., a typical Cu-based BEOL stack of dielectric/Cu/tantalum (Ta)/SiO2/Si substrate) can
be degraded due to interlayer atomic diffusion (Figure 16). Although a process window
already exists (e.g., Process A in the Cu submelt shows a 15% reduction of sheet resistance),
improving the thermal stability of the Cu-based BEOL structure, for instance, by using
an alternative barrier and/or liner (e.g., tantalum nitride (TaN)/Co [68,69], TaN/Ru [68],
or tantalum-manganese oxides (TaMnxOy) [68]) would further extend the merit of using
UV-LA.
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Figure 15. Images of electron diffraction mapping taken for the nonannealed (a–c) and annealed Cu
thin films (d–f) are for a Cu submelt μs UV-LA condition, whereas (g–i) are for a Cu melt μs UV-LA
condition. As depicted in (j), ND, TD, and RD stand for normal direction, transverse direction, and
reference direction, respectively. Moreover, a standard triangle of grain orientations is shown in
(k). Reprinted/adapted with permission from Ref. [79]. 2021, IEEE.

132



Electronics 2022, 11, 2636

Figure 16. Sheet resistance measured in the Cu-based BEOL blanket structure
(dielectric/Cu/Ta/SiO2/Si substrate) before and after μs UV-LA (Processes A, B, and C).
Reprinted/adapted with permission from Ref. [80]. 2022, IEEE.

4.2. Ru Interconnect

Replacement of Cu with an alternative metal in BEOL interconnects is attractive,
especially in local lines [70]. One of the listed candidates is Ru, as shown in Figure 17 [81]. Its
smaller mean free path of electrons (λ) than Cu reduces electron scattering and compensates
a disadvantage of bulk resistivity (ρ0). Moreover, its higher melting point than Cu is
expected to improve electro-migration performance. Furthermore, Ru is already used in
industry-like Cu-based BEOL interconnects as a liner material [82]. Although it is not a
focus of this review article, Ru-based BEOL processes (e.g., deposition, CMP, and etching)
could therefore rapidly mature.

We have previously evaluated the impact of ns UV-LA on the line resistance of Ru
lines fabricated by a 21 nm half-pitch dual-damascene process [83]. Then, although the
Ru lines are not supposed to be melted because of its much higher (more than two times)
melting point than Cu, the line resistance is reduced for up to 25% by multiple ns UV-LA
processes compared to the as-deposited Ru lines.

On the other hand, in a way of further scaling in BEOL interconnects, semidamascene
processing (also called “subtractive”) is emerging for Ru-based BEOL interconnects [84,85].
This new approach might be more adapted for UV-LA because it allows to anneal the metal
before line patterning, and thereby may alleviate the challenge of controlling the effects
of light pattern interference. In this context, we have also evaluated grain growth in de-
posited Ru thin films having a similar thickness to the Cu studies [74,83,86], demonstrating
effective grain enlargement and the associated sheet resistance drops with multiple ns
UV-LA processes.
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Figure 17. Figure of merit defined as mean free path (λ) × bulk resistivity (ρ0) vs. melting point for
different metals. Reprinted/adjusted with permission from Ref. [81]. 2018, IEEE.

5. “More Than Moore” Applications

Not only in 3D-integrated devices but also in planar ones is the BEOL module the
place where the applicable thermal budget is strongly restricted. It often makes material
engineering difficult and narrows the range of applications. However, if this restriction
is removed, then the diversification of applications will start like cutting a weir. We
hereafter present a couple of examples of material engineering in BEOL allowed by short
timescale UV-LA.

5.1. Large Poly-Si Grain Formation from Amorphous Si Thin Film

The formation of an electrically active layer (i.e., doped semiconductor with a monocrys-
talline or polycrystalline state) in BEOL may open a chance for disruptive innovation to
boost CMOS performance. However, the maximum process temperature in BEOL is gener-
ally much lower than the one enabling solid phase crystallization (SPC) of amorphous Si
on SiO2 (e.g., 600 ◦C for several hours [87,88]). Therefore, there is a clear need for utilizing
short timescale UV-LA, with which both liquid phase crystallization (LPC) and SPC will
become accessible.

Recently, FinFET device integration into BEOL has been demonstrated with the aim
of reducing chip size and power consumption [2]. In this work, a LA (non-UV) process is
performed as a key process for crystallizing amorphous Si via LPC. Such a potential has
been also demonstrated by ns UV-LA, as shown in Figure 18 [1]. Si-based photonic device
integration in BEOL via ns UV-LA LPC can be also found in the literature [89].
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Figure 18. (a) Schematic of ns UV-LA in a 3D type structure having an amorphous Si layer on the top,
(b) cross-sectional TEM images taken in the test structure followed by ns UV-LA and top amorphous
Si melting then by CMP to planarize the top surface, (c) atomic force microprobe image taken after
the CMP planarization. Reprinted/adjusted with permission from Ref. [1]. 2018, IEEE.

It should be noted that melting materials in a device structure may engender draw-
backs in subsequent processes. As already shown in Figure 18b, Si LPC clearly presents
hillocks on the just-crystallized poly-Si surface, and they must be planarized by CMP to
follow the device fabrication process flow. It occurs due to the collision of the solidification
front among grains crystallizing from the liquid Si, and the hillocks are formed on the final
grain boundaries [90]. Interestingly, in the case of the LPER (i.e., no poly grain boundaries)
in Si channel extension, shown in Figure 4d, the regrown Si surface keeps a good flatness
and does not impact the subsequent S/D epitaxy. Although the surface tension [91] induced
on the top of the liquid Si may induce roughening of the regrown surface [92], a thick (tens
of nanometers) dielectric capping layer deposited on the partially amorphized Si channel
seems to help to avoid the degradation of the surface morphology. Therefore, one may
suppose that a similar capping approach could work also for the Si LPC. However, careful
consideration would be necessary, because it is known that a periodic surface pattern
(called “wrinkles”) emerges and evolves in a stack having an elastic layer on a liquid sub-
strate [93]. Our recent study has revealed that the Si melt induced by ns UV-LA in SiO2/Si
stacks indeed triggers the formation of wrinkles and they grow in a spatial wavelength and
height as the maximum melted Si depth increases [94]. As this phenomenon is described
by dimensional, mechanical, and viscoelastic parameters of the materials involved in the
system, the stack to be treated by ns UV-LA should be carefully designed.

5.2. Hf-Based Ferroelectric Layer Formation

Another application in BEOL which a short timescale UV-LA may enable is the for-
mation of a high relative permittivity or ferroelectric layer (e.g., capacitors integrated into
130 nm CMOS BEOL in Ref. [12]). Hf-based oxides are today well-known as a CMOS
technology compatible with ferroelectric thin films [12,95,96]. Their dielectric functionali-
ties (i.e., high relative permittivity or ferroelectricity) rely on crystal phases, and cubic (c),
tetragonal (t), orthorhombic (o), and monoclinic (m) ones are typical. The ferroelectricity of
HfO2 thin films is related to the o-phase (e.g., Pca21 space group), which emerges during
the transition from the t-phase to the m-phase [97,98]. Therefore, it is critical to control the
kinetics of nucleation and crystal phase transformation.
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Inspired by previous studies [99,100], we have come up with an idea of shedding a light
on it by exploring different process timescales (i.e., dwell time) with ns [101] and μs [102]
UV-LA. The expected impact of controlling the dwell time is depicted in Figure 19a. Then,
the relative permittivity of the annealed HfO2 thin film evolves with μs-scale dwell times,
as shown in Figure 19b, supporting the proposed idea. The appearance of ferroelectricity
is also experimentally evidenced in this study by means of PUND (Positive Up Negative
Down)-corrected polarization–voltage (P-V) measurements [103]. When squeezing the
dwell timescale toward the ns range, it is expected that HfO2 phase control comes to rely
on nucleation rather than phase transformation. Indeed, repetition of the ns UV-LA process
results in a cumulative crystallization of the same phase, as shown in Figure 20. The
selectivity of the phase to nucleate in the ns UV-LA seems dependent on the maximum
process temperature [12], doping content [12], and stack [101]. As a temperature range
of interest is the one near or beyond the Si melting point [12], it is necessary to insert
additional layers for efficient UV laser absorption and heat confinement. An example
is a stack of metal/HfO2/metal/SiO2/Si, as shown in Ref. [12], where the metal layers
work for UV laser absorption and the SiO2 layer does for heat confinement in the upper
metal/HfO2/metal part. Silicon (amorphous, polycrystalline, or monocrystalline) can also
be used instead of the metal layers. Some doping elements are known to stabilize the
ferroelectric phase in HfO2 [104,105]. At a given process temperature, the cooling profile
may be slightly modulated by the stack and allow partial phase transformation within the
nuclei (but their growth with a single ns laser shot would be almost negligible because of
limited atomic diffusion in the ns-scale [101]).

Figure 19. (a) Schematic Gibbs free energy diagram of different HfO2 crystal phases, where the
character “a” stands for the amorphous state, “c” for the c-phase, “t” for the t-phase, “o” for the
o-phase, and “m” for the m-phase, respectively. (b) Relative permittivity (k) values of the 10 nm
thick HfO2 films as a function of the UV-LA dwell time. The theoretically predicted k-value range of
each phase is shown together. Reprinted/adjusted with permission from Ref. [102]. 2021, The Japan
Society of Applied Physics.
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Figure 20. (a–c) Cross-sectional dark-field TEM images and (d) XRD patterns taken on 50 nm thick
HfO2/TiN/Si samples after single or multiple ns UV-LA processing. Reprinted/adjusted with
permission from Ref. [101]. 2020, The Japan Society of Applied Physics.

6. Conclusions

In this review, recent progresses of ns and μs UV-LA technologies have been reviewed,
focusing on applications relevant to CMOS devices. The selectivity of heating in the
vertical direction that short timescale UV-LA provides is highlighted as a key feature
for 3D integration. The presented applications vary from FEOL to BEOL, indicating the
high potential of integrating UV-LA processes into different stages of a CMOS fabrication
flow. From the viewpoint of materials science, short timescale UV-LA opens new fields of
research, especially related to its nonequilibrium aspect. Although the reported range of
process timescale from ns to μs is long enough to be at thermal equilibrium [106], it is still
chemically and mechanically out of equilibrium. Therefore, phenomena such as atomic
bonding rearrangement, diffusion, activation, crystallization (including grain growth), and
stress relaxation show interesting behaviors. From them, module-level major improvements
to boost the entire CMOS performance may be achieved. Even if there is still a lot of effort
required to integrate the presented UV-LA processes into the industrial CMOS devices, the
technological maturity of short-timescale UV-LA is steadily progressing.
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Abstract: For next-generation system-on-chips (SoCs) in diverse applications (RF, sensor, display, etc.)
which require high-performance, small form factors, and low power consumption, heterogeneous
and monolithic 3D (M3D) integration employing advanced Si CMOS technology has been intriguing.
To realize the M3D-based systems, it is important to take into account the relationship between the
top and bottom devices in terms of thermal budget, electrical coupling, and operability when using
different materials and various processes during integration and sequential fabrication. In this paper,
from this perspective, we present our recent progress of III-V devices on Si bottom devices/circuits
for providing informative guidelines in RF and imaging devices. Successful fabrication of the high-
performance InGaAs high electron mobility transistors (HEMTs) on the bottom ICs, with a high unity
current gain cutoff frequency (f T) and unity power gain cutoff frequency (f MAX) was accomplished
without substrate noise. Furthermore, the insertion of an intermediate metal plate between the top
and bottom devices reduced the thermal interaction. Furthermore, the InGaAs photodetectors (PDs)
were monolithically integrated on Si bottom devices without thermal damage due to low process
temperature. Based on the integrated devices, we successfully evaluated the device scalability using
sequential fabrication and basic readout functions of integrated circuits.

Keywords: heterogeneous integration; monolithic 3D; sequential 3D; wafer bonding; RF application;
image sensor; mixed-signal IC; system-on-chip

1. Introduction

Recently, 3-dimensional (3D) integration technology has been actively investigated
to overcome the disadvantages of conventional 2D integration in highly-dense device
systems, such as interconnection delay and high-power consumption [1–3]. Indeed, various
mixed-signal IC chips using though Si vias (TSVs) based 3D chip stacking technology have
been reported in communication, image sensors, etc. [4]. For image sensors, in order to
solve the image distortion for moving targets, a three-layer stacked structure consisting of
photodiodes on dynamic random-access memory (DRAM) on a logic circuit demonstrated
the improved frame speed rate [5]. Similarly, in communication, by using Si-interposer,
and TSV, RF system-on-chips (SoCs) have been demonstrated [6–9]. However, while 3D
integration technology has improved the mixed-signal IC performance, form factor, large
via size, alignment accuracy, and via densities still need to be improved.

As a result, heterogeneous and monolithic 3D (M3D) integration has been extensively
studied in order to maximize the benefits of 3D integration in terms of low power con-
sumption, interconnection delay, and via densities. M3D-based RF transistors on Si CMOS
ICs, high-resolution microdisplays on Si CMOS driving circuits, and imaging systems on
MOSFETs and neuromorphic devices have been demonstrated [10–19]. Furthermore, the
aforementioned studies demonstrated the heterogeneous integration of different materials
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of III-V compound semiconductors with Si- and Ge-based bottom devices, indicating better
flexibility in process design and performance improvements, as shown in Figure 1. Al-
though the heterogeneous integration method has many advantages, thermal management
on bottom devices, physical coupling, and other factors should be considered first for
establishing the M3D-based device architectures.

Figure 1. Conceptual illustration of heterogeneous and monolithic 3D integrated system including
digital logic (blue layer, Si technology), analog/RF (red layer, III-V technology), and sensor (green
layer, III-V technology).

Thus, in this paper, we present our recent research on the M3D integration of RF de-
vices on Si CMOS circuits and InGaAs photodetectors on Si bottom FETs for realizing future
M3D-based mixed signal systems. First, we discuss the improved RF device performances,
noise de-coupling, and thermal coupling on Si CMOS ICs, which should be considered in
future M3D-based 6G systems. Secondly, to implement high-resolution III-V image sensors,
the thermal damage on bottom devices during the top device process, device scalability,
and basic functionality of readout operation will be discussed in imaging devices.

2. RF System-on-Chip (SoC)

Thanks to the excellent performance improvement through scaling of Si CMOS, not
only digital but also analog/RF domains were able to be successfully implemented using
Si CMOS technology [20–22]. However, it is expected that next-generation wireless com-
munication will use a frequency band of 100–300 GHz, which is challenging to implement
a high-performance RF chip with only Si CMOS technology. As a result, the heterogeneous
and monolithic 3D integration emerged as a promising solution to overcome the limited RF
performance of Si CMOS technology and utilize the advantages of Si CMOS technology on
the digital side [23–26]. Here, we discuss the heterogeneous and M3D integrated RF SoC,
which contributes to optimizing performance both on digital and analog/RF and enhances
the functionality.

2.1. Why Heterogeneous and Monolithic 3D Integration for RF SoC?

A lot of research has been done on RF devices using III-V HEMT, III-V HBT, SiGe HBT,
and Si CMOS technology over a long period. Although the RF performance of various
technologies has been improved with the scaling down of technology nodes, the III-V-based
devices exhibit outstanding RF performance when compared with the other technologies
due to their high electron mobility. The figure of merit (FOM) is used to estimate the
performance and capabilities of various technologies. The main FOMs of RF devices are
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the unity current gain cutoff frequency (f T) and unity power gain cutoff frequency (f MAX).
Figure 2 shows f T and f MAX of the state-of-the-art III-V HEMT, III-V HBT, SiGe HBT, and Si
CMOS. The f T and f MAX represent the frequency at which the transistor provides a unity
gain. The transistor cannot provide gain at frequencies higher than f T and f MAX.

Figure 2. The (a) f T and (b) f MAX versus technology node of the state-of-the-art RF transistors.

The III-V HEMT, III-V HBT, SiGe HBT, and Si CMOS have made significant progress
in the goal of increasing f T and f MAX to process more high-frequency signals. In the case
of Si-based technology, the RF performance has continued to increase into the range of
300–500 GHz by technology node scaling [20–22]. For CMOS technology, as the gate length
of Si MOSFET is extremely reduced, advanced structures, such as FinFETs or gate-all-
around (GAA) FETs, become essential. However, these structures cause increasing parasitic
capacitance [20]. Therefore, Si CMOS technology has reached the limit in which f T and
f MAX do not increase even if the gate length is scaled. The SiGe HBT technology that can be
integrated with Si CMOS has reached f T of 500 and f MAX of 700 [27]. Even though SiGe
HBT exhibits higher f T and f MAX than that of Si CMOS, it is not enough f T and f MAX to
successfully implement 6G.

On the other hand, the transistors exhibiting f T above 700 GHz and f MAX above
1.5 THz have been demonstrated with III-V-based devices, especially InGaAs-based transis-
tors, which has never been achieved in other solid-state transistors [28–30]. Furthermore,
the III-V-based RF device is the only technology option at this moment that shows a cut-
off frequency (f T and f MAX) over 700 GHz, appropriate to amplify the signal between
100 and 300 GHz for future wireless communication [31]. However, despite their excellent
RF performances, the III-V technology has been restricted for a long time because the III-V
material cannot be simply integrated with Si CMOS technology. Integrating with Si CMOS
technology is important because the RF chip needs not only RF circuits, such as low noise
amplifier (LNA) and power amplifier (PA) but also the digital processor.

Therefore, to overcome the limitation of Si CMOS in high frequency and take advan-
tage of highly advanced Si CMOS technology in digital, the heterogeneous integration
of III-V and Si is required, as shown in Figure 3. In conventional heterogeneous inte-
gration, the III-V technology-based analog/RF circuits and Si CMOS technology-based
digital circuits are fabricated respectively and integrated through packaging. However, the
packaging technology has disadvantages, such as a long connection distance, high loss,
high power consumption, and a large form factor. Furthermore, considering the develop-
ment direction of the current wireless communication technology, massive multiple-input
multiple-output (MIMO) and dense device integration are very important features one
must take into account for hardware development [32,33]. For the application of Massive
MIMO using a small antenna array, the requirement for the fine pitch size is increasing,
and it is urgent to develop a technology that can achieve the micrometer level or less pitch
size of I/O pins required for communication between the modules. According to the above
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trend, the packaging-based integration would be facing this technical difficulty, whereas
the monolithic 3D integration process would be applicable for the finer pitch size as the
integration density has been proven in other various applications (ex. Logic). Therefore,
heterogeneous and monolithic 3D integration is essential for future wireless communication.

RF up converter PADAC

Digital signal 
processing

ADC RF down
converter LNA

Ultra-scaled CMOS RF SOI
or SiGe

III-V compound
semiconductors

Baseband stage IF stage RF stage

Figure 3. The strategy of heterogeneous integration in RF chips to optimize the performance in both
digital and analog/RF circuits.

2.2. Heterogenous and Monolithic 3D Integration of III-V-Based RF Devices on Si CMOS

For future next-generation wireless communication, the co-integration of III-V-based
RF devices and Si CMOS digital circuits is positively necessary, as shown in Figure 4a.
We have successfully implemented the heterogeneous and monolithic 3D integration of
III-V-based RF devices on Si CMOS by direct wafer bonding [10]. The cross-sectional SEM
image is shown in Figure 4b. The III-V layers were uniformly bonded on Si CMOS. The top
RF devices are based on InGaAs HEMT, and the bottom Si CMOS is a standard MOSFET
structure with SiO2 gate dielectric and poly-Si gate. The heterogeneous and monolithic 3D
integration process flow consists of (1) bottom Si CMOS fabrication with 180 nm standard
CMOS technology, (2) back end of line (BEOL) process, (3) III-V heterostructure transfer by
wafer bonding, (4) top device fabrication, (5) interconnect between top and bottom. Such
monolithic 3D integration by direct wafer bonding enables tight integration of different
technologies. The process temperature after the front end of the line (FEOL) of Si CMOS is
very low at 300 ◦C or less [10,34]. Figure 5 shows the impact of monolithic 3D integration
on the performance of bottom Si CMOS. The transistor characteristics, such as subthreshold
swing, on current, off current, and threshold voltage, did not change after monolithic
3D integration, as shown in Figure 5a. Not only the characteristics of the individual
transistor but also the function composed of several transistors showed almost no change
in characteristics, as shown in Figure 5b. The thermal budget of 3D integration and top
device fabrication is 300 ◦C, which is suitable for monolithic 3D integration.

We showed the basic concept of heterogeneous and monolithic 3D integrated III-V-
based RF devices on Si CMOS circuits, as shown in Figure 6a. The top III-V-based RF
devices consist of f T-oriented InGaAs HEMTs, which are designed to optimize the f T
characteristic and f MAX-oriented InGaAs HEMTs, which are engineered to maximize the
f MAX characteristic and bottom Si CMOS circuits are composed of the analog-to-digital
converters (ADCs) and digital-to-analog converters (DACs). The f T-oriented InGaAs HEMT
has a narrow head, and short gate stem, and the f MAX-oriented InGaAs HEMT features
a wide head and short gate stem. The top RF device can amplify the high-frequency
signals of hundreds of GHz because the III-V-based RF devices exhibit outstanding f T and
f MAX, as shown in Figure 6b. At the same time, the bottom Si CMOS circuits of ADC and
DAC can convert analog and digital signals to digital and analog signals, as shown in
Figure 6c–h. A key feature of our heterogeneous and monolithic 3D integrated III-V-based
RF devices on Si CMOS circuits is the ability to process analog/RF signals and digital
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signals with excellent performance at the same chip, utilizing different technologies (III-V
and Si CMOS technology).

Figure 4. (a) Schematic of heterogeneous and monolithic 3D integrated III-V-based RF devices in Si
CMOS. (b) Cross-sectional STEM image of top transistor based on InGaAs HEMT. Reprinted with
permission from Ref. [10]. 2022, ACS Nano.

Figure 5. (a) Transfer characteristics of bottom single Si MOSFET before and after monolithic 3D
integration. (b) Output waveform of VCO based on a ring oscillator composed of multiple Si
MOSFETs.Reprinted with permission from Ref. [10]. 2022, ACS Nano.
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Figure 6. (a) Conceptual schematic of heterogeneous and monolithic 3D integrated III-V-based RF
devices on Si CMOS. (b) Gain plot of f T and f MAX-oriented top InGaAs HEMTs. (c) The block diagram
of ADC. (d) Time domain output voltage of ADC. (e) Digital output of ADC. (f) The block diagram
of DAC. (g) Analog output of DAC. (h) Sinewave output of DAC. Reprinted with permission from
Ref. [10]. 2022, ACS Nano.

2.3. Issues on Monolithic 3D Integrated Analog/RF-Digital Mixed-Signal IC
2.3.1. Substrate Digital Interference

One of the critical issues in analog/RF-digital mixed-signal integrated circuits is elec-
tromagnetic coupling [35,36]. The monolithic integration of analog/RF circuits and digital
circuits in the same chip induces the crosstalk between them. Therefore, the appropriate
shielding technology is essential. Representatively, there is substrate digital interference in
mixed-signal IC. The substrate digital interference, which is caused by switching any digital
circuits, can be spread across the shared substrate and degrade the performance of ana-
log/RF circuits when the digital circuits and analog/RF circuits are integrated on the same
substrate. Therefore, in the traditional Si-based analog/RF-digital mixed-signal circuits,
shielding technology, such as guard ring, deep N-well, deep trench isolation, and through
silicon via (TSV), has been necessarily used [37,38]. However, these approaches require
many additional process steps and occupy an additional area, imposing critical costs and
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area penalties. On the other hand, in the case of monolithic 3D integrated analog/RF-digital
mixed-signal IC, the digital circuits and analog/RF circuits do not share the same substrate.
These two different types of circuits are separated by an interlayer dielectric due to the
inherent nature of the floating thin body structure of top devices. Therefore, it is expected
that the digital interference from bottom digital circuits can be shielded and has no effect
on top analog/RF circuits when an appropriate thickness of interlayer dielectric and BEOL
lines are introduced.

To investigate the effect of substrate coupled digital interference in both conventional
and monolithic 3D mixed-signal IC, we used a 31-stage ring oscillator in digital circuits as a
signal source and a single transistor to sense the substrate digital interference in analog/RF
circuits, as shown in Figure 7a. The schematics of the conventional and monolithic 3D
mixed-signal systems are shown in Figure 7b,c. The top RF devices and bottom Si CMOS
BEOL are separated with a 600-nm-thick interlayer dielectric. The results of substrate digital
inference analysis are shown in Figure 7d,e. In the case of M3D mixed-signal IC, the bottom
digital interference cannot propagate to the top circuits through the substrate because the
digital and analog/RF circuits do not share the same substrate, whereas conventional 2D
integrated transistors with the digital circuits strongly feel the digital interference when
the digital circuits operate as in Figure 7d. This is another strong advantage of the M3D
integration in mixed-signal IC.

Figure 7. (a) Substrate digital interference measurement setup. The schematic of (b) conventional
and (c) monolithic 3D integrated digital-analog/RF mixed-signal IC. The result of substrate digital
interference analysis in (d) conventional and (e) monolithic 3D integrated digital-analog/RF mixed-
signal IC. Reprinted with permission from Ref. [11]. 2021, JSAP.

2.3.2. Self-Heating

Another critical issue in monolithic 3D systems is the self-heating of top devices,
which can affect the device’s performance. As reported by many research groups, the
top devices are thermally isolated by an interlayer dielectric which has a low thermal
conductivity, thereby, the performance and reliability can be degraded [39,40]. In the
monolithic 3D system, the self-heating of the top device is one of the limiting factors in
high performance, hence, many groups have reported on the self-heating effect in the
M3D systems [39,40]. We presented one of the possible solutions to relaxing self-heating
by introducing the metal plate, which has a high thermal conductivity at the backside
of the top RF devices, as shown in Figure 8a [41,42]. The embedded metal can act as an
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additional heat dissipation path because the metal has high thermal conductivity. We
used high-resolution thermoreflectance microscopy (TRM) to investigate the self-heating
during the transistor operation [41,43]. Since variation in relative reflectivity (ΔR/R) has
a linear relationship with variation in surface temperature (ΔT), the temperature of the
device can be determined by detecting the change in reflectivity(R). The real-time thermal
distribution of 3D integrated InGaAs-based RF transistors with different structures is shown
in Figure 8b–e.

  

 

Figure 8. (a) Conceptual schematic of heterogeneous and monolithic 3D integrated III-V-based RF device
on Si CMOS with back metal to relax the self-heating of top devices. The arrows represent the heat
spread. The (b) schematics, (c) cross-sectional images, (d) CCD, and (e) thermal images of 3D integrated
InGaAs HEMTs with different structures. Reprinted with permission from Ref. [41]. 2022, IEEE.

The 3D integrated InGaAs HEMTs with back metal show reduced self-heating char-
acteristics compared to the 3D integrated InGaAs HEMTs without back metal because
the back metal with high thermal conductivity offers an additional heat dissipation path,
resulting in low static device temperature. The self-heating relaxing effect of the top devices
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increased as the size of the back metal increased, and the distance from the top device to
the back metal decreased. However, the additional back parasitic capacitance is caused
by the back metal. Moreover, when the metal is introduced near the top devices to relax
the self-heating, the effect of back capacitance becomes more important, requiring careful
device design to mitigate this trade-off relationship. The influence of the back metal on
the RF performance of top devices was investigated [41]. However, a more systematic
investigation of the influence of the back metal on the top RF devices in the M3D platform
will be needed for successful heterogeneous and monolithic 3D integrated RF SoC.

2.4. Benchmarking of the Monolithic 3D Integrated RF Transistors

Many research groups have developed monolithic 3D integrated RF transistors.
Figure 9 and Table 1 show the RF performance and information of the process to com-
pare the state-of-the-art 3D integrated RF transistors [10,12–14,44–48]. The most important
metric is cutoff frequency because it determines the maximum frequency at which the de-
vice can be used. As shown in Figure 9 the III-V-based RF devices, especially InGaAs-based
RF transistors, obviously outperform Si transistors. This would motivate the heterogeneous
and monolithic 3D integration in future wireless communication. Furthermore, the RF
performance versus power consumption of the monolithic 3D integrated InGaAs on Si and
monolithic 3D integrated Si on Si are shown in Figure 9. The monolithic 3D integrated
InGaAs-based RF transistors on Si show higher RF performance at the same power con-
sumption or less power consumption at the same RF performance than monolithic 3D
integrated Si-based RF transistors on Si. This characteristic is also very important to be
used for cryogenic LNA toward scalable quantum computing [49]. One drawback would
be the fact that InGaAs-based devices are still difficult to be grown on large substrates,
such as 200 or 300 mm sizes, resulting in a size mismatch to Si CMOS technology. The
GaN-based devices overcome this problem by growing the GaN on Si wafers, but their RF
performances fall short of InGaAs-based devices. Even in the case of InGaAs, it is thought
that this problem can also be solved by introducing the growth of III-V on Si substrate or
die to wafer bonding [50–52].

Figure 9. (a) The important FOMs of f T and f MAX are shown with different types of state-of-the-art
monolithic 3D RF transistors. The (b) f T and (c) f MAX versus power consumption of InGaAs on Si
and Si on Si. The best performances of each technology were used for comparison.

Table 1. Comparison of M3D RF transistors.

RF Device
Tprocess of
RF Device

LG f T/f MAX

√
fT·fMAX

Integration
with Si CMOS

KAIST [10] InGaAs HEMT ≤300 ◦C

80 nm
(f MAX oriented design) 329/742 GHz 494 GHz

Yes
140 nm

(f T oriented design) 448/213 GHz 309 GHz
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Table 1. Cont.

RF Device
Tprocess of
RF Device

LG f T/f MAX

√
fT·fMAX

Integration
with Si CMOS

IBM [43] InGaAs
MOSFET ≤500 ◦C 20 nm 380/310 GHz 343 GHz No

IBM [12] InGaAs
MOSFET ≤500 ◦C 25 nm 210/200 GHz 205 GHz Yes

Fraunhofer
IAF [44]

InGaAs
MOSHEMT ≤300 ◦C 20 nm 640/200 GHz 358 GHz No

NUS [45] InGaAs
MOSHEMT ≤350 ◦C 150 nm 60/- GHz - Yes

Intel [46] GaN
MOSHEMT - 30 nm 300/400 GHz 346 GHz Yes

IMEC [47] GaN HEMT - 110 nm 56/135 GHz 87 GHz No

IMEC [14] Si MOSFET ≤525 ◦C 80 nm 80/115 GHz 96 GHz No

LETI [13] Si MOSFET ≤500 ◦C 45 nm 105/175 GHz 136 GHz No

3. M3D Integration for High-Resolution III-V Image Sensors

Other than RF-SoCs, image sensors are one of the important applications for obtaining
visual information in an autonomous car, time-of-flight sensors, and industrial surveil-
lance systems [53–55]. Recently, 3-dimensional packaging using through-Si vias (TSVs)
technology has been used to develop high-speed and high-resolution image sensors based
on visible light absorption [56]. It is because there are several advantages, such as small
chip size, high fill factor, and high bandwidth, whereas the conventional planar integration
method, which places pixel region and pixel transistors and circuit section on the same
plane, reduces the pixel area and an increases chip size, as shown in Figure 10 [5,57].

 

Figure 10. The development trend for fabricating image sensors from conventional planar integration
method to newly 3D vertical integration including pixel area, pixel transistors, and image signal
processor (ISP).

Although packaging technology has greatly accelerated the performance of image
sensors, there is still room for improvement by full 3D integration with pixel transistors,
etc. Therefore, ultimately, M3D integration can be a viable approach for future image
sensors requiring much more functionalities. Beyond the visible light, detection of the
short-wavelength infrared (SWIR) light has become increasingly important, which is mostly
accomplished with the III-V material-based photodetectors (PDs) [55,56]. The packaging-
based hybrid integration method currently used in III-V device integration with Si ICs has
obvious limitations in terms of the resolution of several μm [56]. Thus, the benefits of M3D
integration can be maximized in fabricating III-V image sensors because III-V materials can
be processed at low temperatures, even a room temperature, and can be separated from
donor substrates, making them very suitable for sequential fabrication [58,59]. Moreover,
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III-V thin film-based pixels can provide broadband detection capabilities with simple
structure design, such as TMD/III-V heterojunction, Metal/III-V Schottky junction, III-V
with optical mode resonance structure, etc. [60–62].

Here, we demonstrated the M3D integration of III-V-based PDs on SOI pixel transistors
using CMOS-compatible fabrication processes, such as wafer-bonding and low-temperature
sequential fabrication processes.

3.1. InGaAs Photodetectors on SOI-MOSFETs by Using Monolithic Integration and Sequential
Fabrication Process

Figure 11 depicts the entire fabrication process flow for M3D InGaAs PDs on SOI-
MOSFETs. SOI-MOSFETs have 50-nm Si channel thickness, 365-nm-thick BOX, and
TiN/HfAlOx gate stack with a conventional InGaAs PD structure. Additionally, a chemical-
mechanical polishing (CMP) process was used to obtain a flat surface for wafer bonding by
depositing RF-sputtered SiO2 inter-layer dielectric (ILD) on SOI-MOSFET. The InGaAs PD
structure was then bonded to SOI-MOSFETs by utilizing an intermediate layer of 40-nm-
thick Al2O3 layer with oxygen plasma treatment. Then, the sequential fabrication process
of InGaAs PD on SOI-MOSFET with various mesa dimensions was performed, indicating
pixel pitch scalability of InGaAs PDs. We used the room-temperature process for M3D
integration here, even without the contact annealing process of PDs. Finally, as shown
in Figure 11h, the interconnection between InGaAs PD cathode and the source region of
SOI-MOSFET was performed for 1 pixel/1-pixel transistor operation.

Figure 11. The fabrication process of vertically integrated InGaAs PDs on SOI-MOSFETs. (a) SOI
substrate preparation. (b) Fabrication of SOI MOSFETs with TiN gate and HfAlOx. (c) SiO2 deposition
and CMP process for planarization. (d) Al2O3 deposition for MOSFETs and PDs for wafer bonding.
(e) Wafer bonding with plasma treatment. (f) InP substrate removal by using HCl solution. (g) Se-
quentially processed InGaAs PDs. (h) Interconnection from cathode of PDs to sources of MOSFETs
by filling via holes. Reprinted with permission from Ref. [15]. 2020, IEEE.

Figure 12a shows a low-magnification transmission electron microscopy (TEM) image
of the M3D-integrated InGaAs PD on the SOI-MOSFET structure. Bottom SOI-MOSFET
and top InGaAs PD layers were clearly seen to be free of voids and dislocations, indicating
integration stability with only a low process temperature. Furthermore, the inset pho-
tograph of Figure 12a exhibits the actual fabrication of InGaAs PD on the 2 cm × 2 cm
SOI-MOSFET chip with various dimensions of PD devices. These devices were formed by
using a sequential fabrication process on the SOI-MOSFETs, implying that pixel pitch scal-
ing could be facilitated by a lithographic alignment due to the elimination of a mechanical
alignment used in TSVs and hybrid integration methods. In addition, energy dispersive
X-ray (EDX) spectroscopy analysis was performed along with the red arrow, as shown in
Figure 12a, to evaluate the bonding interface. The resulting EDX line profile was shown
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in Figure 12b for various atoms. We observed the formation of abrupt interfaces between
different materials of InGaAs/Al2O3 and Al2O3/SiO2, suggesting our fabrication steps did
not induce any interdiffusion of elements due to the low-temperature process.

Figure 12. (a) Cross-sectional low-magnified TEM image of InGaAs PDs on SOI-MOSFETs with SiO2

ILD layer and inset photograph for an actual chip. The red arrow is the EDX scan line. (b) EDX line
profile of various atoms of In, Ga, As, Si, O, and Al along to the red arrow in Figure 11a. (c) The
transfer curves of SOI-MOSFET with 9-μm gate length before and after monolithic 3D integration.
(d) Current-voltage characteristics of InGaAs PD with a 1550-nm laser under dark/light conditions.
The current is increased after laser illumination. Reprinted with permission from Ref. [15]. 2022, IEEE.

Then, we performed the electrical and optical characterization of each device, as
shown in Figure 12c,d, to confirm device performances of InGaAs PDs and SOI-MOSFETs
before and after the M3D integration process. Figure 12c illustrates the transfer curves of
the 9-μm gate length SOI-MOSFET with and without the M3D integration process. This
evaluation is highly significant because the fabrication process of top layer devices can
affect the bottom devices during the thermal processes and plasma process, etc. In our
devices, there is a negligible difference in the subthreshold swing (S.S), on/off ratio, and
saturation current of SOI-MOSFETs before and after M3D integration. It was confirmed that
the top InGaAs devices process and integration process do not degrade the performance of
the bottom devices. Moreover, the integrated InGaAs PD device has a good current ratio at
±1.5 V, corresponding to approximately 104 under dark conditions. Figure 12d shows a
clear photoresponse with 0.7 A/W of responsivity without anti-reflection coating (ARC)
obtained with 1550-nm laser illumination at the surface. From these results, top and bottom
device qualities would be well preserved during the thin-film transfer process, and the
device fabrication process that indicated the proposed M3D integration could be used to
fabricate an actual M3D image sensor with a high resolution and a small chip size.
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3.2. Evaluation of Fabricated InGaAs Photodetectors on SOI-MOSFETs for Mimicking IC Operation

Finally, we investigated the readout function for mimicking the actual ROIC operation
using M3D integrated InGaAs PDs on SOI-MOSFETs. In actual ROIC operation, Figure 13a
illustrates the fundamental building block of typical circuit configurations, such as direct
injection and source-follower per detector [63]. Although IC operation mechanisms vary in
many configurations, the basic element close to PDs is a simple combination of 1 PD and 1 Tr.
Thus, we evaluated the fundamental function of IC operation in M3D integrated InGaAs
PDs on SOI-MOSFETs (1PD and 1Tr structure). The readout voltage (Vout) measurement
was performed for the top InGaAs PD layer under the illumination condition of a 1550 nm
laser. Figure 13b shows the resulting Vout as a function of the light intensity by varying
the gate bias (VGS) from 0.425 V to 1 V, where 0.425 V of VGS is in the subthreshold regime.
This is due to the SOI-MOSFETs’ ability to function as a charge transfer gate in direct
injection mode, where photo-generated carriers are directly injected via the source on the
output stage. Vout gradually increased as VGS increased from 0.4 V to 1 V, which could
be attributed to the division of resistance between Tr and PD caused by the Tr resistance
decrease. Furthermore, in fixed VGS, increasing light intensity from 0.1 to 10 μW resulted
in the Vout decrease due to PD resistance decrease. These results suggested the successful
mixed-signal operation of the direct injection mechanism of ROIC by using M3D integrated
PD and Tr structure. Recently, we demonstrated an M3D integrated MicroLED display on
CMOS driver IC with a low-temperature process [17]. This integration process could be
directly applied to integrated PD on ROIC in the future.

Figure 13. (a) The measured unit cell for readout operation for the fabricated InGaAs PD on SOI-
MOSFET for mimicking the direct injection operation. (b) Electrical responses of the measured unit
cell with various gate biases and light intensity on top InGaAs PDs. Reprinted with permission from
Ref. [15]. 2022, IEEE.

4. Conclusions

We presented the M3D integration-based InGaAs HEMTs and InGaAs PDs on Si-based
bottom devices/ICs for next-generation RF and image sensor applications. For the RF
applications, we demonstrated the heterogenous and monolithic 3D integration of III-V RF
devices on Si CMOS circuits, which enable performance optimization in both RF and digital
integrated circuits. Furthermore, we discussed the issues and solutions of substrate digital
interference and self-heating in terms of the M3D integrated RF platform. For the image
sensor applications, to overcome the inherent limitation of hybrid integration technology
for fabricating high-resolution SWIR image sensors, the integrated 1 PD and 1 Tr devices
successfully exhibited good PD performances after the layer transfer and fabrication process
without bottom Si device degradations. Photolithographic alignment allowed dimension
scaling, which can scale the pixel pitch to high-resolution (<1 μm). Furthermore, the basic
IC operation changing from light signals to electrical signals was achieved. These results
strongly suggested that the heterogeneous and monolithic 3D integration will provide high
performance and multi-functionality in various applications, such as RF and image sensors.
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Abstract: The Cu/low-k damascene process was introduced to alleviate the increase in the RC delay
of Al/SiO2 interconnects, but now that the technology generation has reached 1× nm or lower,
a number of limitations have become apparent. Due to the integration limit of low-k materials, the
increase in the RC delay due to scaling can only be suppressed through metallization. As a result,
various metallization methods have been proposed, including traditional barrier/liner thickness
scaling, and new materials and integration schemes have been developed. This paper introduces
these methods and summarizes the recent trends in metallization. It also includes a brief introduction
to the Cu damascene process, an explanation of why the low-k approach faces limitations, and a
discussion of the measures of reliability (electromigration and time-dependent dielectric breakdown)
that are essential for all validation schemes.

Keywords: BEOL; interconnect; copper; low-k; metallization; scaling

1. Introduction

Continuous developments in integrated chip scaling have improved circuit density
and chip performance in recent decades. Moore’s law, which states that the number of
transistors on a microchip doubles every two years, is now accepted as an empirical law.
These advances have been achieved not only with simple reductions in dimensions; they
have also been spurred by new patterning approaches, innovative device architectures,
tool improvements, design–technology co-optimization, and the integration of new materi-
als [1,2].

The increasing number of transistors on an integrated chip usually leads to an increase
in the complexity of the interconnections. This can be resolved by increasing the number
of vertical stacking levels based on hierarchical wiring schemes for effective design alloca-
tion [3,4]. A hierarchical wiring system is commonly constructed by vertically distributing
various metal levels with different minimum pitches. Depending on their purpose, these
interconnects can be divided into three groups: local, intermediate, or global interconnects.
Local interconnects: The minimum metal pitch is applied to the levels closest to the
transistor. They adopt state-of-the-art processes and technologies with low-k dielectrics
and metallization to minimize the resistance−capacitance (RC) delay, which is most affected
by patterning.
Intermediate interconnects: They connect primitive cells or signal transmission, such as
the system clock. Because the congestion is lower than for local interconnects, a relaxed
metal pitch and an increase in thickness are allowed.
Global interconnects: These are the wiring levels at the top of the integrated chip and are
used to minimize the power transmission and voltage drop. They typically have a thick metal
layer and a relaxed pitch. However, they are subject to additional requirements related to
connections with the outside of the chip, i.e., the packaging.

The purpose of scaling is to aggregate more transistors within the same unit area while
improving the performance of the semiconductor chip [5]. When the dimensions of a transistor
are reduced, the transit time of the carriers passing through the transistor channel decreases.
However, the interconnect performance is degraded due to an increase in the RC delay,
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which is the product of the conductor resistance (R) and the dielectric capacitance (C). R
and C are calculated using Equations (1) and (2), respectively:

R = ρ
L

WT
(1)

C = k
LT
S

(2)

where ρ is the metal resistivity and k is the dielectric constant. L, W, and T are the length,
width, and thickness of the metal lines, respectively, while S is the spacing between the
metal lines. Based on these equations, it can be seen that the interconnect RC delay is
determined by the physical dimensions and constituent material of the wiring.

W and S are determined by the physical scaling in terms of the minimum pitch.
However, T and H (where H is the via height, the space between Mx and Mx+1) can be
optimized during the fabrication process. Therefore, attempts have been made to improve
the RC delay by optimizing the physical dimensions via process integration based on the
given material and the target electrical and reliability specifications. Another consideration
is the metal and dielectric insulators in the interconnects. Traditionally, aluminum (Al) and
SiO2 have been used as metal and dielectric insulators, respectively, since the introduction
of 3 μm technology. However, as shown in Figure 1, when the technology generation
reached 0.25 μm, the interconnect RC delay began to exceed the gate delay, leading to a
bottleneck for integrated chip performance [6].

Figure 1. Gate and interconnect delay in accordance with technology generations (ITRS ’99) [6].

In order to address this increase in the RC delay, new materials to replace Al and
SiO2 have been sought. Due to their low resistivity, copper (Cu), gold (Au), and silver
(Ag) have been considered as replacements for Al, with Cu in particular showing lower
resistivity and producing better electromigration (EM) performance [7]. In addition, porous
SiCOH (pSiCOH) has been developed from fluorinated silicon glass (FSG) and SiCOH
(organosilicate glass; OSG) as a low-k material to replace SiO2 (k~4.3). The replacement
of Al with Cu was successfully achieved with the release of mass-produced products in
1997 [8], and low-k materials began to be introduced in earnest with the emergence of
90 nm technology [9,10]. Furthermore, over the last 25 years, Cu and low-k materials have
served as successful platforms for back-end-of-line (BEOL) interconnects.

However, as the minimum metal pitch approaches the electron mean free path (eMFP)
of Cu (39 nm), various interconnection problems have emerged, including patterning
restrictions. In particular, while dual-damascene (DD) schemes, which include a metal hard
mask (HM), are unaffected, single patterning (SP) is no longer possible at the wavelength
of argon fluoride (ArF; 193 nm). Various resolution enhancement techniques (RETs) and
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immersion lithography have been employed to overcome the limitations of SP, but the use
of multiple patterning (MP) is inevitable. If scaling continues at its current rate despite the
introduction of extreme ultraviolet (EUV) lithography, MP will be required for future nodes.

Another issue is the limitations of low-k materials. The porous low-k material pSiCOH
has been successfully implemented at 45 nm [10], but the development of increasingly low-
k materials is hindered by the loss of mechanical strength with an increase in porosity and
integration issues arising from plasma-induced damage (PID) [11]. Finally, challenges also
arise for Cu metallization as the metal dimensions shrink [12–14]. Cu resistivity increases
with higher refractory metal ratios, surface scattering, and grain boundary (GB) scattering
in the Cu lines. Various attempts have been reported to overcome this, with the most recent
trend being to employ metals with barrier-free advantages and the ability to be used in
direct metal etching (DME) [15,16]. From this perspective, ruthenium (Ru) has emerged as
the most promising metal to replace Cu [15,17]. This suggests that BEOL interconnects will
no longer be confined in Cu damascene structures only.

2. Cu Dual-Damascene Interconnects

Unlike Al, Cu cannot be easily patterned using reactive ion etching (RIE) due to the low
volatility of CuCl2 and CuF at low temperatures. Due to this constraint, the damascene process
was introduced as a replacement for subtractive etching [18,19]. Cu also has reliability issues
due to its high diffusivity into the surrounding dielectric material unless it is perfectly encap-
sulated [20–22]. Many studies have sought to resolve the diffusion issue, with tantalum
nitride (TaN) mostly employed as a diffusion barrier based on comprehensive comparisons
of many candidate materials [23]. IBM announced the first product implementation of a
Cu damascene structure in 1997 [7], since which this structure has become the standard
platform for on-chip interconnects with improved resistivity and reliability compared with
Al interconnects.

In the damascene process, the dielectric is first deposited onto the substrate and then
etched to form a metal and via profile. Finally, the incoming profile is filled with Cu metal
and the excess Cu removed using chemical mechanical polishing (CMP).

Damascene interconnects have two variations: single-damascene (SD) and dual-damascene
(DD) structures. Figure 2 presents a schematic comparison of SD and DD interconnects. The
SD process produces the via and the trench separately, while the DD process conducts via
and trench patterning separately but their metallization together. Due to the economic
advantages of reducing the number of steps in a process, the DD process is widely preferred.
However, the SD process is still used for particular purposes such as M1 or with thick
metal layers used for global interconnects. SD interconnects are employed for M1 because
connection with the CNT module is required, and an SD structure is effective if a thick
metal such as an inductor is required.

The DD fabrication process can be divided into via-first and trench-first schemes
according to the patterning order. In the trench-first scheme, which was the first DD process,
there is no fence between the via and trench, so depositing the seed Cu for electroplating is
easy. However, this approach suffers from indirect alignment and a narrower depth of focus
for via lithography due to the step height, leading to a non-planar resist. These issues place a
restriction on scaling. In contrast, the via-first scheme has a broader lithography processing
window, though it is susceptible to plasma damage to the dielectric when employing a
porous low-k material. Therefore, DD processing with a metal HM has generally been
employed since the 32 nm technology generation [19]. This method effectively combines
the advantages of the via-first and trench-first schemes. Figure 3 presents the differences
in the plasma damage arising from the via-first and trench-first schemes using a titanium
nitride (TiN) metal HM.
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Figure 2. Process comparison of the (a–f) SD and (g–i) DD schemes: (a) etching of the via in the
deposited ILD, (b) filling of the via with Cu, (c) CMP of the excess Cu from the via, (d) etching of the
trench in the deposited ILD, (e) filling the trench with Cu, (f) CMP of the excess Cu from the trench,
(g) trench/via etching in the ILD, (h) filling with Cu, and (i) CMP of the excess Cu.

 
Figure 3. Process flow for (a) via-first and (b) trench-first approaches with a metal hard mask
(HM) [11]. The plasma damage to the low-k material is lower for the trench-first scheme.

Patterned profiles created using the DD process need to be filled using metallization.
Cu metallization consists of three steps: barrier/liner deposition, seed Cu deposition, and
bulk Cu deposition [12]. Physical vapor deposition (PVD) is employed for the first two
steps, while electroplating with additives is used as the standard process for the third.
Following metallization, the excess Cu is removed using CMP to produce the final wiring.
A dielectric barrier (DB) covers the surface after Cu CMP has been completed. This process
is repeated until the final metal is connected to the bonding structure.

The Cu/low-k damascene process has served as a platform for the successful fabri-
cation of BEOL interconnects while satisfying the scaling roadmap over the past 25 years.
However, as scaling progresses, patterning, low-k materials, and metallization are all sub-
ject to process limitations. The next section summarizes these limitations and describes the
approaches that have been proposed to overcome them.
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3. Low-k Dielectric Materials

A dielectric material electrically insulates interconnections. When a voltage is applied
to an electric wire, the dielectric material induces parasitic capacitance, causing cross-
talk noise, power dissipation, and RC delay. These parameters are proportional to the
dielectric constant k of the material [8]. However, dielectric materials should not only
serve as electrical insulators; they also require reliable mechanical, thermal, chemical, and
physical stability under the processing conditions and compatibility with other materials
for successful integration [24].

SiO2 is a dielectric material used for 2 to 0.25 μm CMOS technology generations with
a dielectric constant of ~4.2. Though SiO2 satisfies the dielectric requirements mentioned
above, its k value no longer mitigates the RC delay. Therefore, efforts have been made to
find materials with a lower k value that also satisfies the other insulator requirements.

The dielectric constant represents the ratio of the permittivity of a material to that of a
vacuum and is generally described using Equation (3) [25]:

k − 1
k + 2

=
N
3

α (3)

where k = ε/ε0 and ε and ε0 are the permittivity of the material and vacuum, respectively,
N is the number of molecules per unit volume (density), and α is the total polarizability,
consisting of electronic (αe) and distortion (αd) polarization.

By decreasing the total polarizability (α) and/or density (N), the k value of the di-
electric can be reduced. Density has a more substantial effect on the dielectric constant
than does polarizability because density can be reduced to 0 (in an air), leading to k = 1.
In the first-generation low-k material obtained using this method, some Si-O bonds were
replaced by less polarized Si-F bonds, resulting in FSG [25,26]. In the second generation, a
low dielectric constant was achieved using silsesquioxane-based materials and the chem-
ical vapor deposition (CVD) of OSG (SiCOH) [25]. The low dielectric constant of these
materials is partially due to the lower density compared with SiO2. The density is reduced
by breaking the 3D Si-O-Si bonding network via the incorporation of terminating Si-H or
Si-R (where R is an organic moiety such as CH3) [27].

Porosity must also be introduced in order for dense low-k materials to achieve k values
below 2.5. This can be accomplished using sacrificial nanoparticles (i.e., porogen) desorbed
in a high-temperature baking step, though maintaining a solid matrix structure is essential
to avoid weakening the mechanical properties. The resulting material is pSiCOH [8,28].
Table 1 compares the characteristics of low-k materials for each generation.

Table 1. Essential properties of representative dielectric materials [6].

Properties SiO2 FSG
Dense Low-k

(Osg)
Porous Low-k

density (g/cm3) 2.2 2.2 1.8~1.2 1.0~1.2
dielectric constant (k) 4 3.5~3.8 2.8~3.2 1.9~2.7

modulus (gpa) 55~70 ~50 10~20 3~10
hardness (gpa) 3.5 3.36 1.2~2.5 0.3~1.0

cte (ppm/k) 0.6 ~0.6 1~5 10~18
thermal conductivity (w/mk) 1.0 1.0 ~0.8 0.26

porosity (%) NA NA <10 25~50
average pore size (nm) NA NA <1.0 2.0~10

breakdown field (mv/cm) >10 >10 8~10 <8

However, low-k materials with high porosity suffer from lower mechanical strength,
lower thermal conductivity, poor adhesion to barriers, plasma damage, and moisture
absorption [29]. Figure 4 presents the relationship between mechanical strength and
changes in the k value. For FSG, the difference from SiO2 is insignificant in terms of the
elastic modulus, but a rapid decrease occurs for dense low-k OSG and pSiCOH.
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Figure 4. Relationship between the dielectric constant and the elastic modulus for different generation
low-k materials. Reprinted/adapted with permission from Ref. [18]. 2009, IEEE.

Unlike low-k inter/intralayer dielectrics (ILDs), low-k DBs offer the integration re-
quirements for downstream manufacturing processes [30]. Low-k DBs are essential compo-
nents of BEOL interconnects and contribute to their capacitance. This has an increasingly
significant impact on technology generations, allowing a decrease in interconnect dimen-
sions. New DBs have a low k value and a low thickness, which reduces the impact on the
capacitance of the interconnection and increases reliability concerns. SiN DBs (k~7.0) were
replaced by SiCH and SiCNH (k~5.3) caps in 90 nm technology, and thus, the contribution
of these DBs to total capacitance has been relatively small in several subsequent technical
nodes. However, this contribution has since increased because low-k DBs have not scaled
in proportion with the ILDs [8]. In other words, though the thickness of ILDs has decreased
every time a new technology node is created, the thickness of low-k DBs cannot decrease at
the same rate without degrading the DB characteristics [31,32].

Although low-k dielectrics have been introduced, ensuring a reliable interconnect
process under k~2.4 is challenging. However, the use of an air gap is a promising approach
to significantly reducing the capacitance because it can achieve an effective dielectric
constant below 2.0. Figure 5 presents a cross-sectional image of an air gap.

Although this concept was already known beforehand [33–37], it was first commer-
cially implemented in Intel’s 14 nm technology using an 80 nm pitch multilayer (M4 and
M6), with RC benefits of up to 17% [38,39]. In addition, IBM recently suggested the possi-
bility of extending the air gap to the thin-wire level by achieving a capacitance reduction
of about 20% compared with the baseline process using an ultra-low-k (ULK) dielectric
(k~2.4) [40]. However, air gaps have been limited to selectively applied critical paths.

Figure 5. Cross-sectional images of (a) a baseline wafer without air gaps, (b) with air gaps excluded,
and (c) with air gaps Reprinted/adapted with permission from Ref. [40]. 2017, IEEE.

4. Metallization

A typical DD Cu line is surrounded by a barrier, a liner, and a cap (Figure 6) [41].
The barrier promotes metal adhesion to the dielectric, protects Cu from oxidation, and
acts as a nucleation layer for the liner metals. The liner facilitates Cu seeding and the
plating process and, more importantly, improves the Cu interface for the suppression of
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EM. After the emergence of 14 nm technology, a metal cap was applied to the top of the
line to improve for EM performance due to the small volume of Cu [42]. A diffusion barrier
is required to prevent the Cu from mixing with the surrounding dielectric material when
manufacturing a Cu interconnect with a damascene structure. The barrier layer reduces the
cross-sectional area of the interconnect, and the effective resistance of the Cu line becomes
higher than that of a barrier-free Cu line. The increase in resistivity due to the barrier
increases significantly when the width of the interconnect line is reduced. According to
Matthiessen’s law, line resistivity consists of bulk resistivity, impurity scattering, surface
scattering, and GB scattering [43,44]. Before the emergence of 7 nm technology, bulk
resistivity and impurity scattering usually determined line resistivity. However, since then,
surface scattering and particle boundary scattering have taken on greater importance. For
surface scattering, it is essential to minimize the volume fraction of Cu occupied by the
barrier and liner, while particle boundary scattering is likely to affect scattering at the
interface and the Cu grain size. This section summarizes important studies reported to
date on these issues.

 
Figure 6. (a) Typical metallization of a Cu line with a barrier, liner, and metal cap. (b) Scaling challenges
for the barrier and liner; in particular, a lower cross-sectional area is occupied by Cu with scaling [41].

4.1. TaN Barrier/Liner Scaling

In order to maximize the Cu volume fraction, the TaN/Ta liner thickness must be
reduced. In addition, the thickness of the Cu seed needs to be reduced to prevent the top
pinch-off shape during subsequent Cu electroplating. However, the nonconformal step
coverage of PVD results in gap-fill problems caused by the overhang and high resistance
due to the thick barrier at the via bottom. Therefore, atomic layer deposition (ALD)/CVD
is preferred for maximizing the gap-filling window and minimizing the resistance.

Several approaches have been explored for reducing the TaN barrier thickness. First,
the minimum thickness can be reduced without sacrificing TaN barrier properties using
PVD [45]. In particular, based on time-dependent dielectric breakdown (TDDB) measure-
ments using a planar capacitor structure, TaN barrier characteristics have been shown to
be retained even if the thickness is reduced to as low as 0.8 nm. In addition, it has been
reported that using a Co/Ru liner instead of a Ta liner significantly improves the overall
integrity of the TaN barrier [45]. However, due to the step coverage limit and the overhang
problem associated with PVD, it is necessary to switch to ALD as the dimensions decrease.
However, TaN thermally deposited using ALD has a higher number of impurities than
PVD-fabricated TaN films, a lower film density, a higher resistance, and a lower interface
quality, meaning that it cannot emulate the performance of PVD TaN at the same thick-
ness. For this reason, PVD Ta and ALD TaN have been employed as bilayers (1 nm/1 nm)
to reduce the thickness while ensuring the barrier properties [46]. Another approach is
treating ALD-fabricated TaN in a PVD chamber to transform it into PVD-like film with
optimal density and resistivity [47,48]. Using this method, the TaN thickness is 1.2 nm,
compared with 1.5 nm for a Co liner and 2.0 nm for a Ru liner [48]. As a result, ALD has
been combined with PVD to maintain the barrier properties and a low TaN thickness.
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Scaling of the liner has also been actively carried out. The ALD/CVD method is
required to overcome the step coverage and overhang problems, but a Ta liner cannot
be used. Therefore, replacements for the Ta liner have been considered. Of these, Ru has
received significant attention due to its suitability for ALD/CVD and the possibility of direct
Cu plating without a PVD Cu seed layer [49–55]. In addition, Co has also been considered
as a replacement for the Ta liner [56]. In [41], a Ru liner was found to be superior to a Co
liner for Cu filling and electroplating with a liner thickness of 2 nm. However, the resistance
of Ru was about 10% higher than that of Co as revealed by the temperature coefficient of
resistance (TCR), which was believed to be due to interface and GB scattering. A Co liner
has also been shown to outperform a Ru liner in terms of EM characteristics [57].

However, in order to fully exploit the excellent void-free gap-fill performance of Ru
liners, approaches to improving their EM deficiencies have been reported. Co caps have
been established as a standard process since the emergence of 14 nm technology. As a result,
a significant improvement in EM performance has been observed with a Ru liner as the Co
cap thickness increases [57]. It has also been demonstrated that the EM problem arises from
the diffusion of Co from the cap to the liner due to the Co concentration gradient between
the two [57–59]. Thus, a Co-doped Ru liner has been proposed to overcome this problem,
and EM improvements have been reported [58,59]. Efforts to scale the TaN barrier and
Co/Ru liner continue, but if the metal half-pitch decreases below 10 nm, the barrier/liner
scaling limit is reached.

4.2. Selective Barrier Schemes

As advanced technologies emerge, the importance of the resistance and reliability of
the vias increases. In particular, via resistance is strongly affected by the bottom thickness
of the TaN. Therefore, as scaling progresses, the via resistance rapidly increases due to the
thicker TaN. Furthermore, one of the most critical areas of a Cu-based DD structure is the
bottom of the via, where the two metal levels meet [60], so selective deposition control
of the via bottom barrier is advantageous for improved reliability. In this vein, argon
(Ar) sputtering was used as a precleaning PVD barrier/liner [60]. The barrier-first process
was conducted in the order of TaN/Ar sputtering/Ta instead of Ar sputtering/TaN/Ta to
remove TaN in the via bottom and obtain a Cu/Ta/Cu interface. However, this process
disappeared when the precleaning method for removing Cu oxide was changed from Ar
sputtering to the oxide-reduction method.

Now that the via size is much smaller, self-assembled monolayers (SAM) have been
pursued [61,62]. Figure 7 presents the process for the formation of a selective barrier on the
via bottom. The Cu surface is passivated by depositing a SAM on the Cu surface subjected
to the CuOx reduction treatment. The SAM should be highly selective and self-limited and
be adsorbed onto metals but not other peripheral dielectrics. However, when the SAM
attaches to the metal surface, it interferes with the adsorption of ALD TaN precursors,
resulting in significant nucleation delays in ALD TaN growth [61,62]. As a result, ALD
TaN does not deposit on the via bottom area where the SAM is located. The SAM is finally
removed. The SAM process needs to be developed further before it can be adopted for
mass production. Nevertheless, because it can achieve a reduction in the via resistance of
about 50% and its TDDB and EM results are equivalent to the process of record (POR), it is
likely to be useful in future advanced technologies [61].
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Figure 7. Selective barrier integration process. Reprinted/adapted with permission from Ref. [61].
2021, IEEE.

4.3. Self-Forming Barriers

Another promising approach to Cu extendibility is the through Co self-forming barrier
(tCoSFB), a method in which manganese (Mn) atoms added to the seed Cu diffuse through
the thin Co liner layer to form a strong diffusion barrier at the interface between the trench
and the dielectric, as seen in Figure 8 [63–66].

Figure 8. Through Co self-forming barrier (tCoSFB) structure and fabrication process. (a) an ultra-
thin Ta(N)/CVD-Co film stack is formed on the patterned ULK pSiCOH surfaces, followed by a
high-Mn% PVD-Cu(Mn) seed layer. (b) Cu electroplating and post-plating anneal. (c) CMP. (d) a
PECVD SiCN(H) dielectric cap is deposited. Reprinted/adapted with permission from Ref. [63].
2015, IEEE.

Initially, the Mn dopant is employed to form MnSixOy at the dielectric and Cu inter-
face [64,65,67,68]. If CuMn seed deposition occurs without a barrier/liner and Cu plating
and annealing are conducted, an SFB is created. This MnSixOy barrier is very thin and
uniform, and its EM and TDDB performance is similar to that of POR. However, vertical
trench triangular voltage sweep (VT-TVS) and O2 barrier tests indicate that MnSixOy is
inadequate for blocking Cu and O2 diffusion, which led to the switch from the SFB to
tCoSFB containing thin Ta(N) and Co [69].

The advantage of the tCoSFB process is that the cross-sectional area of Cu in the wiring
can be maximized, and low line resistance can be obtained due to the 1 nm thickness of
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the Co liner and Ta barrier. However, because the line resistance and reliability balance are
controlled by the Mn concentration of Cu(Mn) PVD, an increase in resistance may occur.
Nevertheless, compared with the POR process, the results are encouraging, with improved
resistance and EM and TDDB performance [66,70].

4.4. Hybrid Metallization

At the system-on-chip level, vias have become much more important for signal routing,
and via resistance has increased significantly when downscaling the bottom contact area of
the via. Therefore, introducing barrierless metal to the via is valuable, and metal−metal
selective deposition is essential for the high-aspect-ratio (AR) vias. Hybrid metallization is
a method of pre-filling a via with a barrierless metal and then filling the remaining metal
area using Cu metallization, as seen in Figure 9 [71].

Figure 9. Schematic diagram of Cu hybrid metallization in a two-metal system: (left) Ru pre-fill on
Ru followed by (right) barrier/liner Cu trench metallization. Reprinted/adapted with permission
from Ref. [71]. 2020, IEEE.

A barrierless prefill has a number of advantages. First, the prefill moves the barrier
position of the Cu DD from the bottom to the top of the via, increasing the tapered via cross-
section and reducing the resistance. Second, the gap–fill margin increases because SD trench
metallization is employed. Third, because the high-AR vias are excluded, step coverage can
be achieved with a thinner barrier/liner [72]. In addition, the optimized barrierless prefilling
process may reduce RC delay by increasing the height of the vias and trenches, which can
significantly improve circuit performance [73].

The first reported via prefill used Co [73]. However, due to Co ion drift, it was found
that barrierless Co was not possible and that TiN barriers are required [72,74]. Ru has been
found to be suitable for barrierless prefilling, resulting in a 40% reduction in via resistance
and EM results that are similar to those for POR [71].

4.5. Alternative Metals

The thickness of the barrier layer cannot arbitrarily be reduced. If the thickness is
less than a certain threshold, it no longer functions as a Cu diffusion barrier. Based on
past experimental results, it is unclear whether the barrier/liner combination can have a
thickness lower than 2 nm [45–47,75]. However, a barrierless solution is required when the
half pitch falls below 10 nm, and thus, new metals to replace Cu have been sought. Some of
these metals have a larger bulk resistivity than Cu but do not require a thick barrier/liner
and exhibit lower resistance at sufficiently small dimensions because their inelastic average
free path is shorter than that of Cu (39 nm) [76,77]. Examples of metals and substitutes
proposed under these conditions include Ir, Rh, Mo [78], and W [79], but experimentally
verified cases are rare except for Co and Ru [80–83].

Figure 10 displays the line resistance derived from the TCR according to the cross-
sectional area of the conductor. Cu has a higher resistance than Ru and Co below ~400 nm2

at a 16-nm metal width and an AR of 2 [84].
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Figure 10. Logarithmic comparison of the damascene line resistance versus the total conductor
cross-sectional area for Ru, Co, and Cu nanowires as determined using the TCR. The dotted lines are
used to highlight the general trend. Reprinted/adapted with permission from Ref. [84]. 2018, IEEE.

4.6. Ru Semi-Damascene Schemes

Ru can be used in barrierless damascene structures and direct metal etching (DME).
Figure 11 shows Ru metal implemented with subtractive etching.

Figure 11. Cross-sectional TEM of patterned Ru films with a thickness of (a) 24 nm, (b) 36 nm, and
(c) 60 nm. (d) Corresponding R vs. CD for all structures on each wafer. Reprinted/adapted with
permission from Ref. [85]. 2018, IEEE.

The use of subtractive etching opens up many possibilities that have not previously
been possible for Cu damascene structures. First, because the Ru film is deposited on the
entire wafer, the grain size is not limited by the damascene profile width. Therefore, it
can significantly restrain the increase in resistance due to GB scattering. Second, the metal
thickness is determined by Ru deposition, not by metal CMP. Therefore, if necessary, the
resistance can be reduced by increasing the Ru thickness, and there is no AR-related filling
problem. Third, because the metal thickness is not affected by the pattern density but is
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determined by the uniformity of the deposited Ru film, the variation in the metal Rs will be
reduced. Finally, a space between Ru metal with an increase in the AR could be introduced
by employing an intentional air gap.

The semi-damascene process is an interesting approach that utilizes the advantages
of Ru, such as barrierless designs and subtractive etching. This method begins with vias
fabricated in a low-k material, and the vias and trench layers are filled using a single
deposition step. Subtractive etching is then applied to the trench patterning [14,85–87].
According to the latest result, Ru line resistance outperforms Cu at 270 nm2 or lower
(CD < 12 nm) based on line resistance vs. conducting area plot, and the EM and TDDB
results are promising so far [17]. For this reason, the Ru semi-damascene process is the
most competitive candidate for use in 3 nm technology and lower.

Figure 12 shows the conceptual summary of the metallization approaches mentioned
in this section as they have evolved. As shown in the figure, the main trend of metallization
has been to reduce the area ratio occupied by the barrier in the scaled wire. Traditional
attempts were to reduce the existing barrier/liner (TaN/Ta) thickness by replacing a new
process method (ALD) and a new liner material (Co/Ru). After that, it was gradually
developed to implement a barrier-free process using Co or Ru. Moreover, the boundary
has recently been extended to the subtraction etch process using Ru instead of the Cu
damascene scheme.

Figure 12. Trends in recent metallization approaches.

In addition to the metallization approaches mentioned here, various studies are being
conducted. One of them is the study of a 2D-like barrier. The approach is to minimize the
volume fraction of Cu occupied by the barrier by replacing the thick Ta or TaN barrier with
2D-like materials such as graphene [88,89], MoS2 [41,90], TaS2 [41], and WSe2 [41].

In the process of these efforts, the limitation of Cu metallization in CMOS interconnects
is becoming more apparent. However, it is interesting that Cu plating is actively applied in
other areas, such as solar cells’ silicon heterojunction (SHJ) [91,92].

5. Reliability

Recognizing the underlying causes of reliability problems in scaled Cu/low-k intercon-
nects and clearly understanding the degradation mechanisms are essential. EM and TDDB
are standard methods for assessing the reliability of metal and dielectrics. Therefore, EM
and TDDB are summarized in this section, and countermeasures proposed for improving
reliability in the pursuit of scaling are discussed.

5.1. Electromigration

EM is a phenomenon in which metal atoms move in a metal conductor due to a high
current density [93]. When EM stress is continuously applied, voids appear on the cathode
side of the wire as the metal atoms accumulate on the anode side, resulting in hydrostatic
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stress. This stress also produces an inverse flux of atoms in the opposite direction to the
electron transport flux, which is referred to as the Blech effect or the short-length effect [94,95].
This back-stress force is more evident as the wire length decreases, preventing EM failure
because it prevents the formation of a void when it is shorter than the critical threshold
length [94,95].

In a Cu damascene structure, the TaN/Ta barrier and the DB act as a boundary for the
Cu, and this is where the depletion of metal atoms begins. As a result, Cu EM shifts into
the voids through the nucleation, incubation, and growth phases [96]. The dimensions of
the vias and metal determine the likelihood that the voids produced in this manner will
affect the resistance. Therefore, early failure initiates near the via bottom, and late failure is
observed as a void in the metal line.

EM testing is performed under high-current-density and high-temperature conditions
to obtain a failure time for when the resistance increases experimentally. The failure time (t)
is widely described using Black’s equation [97]:

t = Aj−n exp
(

Ea

kT

)
(4)

where j is the current density, Ea is the activation energy for diffusion, k is the Boltzmann
constant, T is the temperature, A is a constant, and n is the current exponent, whose value
is typically between 1 and 2.

The activation energy for diffusion depends on the specific metal atoms involved
and the diffusion path. Table 2 summarizes the activation energy for Al and Cu, with the
diffusion paths divided into bulk, GB, interface, and surface. It is expected that the lower
the activation energy, the faster the failure time detection will be.

Table 2. Activation energy for different diffusion paths for Al, Al/Cu, and Cu metal [12].

Metal
Activation Energy for Different Diffusion Paths (Ev)

Bulk Grain Boundary Surface Interface

Al 1.4 0.4~0.5 NA −
Al/Cu (Alloy) 1.2 0.6~0.7 NA 0.9~1.1

Cu 2.1 1.1~1.2 0.6~0.7 0.8~1.3

GB diffusion is the fastest path for Al, while surface diffusion is the fastest path for
Cu due to the low activation energy. Therefore, to improve the EM lifetime, it is necessary
to improve the paths with the lowest activation energy. For example, for Cu, the surface
and interface should be improved first. For the surface diffusion path, strengthening the
adhesion between Cu and the DB is the most important goal, with HN3 plasma employed
to remove Cu oxidation. CoWP [98] is then added, along with a Co cap [42,99] to maintain
EM performance and meet the higher current density requirements of advanced technology
generations. Similarly, at the interface, there is an adhesion issue between the liner and
Cu. Therefore, EM improvement must be verified when evaluating new materials such
as Co and Ru liners and reducing barrier/liner thickness [46,47,57–59,75]. For the GBs,
the lower the metal width, the more difficult it is to improve the EM because the grain
growth is limited by the metal width. However, it has been reported that the grain size
increases with a longer annealing time when Cu reflowing is employed, although the result
is not yet clear [48]. Finally, there is a method of improving EM by depositing doping
impurities together with the seed Cu. Various metals (e.g., Al, Ag, Mn, Mg, and Zr) have
been tested in this respect, and Mn is currently the most commonly used. However, the
resistance increases as the doping concentration increases, so optimizing EM and resistance
are required.
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5.2. Time-Dependent Dielectric Breakdown

When long-term stress is applied in a strong electric field, electrical damage occurs to
the dielectric material, and insulation is lost, ultimately leading to TDDB [100]. This TDDB
has been treated as an essential reliability item in the gate oxide. In the past BEOL intercon-
nects, the size of the electric field applied to the insulator did not become a problem because
of the excellent insulation characteristics of SiO2 and sufficient gaps between wirings.
However, as scaling progressed, the size of the electric field across the dielectric gradually
increased, and porous low-k materials were introduced, leading to TDDB becoming an
essential measure of reliability for BEOL interconnects [101]. The breakdown strength of a
porous low-k material decreases as the dielectric constant decreases.

The pores in a porous low-k material shorten the percolation paths, weaken the bonds
at the metal−insulator interface, and have a high trap density. The interface between the
low-k material and the DB is the most problematic in this respect because of the possibility
of a high trap density due to CMP, bond mismatches due to material differences, and
the shorter distances arising from a tapered morphology [102]. In addition, a breakdown
current may be generated by the defects in the porous low-k material in its as-deposited
state or following plasma damage received during the fabrication process such as RIE etch.

In addition to these intrinsic causes, Cu metallization also affects TDDB. Cu diffusion
into the dielectric may occur through the metal barrier and DB. Thus, TDDB should be
evaluated when applying a change in the characteristics or thickness of a new barrier
material. Since the TDDB test is performed at a deliberately high acceleration voltage, a
TDDB lifetime model is required for predicting the actual lifetime at the standard operating
voltage from the TDDB measurement results. E and E1/2 models are widely used as
standards for TDDB reliability testing, which is important because they are the most
conservative predictors of low-k TDDB [103]. Of these, the E1/2 model is most capable of
explaining low-k TDDB behavior due to Cu diffusion.

6. Summary

Because introducing a new dielectric material with a lower k value to microchip
interconnects is likely to prove difficult, efforts to suppress the increase in RC delay due
to scaling have concentrated on the metallization process. Furthermore, more innovative
approaches to metallization are required when the minimum metal pitch required by the
process node is less than 40 nm (10 nm technology or lower).

These innovative approaches, as mentioned earlier, are traditionally moving toward
implementing a barrier-less method by introducing new materials from an approach that re-
duces the thickness of the barrier/liner. Moreover, in recent years, due to the limitations of Cu
damascene structures, subtractive etching has been employed as a process option. However,
no single metallization approach can satisfy all BEOL interconnect levels simultaneously.
Therefore, depending on the purpose of each level, maximum chip performance can be
achieved by selectively employing the various metallization options.

As the scaling of interconnects continues, it is doubtful that current metallization
approaches will continue to satisfy the requirements for minimizing the RC delay. As in the
case of low-k materials, it may no longer be practical to pursue the scaling of metallization.
Rather, the innovative approaches proposed to date can contribute to scaling requirements
not through direct scaling but with architectural innovations such as super vias and buried
power rails.
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Abstract: In this study, a capacitorless one-transistor dynamic random-access memory (1T-DRAM)
based on a polycrystalline silicon (Poly-Si) metal-oxide-semiconductor field-effect transistor (MOS-
FET) with a storage layer separated using a separation oxide was designed and analyzed using
technology computer-aided design (TCAD). The channel and storage layers were separated using
a separation oxide to improve the inferior retention time of the conventional 1T-DRAM, and we
adopted the underlap structure to reduce Shockley-Read-Hall recombination. In addition, poly-Si,
which has several advantages, including low manufacturing cost and availability of high-density
three-dimensional (3D) memory arrays, is used to easily fabricate silicon-on-insulator (SOI)-like
structures. Accordingly, we extracted memory performance by analyzing the effect of grain boundary
(GB). The proposed 1T-DRAM achieved a sensing margin of 14.10 μA/μm and a retention time of
251 ms at T = 358 K, even in the existence of a GB.

Keywords: one-transistor dynamic random-access memory; metal-oxide-semiconductor field-effect
transistor; polycrystalline silicon

1. Introduction

Conventional one-transistor (1T) one-capacitor (1C) dynamic random-access memory
(DRAM) is a key product of the semiconductor industry. It comprises one transistor for
reading and writing operations and one capacitor for storing charges. Recently, the transis-
tor size has continued to shrink for improved performance, such as higher speed and lower
power consumption, and severe difficulties have arisen in capacitor fabrication. Therefore,
many researchers have proposed 1T-DRAM without capacitors to replace conventional
DRAM [1–10]. The 1T-DRAM utilizes the floating body effect of a partially depleted silicon-
on-insulator (SOI) to retain memory performance [11]. 1T-DRAM program methods include
impact ionization, gate-induced barrier lowering, and band-to-band tunneling (BTBT), and
excess holes are stored in the floating body [12–14]. However, SOI wafers are significantly
costly and difficult to fabricate. A low-cost method for forming SOI-like structures using
polycrystalline silicon (poly-Si) has been proposed [15]. In addition, poly-Si can replace
conventional silicon fabrication processes and be applied to three-dimensional (3D) mem-
ory arrays. However, even if the manufacturing problem of SOI structures is addressed,
miniaturization of the device results in an insufficient charge storage region. This increases
the recombination/generation rate owing to the strong electric field between the body and
source/drain junction, which degrades the retention time.

In this study, we present a 1T-DRAM based on poly-Si with a storage layer sepa-
rated using a separation oxide. The proposed 1T-DRAM uses an underlap structure and
separation oxide to improve the retention time. In addition, because the poly-Si used to
fabricate SOI-like structures in a simple manner is an aggregate of grains [16,17], a grain
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boundary (GB) is formed where different grains contact each other. Therefore, the memory
characteristics were analyzed assuming that a single GB existed at the center of the channel
and storage layers. The memory performance of the proposed 1T-DRAM was investigated
through a two-dimensional simulation and evaluated in terms of sensing margin and
retention time.

2. Device Structure and Simulation

Figure 1 shows a cross-sectional view of the poly-Si-based 1T-DRAM with a storage
layer separated using a separation oxide. The program, erase, and hold operations are
performed by the top gate, while conventional metal-oxide-semiconductor field-effect
transistor (MOSFET) operations are performed by the bottom gate. The bottom gate uses
a heavily doped poly-Si to minimize the difficulty in metal-based gate fabrication. The
geometric parameters are summarized in Table 1. The underlap structure and separation
oxide are considered to be the main parameters that influence the memory performance of
1T-DRAM. The underlap structure reduces the electric field between the storage layer and
source/drain. The separation oxide separates the channel and storage layers, enabling the
excess holes to be stored more effectively.

Figure 1. Poly-Si based 1T-DRAM with storage layer separated using separation oxide.

Table 1. Parameters for the proposed 1T-DRAM.

Parameter Value

Chanel Length (Lch) 70 nm
Underlap Length (Lunderlap) 0–20 nm

Top Gate Oxide (HfO2) Thickness (Tox,T) 8 nm
Channel Layer Thickness (Tch) 8 nm

Separation Oxide (SiO2) Thickness (Tsox) 1–30 nm
Storage Layer Thickness (Tst) 8 nm

Bottom Gate Oxide (SiO2) Thickness (Tox,B) 3 nm
n+-Source Doping Concentration 1 × 1020 cm−3

n+-Drain Doping Concentration 1 × 1020 cm−3

p-Channel Layer Doping Concentration 1 × 1016 cm−3

p+-Storage Layer Doping Concentration 1 × 1018 cm−3

p+-Poly-Si Bottom gate doping concentration 1 × 1018 cm−3

Top Gate Work function 5.20 eV
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Figure 2 shows the main fabrication steps of a proposed device crystallized via excimer
laser crystallization (ELC) [18]. First, SiO2 is deposited and the bottom gate is etched.
Second, amorphous silicon (a-Si) is deposited by LPCVD and activated by excimer laser
irradiation to form a poly-Si bottom gate. Third, SiO2 is deposited to form a bottom gate
oxide. Fourth, after deposition a-Si through LPCVD, a channel layer is formed through ELC.
Fifth, a hard mask is formed through SiO2 deposition and etching. Sixth, ion implantation
is performed to form the n-type source and drain of the channel layer. Seventh, SiO2 is
deposited to form a separation oxide. Eighth, after deposition a-Si by LPCVD, a storage
layer is formed through ELC. Ninth, the top gate oxide is formed through HfO2 deposition
and etching. Tenth, the metal top gate was deposited. Finally, ion implantation was
performed to form the n-type source and drain of the storage layer. The device can be
fabricated through the above process. In addition, through silicon via process (TSV) is
performed to connect the channel layer and the storage layer. The stack structure requires
high temperature processing, which can threaten dopant diffusion. These manufacturing
challenges can be overcome using ELC.

Figure 2. Key fabrication steps of the proposed 1T-DRAM crystallized via excimer laser crystalliza-
tion [18].

The work function of the top gate is 5.20 eV. The top gate work function increases
the energy band of the storage layer, thereby generating a potential well that can store
additional holes. The proposed 1T-DRAM consists of an 8 nm thick storage layer and the
channel layer. The doping concentrations of the storage and channel layers are 1 × 1018

and 1 × 1016 cm−3, respectively, and that of the source/drain regions is 1 × 1020 cm−3. The
channel length is set to 70 nm. A long channel is used because the longer the channel, the
wider energy band of the hole storage area, which is advantageous for hole storage [19].
The top gate dielectric is designed with 3 nm thick HfO2. This is because the high dielectric
constant of 22 increases the effect of the top gate controllability. Accordingly, the effect of the
top gate work function on the storage layer is increased, so that the hole can be stored more
effectively. For high accuracy, physical models such as Fermi-Dirac statistical, Shockley-
Read-Hall (SRH) recombination, Auger recombination, nonlocal BTBT, and trap-assisted
tunneling (TAT) models, doping-dependent and field-dependent mobility models, bandgap
narrowing model, and quantum confinement effect were used in the simulations [20]. The
design and analysis of the device were performed using Sentaurus technology computer-
aided design (TCAD) simulation tool. Furthermore, the GB trap distribution of poly-Si was
used as the calibrated data, which is reported in [15] (Figure 3).
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Figure 3. GB trap distribution calibrated using experimental data reported in [15].

3. Results

Figure 4a shows the drain current (Ids) versus gate voltage (Vgs,B) transfer characteris-
tics of the proposed device. At different temperatures of 300 K and 358 K, the threshold
voltage (Vth) is 1.00 V and 1.12 V, respectively. The heavily doped poly-Si bottom gate
performs the conventional MOSFET operation. Although the gate controllability is reduced
compared to that of the metal-based gate, this gate structure can be easily fabricated in a
3D stacked manner.

Figure 4. (a) Linear (solid symbol) and logarithmic (open symbol) Ids-Vgs,B transfer characteristics
for the proposed 1T-DRAM at Vds = 0.5 V. (b) Transient characteristic of the proposed 1T-DRAM.

Figure 4b shows the transient characteristics of the proposed device. Table 2 summa-
rizes the bias conditions for the memory performance of 1T-DRAM. The program operation
uses the BTBT mechanism. Generated excess holes are accumulated in the storage layer.
The erase operation reduces the potential barrier of the storage layer and a negative voltage
is applied to drain. Thus, accumulated excess holes are removed by drifting towards
the drain. As shown in Figure 4b, the proposed device extracted a sensing margin of
14.10 μA/μm at a temperature of 358 K.
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Table 2. Operating bias scheme for memory performance.

Write “1”
(Program)

Write “0”
(Erase)

Read Hold

Top Gate Voltage
(Vgs, T) −3.2 V 0.5 V 0.0 V −0.3 V

Bottom Gate Voltage
(Vgs, B) 0.0 V 0.0 V 1.3 V 0.0 V

Drain Voltage
(Vds) 3.0 V −0.7 V 0.0 V 0.0 V

Figure 5a shows the BTBT rate of the proposed device during the program operation.
The program operation is performed using BTBT between the storage layer and drain.
The program operation of the tunneling method is advantageous because it consumes
less power than that of the impact ionization method. As shown in Figure 5b, the top
gate voltage (Vgs,T) = −3.2 V and Vd = 3.0 V are applied to form a thin tunneling barrier
between the storage layer and drain. BTBT occurs through a thin tunneling barrier, and
the generated excess holes accumulate below the valence band of the top gate oxide. In
addition, the stored excess holes are maintained owing to the negative voltage and high
work function.

Figure 5. (a) Simulation profiles of the proposed 1T-DRAM during the program operation showing
BTBT rate. (b) Energy band diagram of the storage layer. The energy band is extracted at 2 nm below
the top gate oxide.

Figure 6a shows the hole density of the proposed device during the hold operation.
The hold “1” state is defined after a program operation, and the hold “0” state is defined
after an erase operation. As shown in Figure 6a, the hole density is different between
hold “1” and hold “0” states. Figure 6b shows the energy band diagram of the storage
layer during hold “1” and hole “0” operations in the storage layer. In the hold “1” state,
an additional positive voltage is applied to the storage layer by the stored excess holes,
reducing the potential barrier than in the hold “0” state. Moreover, a hold voltage of Vgs.T
= −0.3 V is applied during hold operation to store excess holes more effectively.
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Figure 6. (a) Simulation profile of the proposed 1T-DRAM during the hold operation showing hole
density. (b) Energy band diagram of the storage layer during the hold operation. The energy band is
extracted at 2 nm below the top gate oxide.

Figure 7a shows the electron density of the proposed device during the read operations.
During the read operation, the current flows in the channel layer when Vgs,B = 1.3 V and
Vds = 0.5 V. Figure 7a shows the difference in electron density in the channel layer. As shown
in Figure 7b, when excess holes are stored in the storage layer, they affect the potential barrier
of the channel layer and have the same effect as that of lowering of Vth by applying an
additional voltage. However, after the stored holes are erased, the potential barrier of the
channel layer increases owing to the low hole density of the storage layer. This causes a drain
current difference between read “1” and read “0” states, defined as the sensing margin.

Figure 7. (a) Simulation profile of the proposed 1T-DRAM during the read operation showing electron
density. (b) Energy band diagram of the channel layer during the read operation. The energy band is
extracted at 2 nm above the bottom gate oxide.

3.1. Effect of Lunderlap Variation

It is important to analyze the retention time among the memory performance of
1T-DRAM. The retention time is the time it takes for accumulated excess holes by recombi-
nation/generation during hold operation to return to a steady state after program/erase
operation. The retention time of 1T-DRAM is defined as the hold time, which is 50% of the
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sensing margin. Figure 8a shows the hole density of the proposed device depending on
the Lunderlap in the hold “1” state. As Lunderlap increases, the influence of the top gate on
the storage layer and the source/drain junction decreases. Therefore, the recombination
rate of the storage layer is reduced and the retention time is increased. However, when
the effect of the top gate is reduced, it is difficult to form a sufficient tunneling barrier for
BTBT to occur at the storage layer and drain junction during program operation, as shown
in Figure 8b. This eventually decreases the hole density in the storage layer, as shown in
Figure 8a. Moreover, the sensing margin decreases because the hole density in the storage
layer is insufficient. On the other hand, when Lunderlap decreases, the tunneling barrier
between the storage layer and drain becomes very thin and excess holes are generated,
resulting in a decreased potential barrier of the storage layer, as shown in Figure 9a. This
increases the rate of recombination between the storage layer and the source/drain so
that the retention time is reduced. Figure 9b shows the sensing margin and retention time
depending on the Lunderlap of the proposed device. At a temperature of 358 K, the sensing
margin reached the peak value at Lunderlap = 0 nm, and the retention time reached the
peak value of 251 ms at Lunderlap = 10 nm. In addition, this performance adheres to the
international roadmap for devices and systems (IRDS) [21].

Figure 8. (a) Simulation profile of the proposed 1T-DRAM with different Lunderlap during hold
“1” operation showing hole density. (b) Energy band diagram of the storage layer with different
Lunderlap during program operation. The energy band is extracted 2 nm below top gate oxide.

Figure 9. (a) Energy band diagram of the storage layer with different Lunderlap during hold ”1”
operation. The energy band is extracted at 2 nm below the top gate oxide. (b) Variations in sensing
margin and retention time with Lunderlap of proposed 1T-DRAM.
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3.2. Effect of Tsox Variation

The conventional 1T-DRAM stores excess holes in a floating body. However, the stored
holes tend to decrease rapidly during the hold and read operations, limiting the retention
time. Therefore, the proposed 1T-DRAM effectively stores excess holes and reduces the
SRH recombination rate by separating the channel and storage layers with a separation
oxide to improve the retention time.

Figure 10a shows the SRH recombination rate of the proposed device depending on
the Tsox in the hold “1” state. As Tsox decreases, the recombination rate increases because
the source/drain junction of the storage layer is influenced by the electric field of the
bottom gate. As shown in Figure 10b, when Tsox = 1 nm, the SRH recombination rate
attains a peak value and decreases gradually. However, when Tsox exceeds 20 nm, the
effect between the storage and channel layers and the retention time decreases. In terms
of the sensing margin, as Tsox increases, the effect of the top gate work function on the
channel layer gradually decreases, and the potential barrier of the channel layer decreases,
as shown in Figure 11a. Consequently, the read current and sensing margin increase.
However, when Tsox > 15 nm, the relationship between the storage and channel layers
weakens. Therefore, the excess holes stored in the storage layer cannot be applied as an
additional positive voltage. Therefore, the difference between the read “1” and “0” currents
decrease. Figure 11b shows the sensing margin and retention time depending on Tsox of
the proposed device. At a temperature of 358 K, the sensing margin achieved a peak value
of 15.60 μA/μm at Tsox = 15 nm, and the retention time achieved a peak value of 251 ms at
Tsox = 20 nm. Additionally, when Tsox = 20 nm, a sufficient sensing margin of 14.10 μA/μm
is extracted. Accordingly, optimal memory performance is obtained at Tsox = 20 nm.

Figure 10. (a) Simulation profile of the 1T-DRAM with different Tsox during hold “1” operation
showing SRH recombination. (b) SRH recombination rate of storage layer with different Tsox during
the read operation. The energy band is extracted at 2 nm below the top gate oxide.
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Figure 11. (a) Energy band diagram of the channel layer with different Tsox during the read operation.
The energy band is extracted at 2 nm above the bottom gate oxide. (b) Variations in sensing margin
and retention time with Tsox of proposed 1T-DRAM.

3.3. Effect of GB Location

Because the proposed device uses poly-Si to fabricate an SOI-like structure easily, it is
necessary to analyze its effect on the GB. The grain size of poly-Si can be adjusted according
to the growth and annealing temperatures. Therefore, it can be significantly larger than that
of a recently scaled-down device. When investigating the impact of the GB, it is assumed
that a single GB is located at the center of the storage and channel layers, as shown in
Figure 12a. Figure 12b shows the memory characteristics based on GB location. The sensing
margins and retention times at GB locations are summarized in Table 3.

Figure 12. (a) Cross-section depending on the GB location of the proposed 1T-DRAM. (b) Variation
of currents in read “1” and read “0” status depending on the GB position.

Table 3. Memory performance depending on the GB location of the proposed 1T-DRAM.

Sensing Margin
[μA/μm]

Retention Time
[ms]

w/o GB 28.58 648
GB in 1© 30.79 507
GB in 2© 11.09 484

GB in ( 1© + 2©) 14.10 251

When a GB exists in the storage layer, the sensing margin is larger than that without
a GB in the storage layer. This is because the difference between read “1” and read
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“0” increases owing to the hole/electrons captured by the GB trap of the storage layer.
However, the retention time is reduced by the TAT mechanism through GB traps, as shown
in Figure 13a. This is because the recombination/generation rates of hole are increased
by the TAT mechanism. When a GB exists in the channel layer, electrons are captured
in the region where the GB is located; therefore, potential barriers increase, as shown in
Figure 13b. The increased potential barrier disturbs the current flowing from the source to
the drain, significantly decreasing the sensing margin. In addition, the reduced sensing
margin degrades the retention time. As a result, the memory performance of the proposed
1T-DRAM exhibits a superior performance of 28.58 μA/μm sensing margin and 648 ms
retention time without a GB. Furthermore, when the GB exists in the storage and channel
layers, the sensing margin and retention time are 14.10 μA/μm and 251 ms, respectively,
which correspond to an excellent memory performance.

(a) (b) 

 

Figure 13. (a) SRH recombination of the hold state with and without GB in 1©. The energy band is
extracted at the center of the storage region. (b) Energy band diagram of the read operation with and
without GB in 2©. The energy band is extracted at 2 nm above the bottom gate oxide.

Table 4 presents the previously reported memory performance of the 1T-DRAM. The
1T-DRAM developed in this study exhibits a superior memory performance at T = 358 K
compared with other devices.

Table 4. Memory performances of various 1T-DRAM reported in the literature.

No Structure
Sensing Margin

[μA/μm]
Retention Time

[ms]

1. Junctionless FinFET-Based 1T-DRAM
(Vertical GB) [22] 11.7 64.27

2. Junctionless FinFET-Based 1T-DRAM
(Horizontal GB) [22] 11.3 148

3. SiGe GAA JLFET-Based 1T-DRAM [18] 0.39 10

4. Double-gate Si/SiGe
1T-DRAM [23] 6.16 131

5. Dopingless
1T-DRAM [24] 0.012 170

6. Dual Gate
1T-DRAM (w/GB) [25] 6.58 340.1

7. Nanotube
1T-DRAM (w/GB) [26] 422 120

8. Ge/GaAs TFET-Based
1T-DRAM [27] 1.11 120

9. This study
(w/o GB) 28.58 648

10. This study
(w/GB) 14.10 251
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4. Conclusions

In this study, a poly-Si-based 1T-DRAM with a storage layer separated using a separa-
tion oxide was designed and analyzed using TCAD simulation. In addition to analyzing
the effect of GB on memory performance, the important parameters Lunderlap and Tsox
were evaluated. The proposed 1T-DRAM obtained high retention time despite the effect
of GB because the storage efficiency was improved by separating the channel and the
storage layers with separation oxide. As a result, the optimized parameters are Lch = 70 nm,
Lunderlap = 10 nm, and Tsox = 20 nm, achieving a sensing margin of 14.10 μA/μm and a
high retention time of 251 ms at T = 358 K. Therefore, the proposed 1T-DRAM has the
potential to replace the conventional 1T-1C DRAM.
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Abstract: In this study, a shorted-anode IGBT with an injection-enhanced p-floating layer (IEPF-IGBT)
under the N-buffer layer is proposed. Compared to conventional shorted-anode IGBT (SA-IGBT), the
IEPF-IGBT has the structural characteristics of an injection-enhanced P-floating (IEPF) layer inserted
into the N-buffer layer and the P+ collector region. The IEPF layer and P+ collector region pinch
off the electron path during the turn-on period to suppress the snapback effect with a half-cell pitch
of 10 μm. In addition, the IEPF layer acts as an injection-enhanced layer that influences the current
injection of the holes. There is 56.3% reduction in the turn-off loss of the IEPF-IGBT at the same
forward voltage drop.

Keywords: injection-enhanced p-floating; shorted anode; snapback; turn-off loss

1. Introduction

IGBTs have received increasing amounts of attention in theoretical research due to their
uncomplicated driving circuits and low driving power. An IGBT is a voltage-controlled
device consisting of MOS and BJT parts [1,2]. In high-voltage, high-current, fast-switching,
and high-power applications, IGBTs show low resistance, so they have become a promising
power semiconductor device [3].

To achieve low turn-off loss and high frequency, IGBT anode engineering is a versatile
solution for extracting excess carriers. Examples of IGBT anode engineering include dual-
gate structures [4,5], striped anode structures [6], the Schottky anode method [7], shorted-
anode structures [8–14], the super junction method [15–17], and other structures [18].
However, a dual-gate structure is not a suitable solution for conventional drive control.
A striped anode structure is an effective way to reduce turn-off loss; however, this leads
to increased turn-on loss [6]. The Schottky anode method decreases the current density
in the holes during the on-state period [7]. The super junction method is a method that
suppresses or eliminates the snapback effect, but the super junction process leads to
increased manufacturing costs [15–17]. It should be pointed out that the charge balance
conditions must be met [19]. For a vertical IGBT structure, a shorted-anode IGBT is a
promising device. However, this structure demonstrates a snapback effect during the
turn-on period. In addition, because the MOS cells are in a parallel connection, currents
with an uneven distribution can lead to unstable operation [20]. An SA-IGBT with an anode
trench can suppress or eliminate the snapback effect, but for vertical IGBTs, the etching
process for anode trenches is difficult and costly [21]. To improve the performance of IGBT
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devices, the active region on the front side of the device and the drift region in the middle
have been improved by researchers. However, improving the back side of the device will
also contribute improvements in device performance [22,23].

In this study, a 1.2 kV shorted-anode IGBT developed using Silvaco TCAD that
experiences no spring back phenomenon and low turn-off loss is proposed and is achieved
by injecting an enhanced IEPF layer. The IEPF-IGBT is snapback-free and has a small cell
pitch and is shown to have improved turn-off loss compared to conventional SA-IGBTs.

2. Device Structure and Mechanism

Figure 1a depicts the device structure of the IEPF-IGBT. There is an IEPF layer that has
been inserted into the N-buffer layer and into the N-neutral region. The N-neutral region is
lightly doped. Furthermore, during the turn-on period, there is a gap (LG) between each
P-floating and N-buffer layer that conducts the electron current. By observing Figure 1b, we
can see that conventional SA-IGBTs are composed of multiple MOS cells that are connected
in parallel. In order to eliminate the snapback effect, conventional SA-IGBTs must have a
device cell with a large width. Figure 1c is the equivalent circuit diagram of the IEPF-IGBT,
and the existence of path resistance (Rneu) between N and P is emphasized.

 
Figure 1. Schematic cross section of the devices under study. (a) IEPF-IGBT; (b) conventional SA-IGBT;
(c) equivalent circuit diagram of the IEPF-IGBT.

The snapback I–V curves of the IEPF-IGBT and the conventional SA-IGBT are shown
in Figure 2. The green box line in the figure marks the enlarged portion of Figure 2. It
can be seen that the SA-IGBT experiences the snapback effect, but the IEPF-IGBT does
not. The forward conduction voltage drop (at 100 A/cm2 current density) is lower than
that observed for the conventional SA-IGBT, with a half collector length of 10 μm and
360 μm, respectively. Because of the enlarged resistance above the P-collector region,
the hole conductivity in the IEPF-IGBT was modulated earlier than in the conventional
SA-IGBT [24].

Figure 3 shows the current flow paths of the electrons and holes at the beginning
of conduction mode [25]. Figure 3a,b show the electron current flow into the N-collector
around the IEPF layer in the IEPF-IGBT in unipolar mode and demonstrates that the IEPF
layer enlarged the path resistance effectively.
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Figure 2. The I–V characteristics of IEPF-IGBT and SA-IGBT.

 
Figure 3. (a) Electron flow path; (b) current flow lines at the collector side of the IEPF-IGBT in low
current density mode; (c) bipolar conduction path; (d) current flow lines at the collector side of the
IEPF-IGBT in high-current-density bipolar mode.

The simple snapback model [26–28] used for Figure 1a can be described as follows:

VSB =

[
1 +

Rdrift + Rchannel
(Rneu + Rbuf)·(L − LG)

]
·Vcritical (1)

For IEPF-IGBT, the IEPF layer prevents carriers from rapidly flowing out of the device
and suppresses VSB by increasing (L − LG).

Figure 3c,d show the current flow of the holes through the IEPF layer in bipolar mode.
In the bipolar mode, the holes can pass through the IEPF layer.

3. Results and Discussion

The devices used in this article have a voltage that can withstand the rating of 1.2 kV,
and the corresponding key parameters of the devices are listed in Table 1.
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Table 1. Device specifications.

Parameters IEPF-IGBT SA-IGBT

Gate oxide thickness (nm), Tox 50 50

Gate trench depth (μm), DG 6 6

Drift region doping (cm−3), Nd 5 × 1013 5 × 1013

N-buffer doping (cm−3), NNb 5 × 1016 5 × 1016

N-buffer thickness (μm), TNb 4 4

N-neutral doping (cm−3), NN 5 × 1013 5 × 1013

P-collector thickness (μm), TPb 2 2

N-collector length (μm), LN 1.25 45

Half collector length (μm), L 10 360

Wafer thickness (μm), TS 130 130

P-base doping (cm−3), Nbase 7 × 1017 7 × 1017

P-floating doping (cm−3), NPb 1 × 1018 1 × 1018

P-floating thickness (μm), Tpf 2

P-floating gap (μm), LG 1~9

Carrier lifetime (μs), τ 1 1

The parameters used in this paper refer to previous reports [29–31]. The gate oxide
thickness (Tox) is 50 nm. The MOS cell pitch is 10 μm [30,32]. To enhance the conductivity
modulation effect, the thickness of these P collector regions is 2 μm.

Figure 4 shows the characteristic curves of the forward off-state breakdown voltage.
The breakdown voltages of the IEPF-IGBT and the conventional SA-IGBT are 1437 V and
1498 V, respectively. Because there is a gap between the N-buffer layers, the N-drift of
the IEPF-IGBT is less thick than the N-drift of the SA-IGBT. This leads to the IEPF-IGBT
demonstrating a lower breakdown voltage than the SA-IGBT, and this small drawback of
the IEPF-IGBT seems acceptable.

Figure 4. BV curves of the IEPF-IGBT and SA-IGBT, respectively. The gate voltage is zero.

Figure 5 shows the forward conduction characteristics of the IEPF-IGBT with different
N-neutral doping. At NN = 5 × 1013 cm−3 and NN = 1 × 1014 cm−3, the characteristic curves
of forward conduction show no snapback effect, and their curves are highly coincidental.
However, when the doping concentration is beyond NN = 3 × 1014 cm−3, the snapback
effect can be observed. As NN is lower, the snapback effect is weaker. According to
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Equation (1), because the doping of the N-neutral region influences the resistance of the
electron flow path (Rneu), the snapback effect can be modulated by NN.

Figure 5. Forward conduction characteristics of the IEPF-IGBT with different NN. The gate voltage
is 15 V.

Figure 6a shows the doping of the IEPF layer during turn on. Obviously, the higher
doping of the IEPF layer does not affect the snapback effect. This is because the lower
doping concentration enables the IEPF layer to not pinch off the resistance path with the
P-collector region. At a low VCE, the N-neutral region exhibits a high resistance path
because it is depleted by the PN junction of p-floating/N-neutral and N-neutral/p-collector.
As the doping concentration of the IEPF layer increases, the VCE decreases. This is due to
the IEPF layer acting as holes during the current amplification stage. Figure 6b explains
this phenomenon by analyzing the current densities of the holes along the IEPF layer
(y = 125 μm in Figure 3c) at a current density of 100 A/cm2. Figure 6b shows that the
hole currents can be amplified at the IEPF layer, which, in turn, reduces the on-state
voltage drop.

Figure 6. (a) Dependence of I–V curves on the doping concentration of the IEPF layer; (b) dependence
of hole current density along y = 125 μm during on-state (100 A/cm2 current density).

The different thickness of the N-neutral region (TN) in the IEPF-IGBT shows the
tradeoff between VCE and EOFF in Figure 7. Because the larger TN enables the IEPF layer
and the P-collector region to pinch off the electron flow path, as the TN increases, the
tradeoff characteristics are promoted.
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Figure 7. Dependence of TN on the EOFF–VCE relationships of the IEPF-IGBT. The gate voltage is
15 V and then falls down to −5 V.

Figure 8 shows the influence of the gap of the IEPF layer (LG). As LG increases, VCE and
VSB increase. As LG increases to beyond 3 μm, the snapback effect appears. Additionally,
when LG is less than 4 μm, the snapback effect does not appear. This is due to the increased
length and the resistance of the electron path because the entire electron current passes
through the gap between the IEPF layers compared to the conventional SA-IGBT.

Figure 8. Dependence of VCE on the gap of the IEPF layer (LG). The shorter LG contributed to the
lower VCE and VSB.

Figure 9 shows the current and voltage variation curves during the turn-off process of
the IEPF-IGBT and the SA-IGBT at a current density of 100 A/cm2. Half collector lengths
of 10 μm and 360 μm are used for the IEPF-IGBT and conventional SA-IGBT, respectively.
When the turn-off loss is 12 mJ/cm2, the turn-off transient times of the turn-off current
curves are 32 ns and 603 ns for the IEPF-IGBT and the SA-IGBT, respectively. As such, the
IEPF-IGBT shows a shorter time than the SA-IGBT. The IEPF-IGBT extracts the remaining
electrons quickly due to the shorter length of collector [33,34].
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Figure 9. Turn-off voltage and current waveforms of the IEPF-IGBT and SA-IGBT, respectively.

Figure 10 depicts the key trade-off curve for the device: VCE vs. EOFF, for the
IEPF-IGBT and the SA-IGBT. By observing Figure 10, we can observe that the trade-off
characteristics of the IEPF-IGBT are better than those of the conventional SA-IGBT. At
VCE = 1.58 V, the EOFF of the IEPF-IGBT and the SA-IGBT are 25.2 and 11 mJ/cm2, respec-
tively. The IEPF-IGBT shows a 56.3% EOFF reduction compared to the SA-IGBT.

Figure 10. EOFF–VCE relationships of the IEPF-IGBT and the SA-IGBT.

A flow diagram of the device process is shown in Figure 11. Since the front-side
process of the device is basic MOS trench technology, only the key process flow for the
back side is provided. Figure 11a shows the first step, where two ion implantations of the
N-type substrate are performed to form the N-buffer region and the low-doped N-neural
region. Figure 11b shows the first step, which continues with ion implantation to form the
IEPF layer. Figure 11c shows the third step, which continues with the formation of P+ and
N+ collector regions by means of ion implantation. Last, the metal electrode is formed, as
shown in Figure 11d.
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Figure 11. The flow diagram of the device process for the IEPF-IGBT.

4. Conclusions

In this study, a 1.2 kV IGBT with an IEPF layer that act as a current amplification
stage and that suppresses the snapback effect during the turn-on period is proposed. The
comparative study results show that the IEPF-IGBT can reduce the turn-off energy loss.
The goal of eliminating the snapback effect is achieved. The IEPF-IGBT shows a 56.3% EOFF
reduction compared to the SA-IGBT.
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