gﬂ micromachines

Special Issue Reprint

Latest Advancements
iIn Next-Generation
Semiconductors

Materials and Devices for Wide Bandgap
and 2D Semiconductors

Edited by
Zeheng Wang and Jingkai Huang

mdpi.com/journal/micromachines

ml\DPI

F



Latest Advancements in
Next-Generation Semiconductors:
Materials and Devices for Wide
Bandgap and 2D Semiconductors






Latest Advancements in
Next-Generation Semiconductors:
Materials and Devices for Wide
Bandgap and 2D Semiconductors

Editors

Zeheng Wang
Jingkai Huang

=z
rM\D\Py Basel o Beijing « Wuhan e Barcelona e Belgrade ¢ Novi Sad e Cluj ¢ Manchester
F



Editors

Zeheng Wang Jingkai Huang
Data61 Department of Systems
CSIRO Engineering
Sydney City University of Hong Kong
Australia Hong Kong
China
Editorial Office
MDPI

St. Alban-Anlage 66
4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal
Micromachines (ISSN 2072-666X) (available at: www.mdpi.com/journal/micromachines/special-
issues/3LEPW7T95G).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

Lastname, A.A.; Lastname, B.B. Article Title. Journal Name Year, Volume Number, Page Range.

ISBN 978-3-0365-9511-5 (Hbk)
ISBN 978-3-0365-9510-8 (PDF)
doi.org/10.3390/books978-3-0365-9510-8

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative
Commons Attribution (CC BY) license. The book as a whole is distributed by MDPI under the terms
and conditions of the Creative Commons Attribution-NonCommercial-NoDerivs (CC BY-NC-ND)

license.


www.mdpi.com/journal/micromachines/special_issues/3LEPW7T95G
www.mdpi.com/journal/micromachines/special_issues/3LEPW7T95G
https://doi.org/10.3390/books978-3-0365-9510-8

Contents

Aboutthe EAitors . . . . . . . . . . e

Zeheng Wang and Jing-Kai Huang

Latest Advancements in Next-Generation Semiconductors: Materials and Devices for Wide
Bandgap and 2D Semiconductors

Reprinted from: Micromachines 2023, 14,1992, d0i:10.3390/mi14111992 . . . . . . ... ... ...

Meng Zhang, Yilin Chen, Siyin Guo, Hao Lu, Qing Zhu and Minhan Mi et al.

Influence of Gate Geometry on the Characteristics of AlGaN/GaN Nanochannel HEMTs for
High-Linearity Applications

Reprinted from: Micromachines 2023, 14, 1513, d0i:10.3390/mi14081513 . . . . .. ... ... ...

Haiwu Xie and Hongxia Liu

Single-Particle Irradiation Effect and Anti-Irradiation Optimization of a JLTFET with Lightly
Doped Source

Reprinted from: Micromachines 2023, 14, 1413, doi:10.3390/mi14071413 . . . . . .. .. ... ...

Youngmin Han, Dong Hyun Lee, Eou-Sik Cho, Sang Jik Kwon and Hocheon Yoo

Argon and Oxygen Gas Flow Rate Dependency of Sputtering-Based Indium-Gallium-Zinc
Oxide Thin-Film Transistors

Reprinted from: Micromachines 2023, 14, 1394, d0i:10.3390/mi14071394 . . . . ... ... .. ...

Zhaoyong Liu, Kailin Ren, Gaoyu Dai and Jianhua Zhang
A Review on Micro-LED Display Integrating Metasurface Structures
Reprinted from: Micromachines 2023, 14, 1354, doi:10.3390/mi14071354 . . . . .. ... ... ...

Sergey Kudryashov, Pavel Danilov, Nikita Smirnov, Evgeny Kuzmin, Alexey Rupasov and
Roman Khmelnitsky et al.

Photoluminescent Microbit Inscripion Inside Dielectric Crystals by Ultrashort Laser Pulses for
Archival Applications

Reprinted from: Micromachines 2023, 14, 1300, doi:10.3390/mi14071300 . . . ... ... ... ...

Weizhong Chen, Zubing Duan, Hongsheng Zhang, Zhengsheng Han and Zeheng Wang
A FIN-LDMOS with Bulk Electron Accumulation Effect
Reprinted from: Micromachines 2023, 14, 1225, d0i:10.3390/mi14061225 . . . . ... ... .. ...

Boyang Ma, Shupeng Chen, Shulong Wang, Lingli Qian, Zeen Han and Wei Huang et al.

A False Trigger-Strengthened and Area-Saving Power-Rail Clamp Circuit with High ESD
Performance

Reprinted from: Micromachines 2023, 14, 1172, doi:10.3390/mi14061172 . . . . .. ... ... ...

Jun-Hyeok Choi, Woo-Seok Kang, Dohyung Kim, Ji-Hun Kim, Jun-Ho Lee and Kyeong-Yong
Kim et al.

Enhanced Operational Characteristics Attained by Applying HfO, as Passivation in
AlGaN/GaN High-Electron-Mobility Transistors: A Simulation Study

Reprinted from: Micromachines 2023, 14, 1101, doi:10.3390/mi14061101 . . . ... ... ... ...

Zhigang Zhang, Dongxue Zhao, Huiyong He, Lijun Tang and Qian He

Analysis of Noise-Detection Characteristics of Electric Field Coupling in Quartz Flexible
Accelerometer

Reprinted from: Micromachines 2023, 14, 535, d0i:10.3390/mi14030535 . . . . . . . ... ... ...



Dan Butnicu

A Derating-Sensitive Tantalum Polymer Capacitor’s Failure Rate within a DC-DC

eGaN-FET-Based PoL Converter Workbench Study
Reprinted from: Micromachines 2023, 14, 221, d0i:10.3390/mi14010221



About the Editors

Zeheng Wang

Zeheng is a CERC Fellow, appointed through the Impossible Without You campaign. He earned
his PhD in Si quantum computing devices from CQC2T, UNSW, and also has significant experience
in III-V semiconductor devices, semiconductor physics and modeling, machine learning, and TCAD
simulations. Zeheng has published over 30 scientific papers in top-tier venues, including Nature,
Advanced Materials (cover article), Energy & Environmental Science, IEEE Electron Device Letters,
and IEEE Transactions on Electron Devices, as well as flagship conferences such as IEEE IEDM and
IEEE ISPSD.

Zeheng’s expertise is recognized by his service as an editor for Micromachines (IF3.5) and Applied
Research (Wiley). He is also an active reviewer for many leading journals published by IEEE, IET,
IEICE, Wiley, Springer, Elsevier, and IOP. He currently conducts more than 20 papers’ peer review
for SCl-indexed journals per year. His open-source online service for semiconductor fabrication has
been used by over 300 researchers worldwide. Additionally, he invented two patents in the field of
semiconductor devices.

Zeheng’s current research interests include quantum sensing, quantum artificial intelligence,
artificial intelligence for science (Al4Science, particularly in materials, electronics, and medicines),

and micro/nano manufacturing and fabrication.

Jingkai Huang

Dr. Huang is a seasoned researcher with a robust background in semiconductor R&D. Prior to
City University of Hong Kong, he contributed significantly to the field at King Abdullah University of
Science and Technology (2015-2019, KSA), TSMC (2019, TW), and National Nano Device Laboratories
(2010-2011, TW). His expertise lies in the nanofabrication of ultra-scaled electronic devices and
the scalable manufacture of low-dimensional materials for advanced electronics. Outstanding
achievements led Dr. Huang to be awarded the prestigious Scientia Ph.D. scholar for the “Beyond the
Silicon Technology” project at UNSW. His current research focuses on integrating emerging materials
such as 2D semiconductors, complex oxides (high- &, ferroelectric, and memory), and porous
coordination polymers (low-x and sensor) in order to advance future semiconductor technology

nodes.

vii






micromachines

Editorial

Latest Advancements in Next-Generation Semiconductors:
Materials and Devices for Wide Bandgap and
2D Semiconductors

Zeheng Wang 1*© and Jing-

check for
updates

Citation: Wang, Z.; Huang, ].-K.
Latest Advancements in Next-
Generation Semiconductors:
Materials and Devices for Wide
Bandgap and 2D Semiconductors.
Micromachines 2023, 14, 1992.
https://doi.org/10.3390/
mil14111992

Received: 23 October 2023
Accepted: 25 October 2023
Published: 27 October 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Kai Huang 2-3*

1 Manufacturing, CSIRO, Lindfield, NSW 2070, Australia

Department of Systems Engineering, City University of Hong Kong, Kowloon, Hong Kong
School of Materials Science and Engineering, University of New South Wales (UNSW),
Sydney, NSW 2052, Australia

*  Correspondence: zenwang@outlook.com (Z.W.); jkhuang@cityu.edu.hk (J.-K.H.)

Semiconductor materials, devices, and systems have become indispensable pillars
supporting the modern world, deeply ingrained in various facets of our daily lives [1,2].
In the realm of computing, semiconductors serve as the backbone of microprocessors and
memory units, enabling the rapid calculations and data storage that power everything from
personal computers to large-scale data centers [3-5]. When it comes to power conversion,
semiconductor-based components like transistors and diodes are critical in optimizing
energy efficiency, whether in renewable energy systems or electric vehicles [6-9]. Moreover,
in the field of optoelectronics, semiconductor technologies have revolutionized lighting
and detecting solutions through the development of energy-efficient and long-lasting light-
emitting diode (LED) technology [10-13], which has not only transformed the way we
illuminate our surroundings, but also enhanced the precision and sensitivity of various
detection and sensing applications [14-16]. Moreover, in the ever-expanding domain of
information processing, semiconductors are at the heart of information storage, communi-
cation devices, and complex integrated circuits that facilitate the seamless exchange and
long-duration storage of data [17,18].

The Special Issue on “Latest Advancements in Next-Generation Semiconductors: Ma-
terials and Devices for Wide Bandgap and 2D Semiconductors” serves as a comprehensive
repository of cutting-edge research that extends the frontiers of semiconductor devices,
optoelectronics, and material science. The articles in this issue delve into a myriad of chal-
lenges and opportunities that characterize these rapidly evolving disciplines. Specifically,
the contributions are organized around four pivotal themes.

1. Device Architecture and Design

The field of semiconductor devices has experienced significant advancements, particu-
larly in the design and performance of high-electron-mobility transistors (HEMTs) [19,20].
For instance, the paper by Meng Zhang et al. explores the influence of gate geometry
on AlGaN/GaN nanochannel HEMTs, revealing that tri-gate designs offer higher peak
transconductance and frequency performance compared to dual-gate structures. Another
study by Haiwu Xie et al. delves into the irradiation effects on tunnel field-effect transistors,
offering optimization strategies for better reliability against irradiation.

This Special Issue also covers innovative device designs and the challenges associated
with crucial environments. A study by Choi and colleagues on AlGaN/GaN HEMTs with
HfO2 as the passivation layer shows improvements in breakdown voltage, but highlights
the need for balancing this with frequency characteristics. Similarly, research on quartz
flexible accelerometers by Zhigang Zhang et al. discusses the suppression of noise through
high-pass filtering.
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2. Material Science and Fabrication Techniques

Material science and fabrication engineering play crucial roles in the performance and
reliability of electronic devices [21-23]. Han et al. investigate the impact of oxygen flow
rates on the electrical characteristics of amorphous indium-gallium-zinc oxide transistors,
emphasizing the importance of controlling oxygen vacancies. In another study, Kudryashov
and colleagues explore the use of ultrashort laser pulses for inscribing photoluminescent
micro-bits inside dielectric crystals, opening new avenues for optomechanical memory
storage. These two developments indicate that using proper material science and fabri-
cation engineering innovations can still further boost the performance of semiconductor
components [24,25].

3. Energy Efficiency and Power Management

Energy efficiency and power management are other areas that have received consider-
able attention in semiconductor-based systems. For example, a study by Weizhong Chen
et al. on FIN-LDMOS with a bulk electron accumulation effect shows promising results in
terms of specific on-resistance, which may be beneficial for high-power telecommunication
applications [26]. Another paper by Boyang Ma et al. focuses on enhancing the ESD
performance of power-rail clamp circuits, offering a design that is strengthened against
false triggers [27]. In addition, power management is a critical aspect of modern electronic
systems. One paper by Dan Butnicu in this Special Issue focuses on the derating-sensitive
failure rate of tantalum polymer capacitors within DC-DC eGaN-FET-based PoL converters,
providing insights into improving the reliability of these systems [28].

4. Optoelectronics and Light-Based Technologies

Lastly, this issue features comprehensive reviews that offer a broader perspective
on this field. One such review by Zhaoyong Liu et al. focuses on the advancements in
integrating meta-surface structures with micro-LEDs, providing a roadmap for future
research [15].

In summary, the articles in this Special Issue collectively contribute to the advancement
of micro- and nanoelectronics, offering innovative solutions and highlighting areas that
require further investigation. As the guest editors, it is our privilege to present this
collection of pioneering research that will undoubtedly serve as a valuable resource for
scholars and industry professionals alike.
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Abstract: In this study, AlIGaN/GaN nanochannel high-electron-mobility transistors (HEMTs) with
tri-gate (TGN-devices) and dual-gate (DGN-devices) structures were fabricated and investigated. It
was found that the peak value of the transconductance (Gn), current gain cut-off frequency (fr) and
power gain cut-off frequency (fmax) of the TGN-devices were larger than that of the DGN-devices
because of the enhanced gate control from the top gate. Although the TGN-devices and DGN-devices
demonstrated flattened transconductance, fT and fmax profiles, the first and second transconductance
derivatives of the DGN-devices were lower than those of the TGN-devices, implying an improvement
in linearity. With the nanochannel width decreased, the peak value of the transconductance and
the first and second transconductance derivatives increased, implying the predominant influence of
sidewall gate capacitance on the transconductance and linearity. The comparison of gate capacitance
for the TGN-devices and DGN-devices revealed that the gate capacitance of the tri-gate structure was
not simply a linear superposition of the top planar gate capacitance and sidewall gate capacitance of
the dual-gate structure, which could be attributed to the difference in the depletion region shape for
tri-gate and dual-gate structures.

Keywords: GaN; high electron mobility transistors; nanochannel; tri-gate; dual-gate

1. Introduction

Gallium nitride (GaN)-based high-electron-mobility transistors (HEMTs) have great
potential for high-frequency and high-power applications because of the advantages of het-
erojunction materials, including their high breakdown electric field, high two-dimensional
electron gas (2DEG) sheet density and high electron mobility [1-4], leading to potential
RF applications, including remote sensing, radar and wireless communication [5,6]. Ex-
cept for the superiority of GaN-based HEMTs mentioned above, linearity is also a key
characteristic for RF applications, especially for wireless communication. However, the
transconductance nonlinearity, which is defined as the reduction of transconductance and
fr at a high drain current density level in GaN-based HEMTs, can limit the device linearity,
leading to distortion of the signal [7,8]. Several structures can be used to alleviate this,
such as graded polarization field effect transistors [9], double-channel heterojunctions [10],
coupling-channel structures [11], N-polar HEMTs [12] and nanochannel structures [13].
Aside from these structures, nanochannel structures have attracted more attention be-
cause of the additional improvement in the electron velocity [14], self-heating effect [15],
subthreshold swing [16], breakdown voltage [17] and so on. Moreover, a nanochannel
structure can modulate the threshold voltage by varying the nanochannel width [18],
which is also helpful for the improvement in linearity via threshold voltage synthesis and
transconductance compensation [8,19,20].

For a nanochannel structure, there are two different gate structures, namely, a tri-gate
structure [21,22] and dual-gate structure [23-26], which demonstrate the potential for the
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improvement in device linearity. Compared with tri-gate GaN HEMTs with multiple chan-
nels [27], dual-gate GaN HEMTs for multi-channel epitaxial design can achieve flattened
transconductance, and thus, improve the device linearity and saturated current density
simultaneously [25,26]. However, the characteristic difference between tri-gate and dual-
gate structures has rarely been compared simultaneously. Moreover, the influence of source
resistance nonlinearity on the linearity of GaN-based nanochannel HEMTs with tri-gate
and dual-gate structures has been developed, but the influence of the capacitance from the
sidewall gate was less mentioned.

In this work, AlGaN/GaN nanochannel HEMTs with tri-gate (TGN-devices) and dual-
gate structures (DGN-devices) were fabricated and investigated. The DC characteristics and
small-signal characteristics were compared and analyzed. The TGN-devices demonstrated a
higher peak value of transconductance and cut-off frequency than that of the DGN-devices,
but the DGN-devices presented lower second transconductance derivatives, implying better
linearity. The gate capacitances of the TGN-devices and DGN-devices were compared and
the influence of the capacitance from the sidewall gate is discussed.

2. Device Fabrication

The schematics of the TGN-devices and DGN-devices investigated in this manuscript
are shown in Figure 1. The TGN-devices and DGN-devices were fabricated on the same
wafer. The epitaxial heterostructure consisted of a 100 nm AIN nuclear layer, a 2 pum GaN
buffer layer, a 1 nm AIN interlayer and a 20 nm AlGaN barrier layer with an aluminum
composition of 23% from bottom to top, grown on a sapphire substrate. A sheet density of
369 /00, a two-dimensional electron gas (2DEG) of 9.1 x 102 cm~2 and 2DEG mobility of
1860 cm? / Vs was obtained via Hall measurements at room temperature. The fabrication
process of devices started with the formation of an ohmic contact on the source and drain
using conventional Ti/Al/Ni/Au (20/160/55/45 nm) metal stack evaporation, followed by
rapid annealing at 850 °C for 50 s in ambient Nj. After the device’s electrical isolation was
realized via nitrogen implantation, an ohmic contact resistance of 0.5 ()-mm was verified
using a transmission line measurement (TLM). A 120 nm SiN layer was deposited for
surface passivation via plasma-enhanced chemical vapor deposition (PECVD). For the
TGN-devices, as shown in Figure 1a,c, the nanochannel was surrounded and contacted
from three directions by the Ni/Au gate metal, including the top and two sidewalls of the
nanochannel. Figure 1e shows the cross-section FIB-SEM photo of a TGN-device. Figure 1g
shows the fabrication process flow of a TGN-device. The gate foot defined a gate length
(Lg) of 0.2 um using electron beam lithography (EBL) and CF4-based inductively coupled
plasma (ICP) etching to remove SiN on the gate region. Then, a nanochannel with a width
(Wgin) of 150, 200 or 250 nm was defined using EBL, followed by BCl3/Cly-based ICP
etching. As shown in Figure 1b,d, for the DGN-devices, although the nanochannel was
surrounded from three directions by the Ni/Au gate metal, the nanochannel was contacted
by the Ni/Au gate on the two sidewalls and there was a 120 nm thick SiN passivation
dielectric between the top of the nanochannel and the Ni/Au gate. The PECVD SiN was
amorphous and would not exert an influence on the polarization charges. Figure 1f shows
the cross-section FIB-SEM photo of a DGN-device. Figure 1h shows the fabrication process
flow of a DGN-device. The nanochannel width of the DGN-devices was equal to that of the
TGN-devices and was directly realized via EBL, CF4-based ICP etching and BClz /Cl,-based
ICP etching in sequence. The length of the nanochannel was equal to the gate length for
both structures. The nanochannel width (W) and the trench (Wigench) region were equal
for both structures. The gate electrode (Ni/Au) with a gate cap length of 1.0 um was formed
via physical vapor deposition and a lift-off process. Finally, the interconnection via Ti/Au
metalization for the device test was achieved. In this study, all devices had the same gate
width of 100 pm, source—drain distance of 4 pm and source-gate distance of 0.9 um.
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Figure 1. Schematic of a (a) TGN-device and (b) DGN-device; cross-section view of a (¢) TGN-
device and (d) DGN-device along the AA’ position; cross-section FIB-SEM photo of a (e) TGN-device
and (f) DGN-device along the AA’ position; fabrication process flow of a (g) TGN-device and
(h) DGN-device.

3. Results and Discussion

The transfer characteristics of the TGN-devices and DGN-devices are shown in
Figure 2. The drain was biased at 10 V. The nanochannel widths were 150, 200 and
250 nm. The DC performance was normalized to the actual gate width. As presented in
Figure 2, with the reduction in the nanochannel width, the threshold voltage (Vy,) and
the peak value of transconductance (Gp peak) for both the TGN-devices and DGN-devices
increased, which was mainly attributed to the enhanced electrostatic gate control from the
sidewall gate and the reduction in the polarization charge density induced by the tensile
strain relaxation [13,28]. Both the TGN-devices and DGN-devices demonstrated flattened
transconductance. Figure 3 shows the Vi, and Gy, peak dependence on the nanochannel
width (Wgy,) for the TGN-devices and DGN-devices. As shown in Figure 3a, the gradients
of the Vy,,—Wy;,, curves for the TGN-devices and DGN-devices were different. As Wy,
increased, the Vi, of the TGN-devices decreased slowly, while that of the DGN-devices
decreased rapidly. For the TGN-devices, it was implied that the influence of the sidewall
gates on Vy, was ancillary and that of the top gate was predominant, contributing to the
reduced slope of the Vy,—Wjp, relationship. As Wy, increased continuously, the Vy, of the
TGN-devices approximated the Vy, of conventional planar GaN-based HEMTs and was
limited [18]. However, for the DGN-devices, the influence of the sidewall gates on Vy,
dominated, indicating the strong dependence of Vy, on Wg;,. Moreover, because of the lack
of control from the top gate in the dual-gate structure, as Wy, increased continuously, the
threshold voltage of the DGN-devices decreased continuously without restriction. When
further decreasing Wy, to less than 100 nm, the Vy, of the TGN-devices and DGN-devices
could be approximated [29], and the normally off TGN-devices and DGN devices could be
realized. As shown in Figure 3b, the gradients of the Gy, peak—Wiin curves for the tri-gate
structure and dual-gate structure were similar, indicating the similar electrostatic charge
control effect from the sidewall gates. For the TGN-devices and DGN-devices with the
same Wiy, the Gy peak of the TGN-devices was approximately 110 mS/mm larger than
that of the DGN-devices due to the increase in the capacitance from the top gate in the
tri-gate structure.
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Figure 2. The transfer characteristics of the (a) TGN-devices and (b) DGN-devices. The nanochannel
widths were 150, 200 and 250 nm, respectively. The straight and dotted lines standed for drain current
density and tranconductance, respectively.
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Figure 3. The dependence of (a) the threshold voltage (Vy,) and (b) peak transconductance (Gp, peak)
dependence on the nanochannel width (W) for the TGN-devices and DGN-devices.

Figure 4 presents the gate currents for the TGN-devices and DGN-devices. As can be
seen in Figure 4, for the TGN-devices, with the increase in Wy, the reverse gate leakage
current increased. However, for the dual-gate structure, with the increase in Wy, the
reverse gate leakage current was reduced. This could be attributed to the different electric
field distribution dependences on Wy, for the tri-gate and dual-gate structures. The
simulated transverse distributions of the electric field and the electric field distribution
(parallel to the nanochannel length direction) of the TGN-devices and DGN-devices with
Wi, values of 150, 200 and 250 nm are shown in Figure 5, where the simulation was
performed using Silvaco Atlas [30]. The related material parameters for the simulation
are listed in Table 1 [31,32]. The work function of the Schottky gate contact was set as
the work function of the Ni metal (5.15 eV) [33]. Donor-type surface traps were set at
the AlGaN/passivation layer interface with an activation energy of Ec-0.68 eV [34] and a
constant concentration of 1.2 x 10'3 cm~2. These surface traps were set to compensate for
the hole density on the surface [35]. The C-related traps [36] were set in the GaN buffer layer
with the energy level of Ey + 0.9 eV as the deep acceptor trap and a constant concentration
of 5 x 107 cm~3. The buffer traps were set to compensate for the background electron
density in the GaN buffer. As shown in Figure 5a, the peak electric field in the TGN-devices
occurred in the region where the top gate and heterojunction interface were in contact, as
depicted in the region, implying that gate leakage primarily occurred between the barrier
and the top gate. However, the peak electric field in the DGN-devices occurred in the
region where the sidewall gate and heterojunction interface were in contact, as depicted in
region B, implying that the gate leakage primarily occurred in the sidewall depletion region.
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Figure 5b shows the peak electric field distribution along the nanochannel length direction.
As shown in Figure 5b, with the increase in Wy, the peak electric field increased for both
the TGN-devices and DGN-devices. For the TGN-devices, the gate leakage primarily
occurred in region A, which was similar to conventional planar devices. The leakage
mechanism for the TGN-devices was mainly attributed to Poole-Frenkel (PF) emission
and Fowler-Nordheim (FN) tunneling and the influence of the electric field was more
important. Therefore, the reverse gate leakage current of the TGN-devices increased with
the increase in Wg;,. On the other hand, for the DGN-devices, the gate leakage primarily
occurred in region B. During the formation of the nanochannel, the etching process could
introduce etching damage and defects. The leakage mechanism for the DGN-devices was
primarily associated with the sidewall-related defects, and the magnitude of leakage was
jointly influenced by the electric field, trap energy levels and temperature. Moreover, the
DGN-devices with smaller Wy, values had more sidewalls, potentially resulting in a higher
total leakage current. Therefore, although the DGN-device with a Wy, of 150 nm presented
a comparatively smaller electric field, there was still a higher total leakage current, as
shown in Figure 4b.
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Figure 4. Gate current versus gate voltage for the (a) TGN-devices and (b) DGN-devices.
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Table 1. Material parameters (bandgap, electron effective masses in the growth direction and
perpendicular to the growth direction, polarization constants and lattice constants) used for the
simulations [31,32]. The description of Table 1 gives the explanation of the simulation setup parame-
ters. m|| * and m™ * stand for electron effective masses in the growth direction and perpendicular to
the growth direction, respectively.

GaN AIN A10.23Ga0,77N

E, (300 K) (eV) 3.42 6.28 4.08
m|| * 0.18 0.25 0.20
mt* 0.20 0.33 0.23

es3 (C/m?) 0.73 1.46 0.90
e31 (C/m?) —0.49 —0.60 —0.51
ag (A) 3.189 3.112 3.171

oo (A) 5.185 4.982 5.138

Figure 6 shows the output characteristics of the TGN-devices and DGN-devices. As
shown in Figure 6, for the same Wg;,, the TGN-devices demonstrated a higher drain current
density (at gate bias of 1 V) than the DGN-devices. Moreover, for both the TGN-devices
and DGN-devices, with the increase in Wy, the drain current density (at a gate bias of 1V)
increased, which could be attributed to the increase in the overdrive voltage. Although
the gate overdrive voltage (Vy—Vy,) of the DGN-devices was higher than that of the TGN-
devices for a Wy, of 150 nm, the saturation current of the TGN-devices was higher than
that of the DGN-devices because of the higher transconductance of the TGN-devices, which
was mainly attributed to the higher product of electron mobility and gate capacitance.
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Figure 6. The output characteristics of the (a) TGN-devices and (b) DGN-devices.

Figure 7 shows the first and second transconductance derivatives (gm’ , gm’ "y of the
TGN-devices and DGN-devices. As shown in Figure 7, for the tri-gate and dual-gate
structures, as Wy, increased, the peak value of the first and second transconductance
derivatives reduced, implying an improvement in the linearity [37]. For the same Wy,,,
compared with the TGN-devices, the DGN-devices demonstrated lower first and second
transconductance derivatives, indicating better linearity characteristics. It was implied that
the electrostatic control from the sidewall gates was responsible for the improvement in the
linearity characteristics. Moreover, the reason for the improved linearity characteristics of
DGN-devices might be that the sidewall gate electrostatic control was predominant for the
dual-gate structure.
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Figure 7. The first and second transconductance derivatives (¢m’, gm”) of the (a) TGN-devices and
(b) DGN-devices.

To evaluate the RF characteristics of the TGN-devices and DGN-devices, the S pa-
rameters of the devices were measured using an Agilent 8363B network analyzer within
the frequency range from 100 MHz to 40 GHz. The small signal characteristics of the
TGN-devices and DGN-devices (Wg, =200 nm) are presented in Figure 8a. fr and fmax
were extracted as the intercept of the —20 dB/decade slope for Hp; and maximum stable
gain, respectively. The f1/fmnax of the TGN-devices and DGN-devices were 36.9/87.1 and
18/40.6 GHz, respectively. It can be seen that the TGN-devices had an about 51% higher
fr and an about 53% higher f,ax than the DGN-devices, which was mainly attributed to
the higher extrinsic transconductance of the TGN-devices. Figure 8b shows the f1/fmax
dependency on the gate voltage for the TGN-devices and DGN-devices with a Wy, of
200 nm. It is demonstrated in Figure 8b that both the TGN-devices and DGN-devices
showed a flattened f1/fmax versus gate voltage curve, which was attributed to the flat-
tened transconductance curve profile for the TGN-devices and DGN-devices. Moreover,
compared with the DGN-devices, the TGN-devices realized the higher fr/fmnax but lower
gate swing of fr/fmnax because of the higher transconductance and the lower gate swing of
transconductance for the tri-gate structure.
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Figure 8. (a) Small-signal characteristics and (b) f1/fmax as a function of the gate voltage for the
TGN-devices and DGN-devices. The nanochannel width was 200 nm.
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The capacitance—voltage (C-V) characteristics of the TGN-devices and DGN-devices
with Wy, of 200 nm based on FATFET structure are shown in Figure 9. The electron sheet
density (1) is the integral of the C-V curve:

V.
nszl/g cdv (1)

e Vpinch

where e is the unit electron charge, C is the capacitance of the device, V, is the gate voltage
and Vy;cp, is the threshold voltage of the C-V curve (defined as the critical gate voltage in
the C-V curve with a capacitance value less than 10 nF/cm?). As shown in Figure 9, the gate
capacitance of the TGN-devices and DGN-devices increased when the gate voltage was
larger than the threshold voltage, implying that 75 nonlinearly increased with the linear
increase in the gate voltage.
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Figure 9. C-V curves and the electron sheet densities derived from the C-V curves for the TGN-
devices and DGN-devices (W, = Wiench = 200 nm). The test structures were FATFETs with a gate
width of 100 um and gate length of 20 um in order to minimize the parasitic component.

However, as shown in Figure 9, when the gate voltage was higher than the threshold
voltage, the slope of the C-V curve for the DGN-devices was less than that of the TGN-
devices, which indicated that the capacitance control of the tri-gate structure was not simply
a linear superposition of top planar gate and sidewall gates (otherwise the slope of the C-V
curve for both the TGN-devices and DGN-devices would be the same). Moreover, when
the gate voltage was higher than the threshold voltage, the gate capacitance of the DGN-
devices was lower than that of the TGN-devices, leading to the relatively slower increase
in 15, which was more similar to the MESFET-like electron channel and was attributed to
improving the linearity of the devices.

The electron concentration distributions of the TGN-devices and DGN-devices for
different gate overdrive voltages are shown in Figure 10. As shown in Figure 10, the
TGN-devices and DGN-devices demonstrated different gate control abilities. For the TGN-
devices, applying a negative voltage to the gate electrode led to the depletion of charge in
both the barrier and the channel. The top gate played a significant role in this depletion
process, while the sidewall gates assisted in controlling the channel near the sidewalls. As
the V, gradually became more positive, the depletion effect of the gate weakened, resulting
in an increasing electron concentration in the barrier and channel. It was implied that
the gate control from the top gate was dominant and the control of the electrons from
the sidewall gate was assisted. For the DGN-devices, the presence of a 120 nm SiN layer
between the top gate and the barrier limited the top gate’s control capability over the
channel but may improve the device reliability. Therefore, the control of the electrons from
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the sidewall gate became primary and its control effectiveness for the central region of the
barrier was weaker. As the gate overdrive voltage increased, a significant difference in the
electron concentration arose between the central region of the barrier and the region near
the sidewall gates. Furthermore, as shown in Figure 10, under the same gate overdrive
voltage, the depletion region shape for the TGN-devices and DGN-devices were different,
which was attributed to the different differential C-V curves of the tri-gate and dual-gate
structures. Moreover, when the gate overdrive voltage increased, as shown in Figure 10,
the n; of the TGN-devices was more than that of the DGN-devices.

Overdrive=0V Overdrive=1V Overdrive=2V Overdrive=3V

Tri-gate

Dual-gate
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m 102
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D _al B

™ 100

-

Figure 10. The electron concentration distribution along the gate width direction for the TGN-devices
and DGN-devices with different gate overdrive voltages.

4. Conclusions

In this study, AlGaN/GaN nanochannel HEMTs with tri-gate (TGN-devices) and dual-
gate (DGN-devices) structures were fabricated and investigated. It was found that both the
TGN-devices and DGN-devices demonstrated a flattened transconductance, but the Gy, peak,
fr and fihax values of the TGN-devices were more than those of the DGN-devices because
of the enhanced gate control ability from the top gate. For the same nanochannel width,
the DGN-devices demonstrated lower second transconductance derivatives, implying
better linearity characteristics compared with the TGN-devices. With the decrease in
the nanochannel width, for both the TGN-devices and DGN-devices, the peak value
of transconductance and the first and second transconductance derivatives increased,
implying the predominant influence of sidewall gate capacitance on the transconductance
and linearity. It was demonstrated that the gate capacitance of the tri-gate structure was
not simply a linear superposition of the top planar gate capacitance and sidewall gate
capacitance of the dual-gate structure, which could be attributed to the difference in the
depletion region shape for the tri-gate and dual-gate structures.
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Abstract: In this article, the particle irradiation effect of a lightly doped Gaussian source heterostruc-
ture junctionless tunnel field-effect transistor (DMG-GDS-HJLTFET) is discussed. In the irradiation
phenomenon, heavy ion produces a series of electron-hole pairs along the incident track, and then
the generated transient current can overturn the logical state of the device when the number of
electron-hole pairs is large enough. In the single-particle effect of DMG-GDS-HJLTFET, the carried
energy is usually represented by linear energy transfer value (LET). In simulation, the effects of
incident ion energy, incident angle, incident completion time, incident position and drain bias voltage
on the single-particle effect of DMG-GDS-HJLTFET are investigated. On this basis, we optimize the
auxiliary gate dielectric, tunneling gate length for reliability. Simulation results show HfO, with
a large dielectric constant should be selected as the auxiliary gate dielectric in the anti-irradiation
design. Larger tunneling gate leads to larger peak transient drain current and smaller tunneling gate
means larger pulse width; from the point of anti-irradiation, the tunneling gate length should be
selected at about 10 nm.

Keywords: band-to-band tunneling (BTBT); linear energy transfer value (LET); single-particle
irradiation effect; anti-irradiation optimization

1. Introduction

In nanoscale integrated circuits, leakage current increases exponentially with decreas-
ing device feature size and increasing the circuit integration degree. In recent years, among
the low-power devices, TFET has attracted a lot of attention due to its own advantages.
TFET has small leakage current and good subthreshold characteristics due to the working
mechanism of band-to-band tunneling, which is very suitable for low-power circuit appli-
cations. Therefore, it is of great significance to study the radiation reliability performance
of TFET devices.

The irradiation effect of TFET is less studied in the published literature. At present,
Lili Ding [1,2] of Pardova University in Italy has studied the silicon material TFET, and
the irradiation source has been chosen as a 10 keV X-ray. The result shows that the oxide
trap charge in the gate dielectric changes when the irradiation effect is affected, which
leads to the change in threshold voltage and tunneling voltage of the device. The study
also compares the Si-based TFET and FDSOI MOSFET, and the result shows that the
TFET device has better anti-irradiation characteristics than the FDSOI device. Avashesh
Dubey [3,4] conducts a simulation study on Total Ionizing Dose (TID) of SOI TFET, and
the results show that the threshold voltage drift and interface trap charge generated by
irradiation environment cannot be ignored, and they have a very important effect on the
electrical performance of the device. Therefore, the radiation study of TFET has important
guiding significance for the practical application of this kind of device [5-10].
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With the decreasing feature size of devices, the single-particle irradiation effect gradu-
ally becomes the main failure mode of devices in digital applications [11-16]. The reason for
this is that the power supply voltage and node-point capacitance decrease with the decreas-
ing feature size in integrated circuits, which leads to the reduction in the storage charge of
logic circuits. In other words, the node-point capacitance becomes smaller and smaller, so
the circuit is more likely to produce logic errors. At the same time, the decrease in feature
size will make the parasitic bipolar effect more serious, and the increase in node spacing
and integration will enhance the charge sharing effect after heavy ion impact [17-20].

Generally, the drain bias is set as a fixed value greater than 0 under the OFF-state
(Vgs = 0 V) when studying the single-particle transient effect; therefore, the drain terminal
voltage is usually larger than other voltages, and there is an inverse PN junction in a P-type
TFET at the drain terminal. The strong electric field near the anti-biased junction tends
to intensify the single-particle transient effect. When the charged particle is incident, it
generates transient current and collected charge at the electrode. If this phenomenon occurs
in a storage unit, the collected charge is easy to cause logical upset of the storage unit, that
is, single-event upset (SEU) is easy to occur when the collected charge is large enough.
Therefore, it is of great practical value to study the transient effects of single particles on
the TFET structure [20-24].

In this article, we study the single-particle irradiation effect of the DMG-GDS-HJLTFET
structure which has been published in reference [4]. As discussed in reference [4], DMG-
GDS-HJLTFET adopts a Gaussian doped source and an InAs/GaAs 1Sbg ¢ heterostructure,
yet an engineered control gate is designed to improve the ON-state current and sup-
press the OFF-state current simultaneously by dividing the control gate into two parts,
namely the tunnel gate (TG) and the auxiliary gate (AG) with work functions of ®y; and
Dy, where @yg; > §yp. Therefore, the conduction band and the valance band of the
proposed device at source/channel interface are very close to each other, resulting in a
smaller tunneling distance in DMG-GDS-HJLTFET. Moreover, TG with the work func-
tion of @y can lower the minimum value of the conduction band at the channel region,
which further promotes the tunneling probability in DMG-GDS-HJLTFET. Compared with
DMG-HJLTFET using the Ge/Si heterostructure in reference [4], the ON-state current of
DMG-GDS-HJLTFET is three orders of magnitude higher than that of DMG-HJLTFET,
increasing to up to 4.1 x 10~% A/pum. At the same time, the OFF-state current of DMG-
GDS-HJLTFET is only 9.92 x 107! A/um, and the subthreshold swing average value of
DMG-GDS-HJLTFET is as low as 12.7 mV /Dec. Therefore, DMG-GDS-HJLTFET can be
used in future low-power applications.

The cross-section tangent and structure diagram of DMG-GDS-HJLTFET are shown
in Figure 1. The proposed structure adopts dual material gate to improve the ON-state
and OFF-state current, and a Gaussian doped source is used to simulate the random
fluctuation phenomenon of actual impurity doping. The dual material gate can be realized
by the method of article [24], and the symmetrical structure can be fabricated by using
either molecular beam epitaxy (MBE) or the Metal-organic chemical vapor deposition
(MOCVD) method; the method of MBE is especially profoundly researched for building
III-V compound semiconductor devices. Based on these analyses, the process flow of the
proposed device is as follows: First, the body of the proposed structure can be formed by
MBE; Second, HfO, can be deposited at the top of the proposed structure. Then, redundant
HfO, can be etched and SiO, needs to be deposited. Afterwards, the gate of the proposed
structure can be fabricated. Third, the HfO,-5iO; junction and the divided gate can be
formed at the bottom of the proposed structure with the same method. At last, the contacts
are defined. Figure 2 shows the tentative fabrication flow for DMG-GDS-HJLTFET.
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Figure 1. Cross-section tangent and structure diagram of DMG—GDS—H]JLTFE.
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Figure 2. Tentative fabrication flow of DMG—GDS—H]JLTFET.

Physical dimensions and electrical properties of DMG-GDS-HJLTFET are discussed in
detail in reference [4]. Based on the conclusions in the published literature, we simulate the
single-particle irradiation effect of DMG-GDS-HJLTFET in this paper.

All the simulations are carried out using ATLAS Silvaco TCAD version 5.20.2.R. In
order to calculate the tunneling current, the nonlocal BTBT model (BBT.NONLOCAL) is
activated. A basic analytical formulation for band to band tunneling probability T(E) is
shown in Equation (1):

3
4/2m*Ey} :
TE) o | -8 5y s Ao, (1)
Blefli(Eg+A®) V €ox

where m* is the effective carrier mass, Eg is the bandgap, A® is the energy range over which
tunneling can take place, and tox, tsi, €ox, and eg; are the oxide and silicon film thickness
and dielectric constants, respectively. As can be seen from the above formulation, small m*
and small Eg are required in source region, and appropriate materials need to be selected
in the source/channel interface to ensure the appropriate Ad.

Shockley—-Read-Hall related to concentration (CONSRH) is used to account for the
minority carrier recombination effects and the presence of highly doped channel. In this
regard, the Fermi Statistics (FERMI) model and the band gap narrowing (BGN) model
are included. Quantum confinement model given by Hansch (HANSCHQM) is used to
consider the increased doping levels and thinner gate oxide in the channel. The Schenk
model for trap-assisted tunneling (SCHENK.TUNN) is used to include the important role
of trap-assisted tunneling.

Section 2 introduces single-particle irradiation effect of DMG-GDS-HJLTFET. Section 3
shows the anti-irradiation optimization for DMG-GDS-HJLTFET. Section 4 concludes
the paper.
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2. Single-Particle Irradiation Effect of DMG-GDS-HJLTFET

The main components of cosmic radiation are about 83% protons, about 13% alpha
particles, about 1% heavy ions, and about 3% galactic cosmic radiation electrons and
mesons. The energy of these particles needs to be converted when heavy ion incidence
occurs on devices of different sizes. In radiation studies, the ionizing particle is typically
described by the linear charge deposition (LCD) value; another common measure of the
loss of energy is the linear energy transfer (LET) value. The conversion factor from the LET
value to the LCD value is then approximately 0.01 for silicon. So, for instance, an LET value
of 25 MeV-cm?/myg is equivalent to 0.25 pC/um. In this paper, we use a different LET
value to represent different types of particles, and the LET value can be set for different
particles according to the device structure.

In the irradiation phenomenon, heavy ion incidence produces a series of electron-
hole pairs along the track, and the transient current generated with these electron-hole
pairs is heavily influenced by linear energy transfer value (LET). Next, we discuss the
influence of different LETs. It is worth emphasizing that the OFF-state single-particle effect
is more serious than that of the ON-state, so the simulation bias is the device OFF-state,
ie., Vgs =0V (gate-to-source voltage) and Vds = 0.5 V (drain-to-source voltage). The
default condition of single-particle effect simulation for different LETs is that the incident
completion time is equal to 2 ps, the incident angle is equal to 90° and the incident position
is the auxiliary gate of the device.

Figure 3a shows the transient drain current of DMG-GDS-HJLTFET with a different
LET value when Vgs =0 V and Vds = 0.5 V and the incident position is TG. The peak value
of the transient drain current increases with the increase in LET. The peak value of transient
drain current is 1.45 x 107> A/um when LET = 1 MeV-cm?/mg, and the peak value of
transient drain current reaches 7.39 x 107> A/pum when LET = 10 MeV-cm?/mg, which is
five times higher than that of 1 MeV-cm?/mg. At the same time, the pulse width of the
transient drain current increases with the LET value. If calculated at 90% of the peak value,
the pulse widths of LET = 1 MeV-cm?/mg and LET = 10 MeV-cm?/mg are 1.58 ps and
2.77 ps, respectively.
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Figure 3. (a) Transient drain current of DMG—-GDS—HJLTFET; (b) transient collected charge of
DMG—-GDS—H]JLTFET; (c) change of electric field along the cutline and (d) change in potential along
the cutline with different LET.
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Figure 3b shows the transient collected charge of DMG-GDS-HJLTFET with different
LET values where the collected charge is obtained by integrating the transient current
during the whole simulation time and the transient current occurs in the form of a pulse.
The pulse current drops to 0 at 2 x 10~!! s, so the value of integral is mostly contributed
by the current before the 1 x 10! s time, and the collected charge stays the same after
a specific time. The time for the collected charge to enter the saturation value decreases
with the increase in the LET value, and the corresponding time of LET = 10 MeV-cm? /mg
is only 2.78 ps. Moreover, the saturation value of the collected charge increases with the
increase in the LET value; the corresponding value of LET = 10 MeV-cm?/mg is 0.55 fC.

Figure 3c,d, respectively, show the change in electric field and potential along the
cutline. The electric field increases with the increase in the LET value in the range of
10-22 nm and decreases with the increase in the LET value in the range of 22-30 nm, which
is consistent with the current change in Figure 3a. The inset in Figure 3d reflects the change
in charge density with the LET value, which is exactly the same as the current change in
Figure 3a.

In the single-particle effect, the incident angle affects the generation of transient current
and the collected charge, and a study is conducted at the tunneling gate to examine this
effect, where 0° means the incidence parallel to the tunneling gate and 90° represents the
incidence perpendicular to the tunneling gate; the remaining angles increase from small to
large in the counterclockwise direction, as shown in the inset of Figure 4a. Figure 4a shows
the transient drain current of DMG-GDS-HJLTFET with different incident angles. It can
be observed from Figure 4a that the peak value of the transient drain current is the largest
in the case of parallel incidence. The reason for this is that parallel incidence affects not
only the tunneling gate but also the auxiliary gate in the simulation setting. The influence
of the tunneling gate and the auxiliary gate on the drain current is analyzed, respectively,
in reference [4]; thus, the situation in Figure 4a appears. Moreover, both the pulse width
and the peak value of transient drain current decrease when the incident angle increases
from 30° to 90°, because incident angle = 30° corresponds to the largest influence area in
this process. The pulse width and transient drain current peak affect the distribution of
the collected charge, as shown in Figure 4b, and the saturation value change in collected
charge in Figure 4b is consistent with transient drain current in Figure 4a.
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Figure 4. (a) Transient drain current of DMG—GDS—HJLTFET and (b) transient collected charge of
DMG-GDS—HJLTFET with different incident angles (0°, 30°, 45°, 60°, 90°).

Figure 5a,b, respectively, show the variation of transient drain current and collected
charge when the incident position changes from the polar gate to the drain region, where
the incident position change is depicted in the inset in Figure 5a. On the whole, the closer
the incident position is to the drain electrode, the larger the peak value of the corresponding
transient current is, which is in accordance with the characteristics of carrier generation
and recombination in this device. Unusually, the peak value of the transient drain current
is relatively large when the incident location is hetero-dielectric (between AG and TG). The
reason for this is that the AG and TG are simultaneously hit at this position, resulting in a
large transient value in the current.
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Figure 5. (a) Transient drain current of DMG—GDS—HJLTFET and (b) transient collected charge of
DMG—-GDS—H]JLTFET with different incident position.

The variation of transient current in Figure 5a determines the change of collected
charge in Figure 5b. It can be seen from Figure 5b that the saturation value of the collected
charge first increases and then decreases when the incident position is transferred from the
polar gate to the drain, and the maximum value of saturation occurs when the incident
position is TG.

Figure 6a indicates the transient drain current of DMG-GDS-HJLTFET with different
incident completion times where the incident position is TG. Here, the incident completion
time goes from 0 ps to 10 ps with the step size of 2 ps. It can be seen that the peak value
of the transient drain current increases before tp = 6 ps and obviously attenuates after
tp = 8 ps; then, it returns to the level before incidence when tp = 10 ps (tp = 0 ps represents
no single-particle irradiation). This change is reflected by a potential variation in Figure 6b.
The scope of 12 nm-30 nm is the region of tunneling and tunneling gate in this device, and
more non-equilibrium carriers can be generated under greater potential. In addition, long
incident completion time means the generated non-equilibrium carriers are more likely to
be recombined when they pass through the channel, contributing to the transient drain
current changes in Figure 6a.
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Figure 6. (a) Transient drain current of DMG—GDS—H]JLTFET and (b) corresponding curve of electric
potential change with different incident completion time.

Figure 7a shows the influence of drain voltage on transient current, where the LET
value is fixed at 10 MeV-cm?/mg and the incident position is selected as TG. The peak
value of transient drain current increases with the increase in Vds, which varies from
5.65 x 107> A/um to 1.23 x 10~% A/um when Vds increases from 0.2 V to 0.8 V; however,
the pulse width of the transient drain current decreases with the increase in Vds, which
decreases from 2.89 ps to 0.4 ps. The reason for this phenomenon is that high drain voltage
means high channel potential. More non-equilibrium carriers can be produced in the
channel when the drain voltage is higher. At the same time, the generated non-equilibrium
carriers are more likely to be collected by the drain voltage at higher values, which will
affect the amount of charge collected by the gate. Figure 7b shows the influence of Vds
on the collected charge. It can be seen that the non-equilibrium carrier generation process
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caused by the channel potential is dominant when Vds < 0.6 V, while the drain electrode
collection process is superior when Vds > 0.6 V.
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Figure 7. (a) Transient drain current of DMG—GDS—HJLTFET and (b) transient collected charge of
DMG—-GDS—HJLTFET with different drain voltage.

3. Anti-Irradiation Optimization for DMG-GDS-HJLTFET

In the previous part, the influence of incident angle, incident position, incident com-
pletion time and drain bias voltage on the single-particle irradiation effect of DMG-GDS-
HJLTFET is analyzed in detail. The results show that the impact of drain region incidence
and auxiliary gate incidence is the most obvious, while the doping concentration in the
drain region cannot be changed; therefore, we adjust the type of the auxiliary gate dielectric
and the length of the auxiliary gate for DMG-GDS-HJLTFET anti-irradiation optimization.

Figure 8a shows the transient drain current of DMG-GDS-HJLTFET with different
auxiliary gate dielectric. It is clear that the dielectric type under the auxiliary gate has
an obvious influence on the peak value and pulse width of the transient drain current.
The peak value decreases and the pulse width increases with the increase in the dielectric
constant. The details are shown in Table 1.
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Figure 8. (a) Transient drain current of DMG—GDS—HJLTFET and (b) transient collected charge of
DMG—-GDS—H]JLTFET with different auxiliary gate dielectric.

Table 1. Comparison of transient drain current and collected charge of DMG-GDS-HJLTFET with
different auxiliary gate dielectric.

Dielectric Type SiO, SizNy Al,O3 HfO,
Dielectric constant 39 7.5 9.3 22
Peak value (A/um) 7.39 x 1075 6.73 x 107° 6.48 x 107° 541 x 107°

Pulse duration (s) 259 x 10711 2.64 x 10711 2.67 x 1071 291 x 101
Collected charge (fC) 0.55 0.549 0.556 0.548

It can be observed from Table 1 that a larger auxiliary gate dielectric constant helps to
prevent the transient current generated by the single-particle irradiation effect. However, a
larger auxiliary gate dielectric constant means a wider pulse width, so it is necessary to
compare the saturation value of the collected charge. In Figure 8a, the peak value of the
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transient drain current decreases with the increase in the dielectric constant while the pulse
duration increases with the increase in the dielectric constant. Based on these two aspects,
the change in collected charge is shown in Figure 8b. In Figure 8b, there is a maximum
collected charge saturation value when the auxiliary gate dielectric is Al,O3. The reason
for this is that a larger peak current and a wider pulse width occurs when the dielectric
layer is chosen as Al,O3;. However, the pulse is wider when the auxiliary gate dielectric is
HfO,, which can effectively suppress the peak current, resulting in a smaller saturation
value of the collected charge. Therefore, in order to effectively prevent the single = -particle
irradiation effect, HfO, with a larger dielectric constant should be selected as the auxiliary
gate dielectric in the anti-irradiation design.

Figure 9a indicates the transient drain current generated by single-particle irradiation
in DMG-GDS-HJLTFET when the tunneling gate length increases with a step size of 2 nm
within the range of 3 nm to 17 nm (correspondingly, the auxiliary gate length changes
from 17 nm to 3 nm). It can be observed from Figure 9a that a longer tunneling gate can
produce a greater peak value of the transient drain current. The peak value of the transient
drain current is 3.52 x 107> A/pum when TG = 3 nm while the peak value of the transient
drain current reaches 1.11 x 10~* A/um when TG = 17 nm, which increases by more
than three times. However, the change in pulse width is just the opposite, and its value
gradually decreases with increasing the length of the tunneling gate. Calculated by 90% of
the pulse peak value, the pulse width is 2.82 ps when TG = 3 nm and the pulse width is
1.24 ps when TG = 17 nm.
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Figure 9. (a) Transient drain current of DMG—GDS—HJLTFET and (b) transient collected charge of
DMG—-GDS—HJLTFET with different auxiliary gate length.

Figure 9b shows the collected charge under different tunneling gate lengths. The
change in collected charge is related to both the peak value and the pulse width of the
transient drain current, that is, the collected charge is the integral of the transient current
with respect to time, and its magnitude is positively related to the area formed by the
transient drain current and the time axis. The current variation in Figure 9a determines the
collected charge distribution in Figure 9b. The saturation value of the collected charge is
the largest when TG = 5 nm, which is consistent with the current change in Figure 9a. In
the case of single-particle irradiation, a larger tunneling gate leads to a larger peak value
of the transient drain current while a smaller tunneling gate means a larger pulse width.
Therefore, the appropriate length of the tunneling gate is about 10 nm.

4. Conclusions

In this paper, the single-particle irradiation effect of DMG-GDS-HJLTFET is studied.
We discuss the performance under different LETs, different incident angles, different
incident completion times, different incident positions and different drain bias voltages
in detail. Results show that the peak value of the transient drain current of DMG-GDS-
HJLTFET is 7.39 x 107> A/um when LET = 10 MeV-cm?/ mg. If calculated at 90% of the
peak value, the pulse widths of LET = 1 MeV-cm?/mg and LET = 10 MeV-cm?/mg are
1.58 ps and 2.77 ps, respectively. The pulse width and the peak value of the transient drain
current decrease with the increase in the incident angle within 30°-90°, and a closer incident
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position to the drain electrode can generate a larger peak value of the corresponding
transient current. Moreover, the peak value of the transient drain current returns to the
level before incidence when tp = 10 ps, and the peak value of the transient drain current
increases with the increase in Vds. Based on the comparison of the single-particle irradiation
characteristics of DMG-GDS-HJLTFET, the anti-irradiation analysis and optimization are
carried out. Results show that HfO, with a larger dielectric constant should be selected as
the auxiliary gate dielectric in the anti-irradiation design in order to effectively prevent the
single-particle irradiation effect, and the appropriate length of the tunneling gate is about
10 nm.
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Abstract: Oxygen vacancies are a major factor that controls the electrical characteristics of the
amorphous indium-gallium-zinc oxide transistor (a-IGZO TFT). Oxygen vacancies are affected by
the composition ratio of the a-IGZO target and the injected oxygen flow rate. In this study, we
fabricated three types of a-IGZO TFTs with different oxygen flow rates and then investigated changes
in electrical characteristics. Atomic force microscopy (AFM) was performed to analyze the surface
morphology of the a-IGZO films according to the oxygen gas rate. Furthermore, X-ray photoelectron
spectroscopy (XPS) analysis was performed to confirm changes in oxygen vacancies of a-IGZO films.
The optimized a-IGZO TFT has enhanced electrical characteristics such as carrier mobility (u) of
12.3 cm?/ Vs, on/off ratio of 1.25 x 1019 A /A, subthreshold swing (S.S.) of 3.7 V/dec, and turn-on
voltage (Vio) of —3 V. As a result, the optimized a-IGZO TFT has improved electrical characteristics
with oxygen vacancies having the highest conductivity.

Keywords: a-IGZO; magnetron sputtering; thin-film transistors; oxygen vacancy; oxygen flow rate

1. Introduction

Since 2004, when Hideo Hosono presented an amorphous indium gallium zinc oxide
(a-IGZO) and its use in transparent and flexible thin-film TFTs (TFTs), a-IGZO-based TFTs
have drawn considerable attention [1-3]. In particular, a-IGZO-based TFTs are currently
used in the display industry as this device offers high carrier mobility and, accordingly,
sufficient driving current density to operate an organic light-emitting diode (OLED) can
be made available [4-6]. Furthermore, another merit of a-IGZO-based TFTs is large-area
deposition with high uniformity [7-9]. Due to these merits, many efforts have been made
to implement a new concept of electronic devices such as neuromorphic devices [10-12],
gas sensors [13-15], photodetectors [16-18], biosensors [19-21], and logic circuits [22-24].

One of the most frequently used deposition methods for a-IGZO is sputtering. This
deposition method provides a facile deposition of thin films, particularly oxides, by means
of sputtering from a “target” source to a “substrate” [25-27]. As oxygen vacancy concentra-
tion in a-IGZO significantly determines the electrical properties of TFTs, specific deposition
conditions, including gas flow rate dependency, should be considered [28], and thus, its
optimization should be accompanied.

In addition, annealing processes of metal oxide semiconductors (MOS) are improving
carrier mobility [29-31]. Oxygen vacancy generated in MOS crystallized through the
annealing process are important factors determining conductivity [32,33]. The oxygen
vacancy behaves as an electron donor through a fully occupied defect state. Therefore, the
conductivity of MOS increases due to the closer Fermi level and conduction band [34,35].
Compared to chemical doping methods and new designs of MOS-based devices, the
annealing process provides a simple method and immediate effect for controlling the
electrical characteristics of MOS. However, the high annealing temperature of over 600 °C
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and the additional pre-processing variables reduce the process compatibility of MOS-based
devices [36-38].

Here, we investigate the a-IGZO TFT process conditions by controlling the oxygen
flow rate without an additional annealing process. The effect of oxygen vacancies controlled
by the oxygen gas rate was investigated using atomic force microscopy (AFM) and X-ray
photoelectron spectroscopy (XPS) analysis. The a-IGZO TFT fabricated under optimized
process conditions exhibits excellent electrical characteristics due to increased conductivity
with oxygen vacancies. The carrier mobility and on/off ratio of the optimized a-IGZO TFT
are 12.3 cm?/V-s and 1.25 x 10'9 A/A, respectively. Also, the subthreshold swing (S.S.) of
3.7 V/dec and a Vi, of —3 V were achieved.

2. Materials and Methods

To fabricate the a-IGZO TFTs, a heavily boron-doped p-type Si/SiO, (300 nm) was
prepared. The SiO; layer was used as the gate dielectric, and a p-type Si layer was applied
as the back gate. The Si/SiO, wafer was cleaned with acetone and isopropyl alcohol and
then dried with nitrogen gas. a-IGZO (Iny;O3: Gap;Os: ZnO = 1:1:1) for the channel of TFTs
was deposited using the radio frequency (RF) magnetron sputtering method. Condition
1 (Cy) is the deposition method of a-IGZO using only the Ar gas. The gas mixing ratio
of O;:Ar injected during the deposition of a-IGZO is 1.7:100 (Condition 2, C;) and 17:100
(Condition 3, C3). The Ti (60 nm) source and drain electrode had deposited electron-beam
evaporation. The width (W) and length (L) of the channels are 100 pm and 1000 pum,
respectively. Figure 1a shows the channel and electrode patterning process of a-IGZO TFT
using a shadow mask. Figure 1b shows a top-view optical microscope (OM) image of the
a-IGZO TFT array. Also, Figure 1c shows the cross-sectional view image of a-IGZO TFT
with a scanning electron microscope (SEM), and the thickness of optimized a-IGZO is 8§ nm.

a a-IGZO sputtering Source/Drain electrode deposition

Patterning
process

C, Transistor

[ Transmission line method :
(TLM)

1000 pm
=

C; Transistor

Figure 1. (a) 3D schematic of channel and electrode patterning process of a-IGZO TFT using shadow
mask. (b) Optical microscope image of a-IGZO TFT array according to a-IGZO sputtering conditions.
(c) Scanning electron microscope image of a-IGZO TFT deposited under optimized process conditions.

The electrical characteristics of a-IGZO TFT were analyzed using a Keithley 4200
(Tektronix, Beaverton, OR, USA) semiconductor parameter analyzer in the air. The elec-
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trical characteristics of a-IGZO TFT were investigated according to oxygen gas injection
conditions. Atomic force microscopy (AFM) images were measured by XE7 (Park Sys-
tems, Suwon, Republic of Korea). X-ray photoelectron spectroscopy (XPS) was measured
using AXIS-SUPRA (Kratos, Manchester, UK) at the Korea Basic Science Institute (KBSI).
The field-effect mobility and the subthreshold swing (S.S.) of TFTs were calculated using
the equation:
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where L and W represent the length and width of the channel, and C is the capacitance of
the gate insulator. The Vg is the applied gate-source voltage, and Ip is the drain current.
Also, the interface trap density (D;) of the TFT was derived using the following

equation [39]:
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where g and T represent the elementary electron charge and absolute temperature, respec-
tively. The Kp is the Boltzmann constant, and e is the dielectric constant.

3. Results

Various variables, such as the atomic composition ratio of the a-IGZO target, O,/ Ar
mixed gas ratio, and thin film thickness, affect the electrical characteristics of a-IGZO TFTs.
In particular, oxygen vacancies are essential due to controlling the electrical characteristics
of a-IGZO TFTs. Moreover, oxygen vacancies on the surface of a-IGZO are affected by
oxygen gas flow rates. For this reason, we fabricated three types of TFTs with different
oxygen gas flow rates to investigate changes in electrical characteristics. Figure 2a shows
the transfer curve of the C; TFT fabricated under the optimized process conditions. The
channel of the C; TFT was deposited without oxygen gas injection. The gate—source
voltage of the measured transfer curve was —30 V to 60 V, and a drain voltage of 10 V was
applied. The on-current and off-current of the C; TFT were measured to 6 x 10~* A and
48 x 1074 A, respectively, and the calculated on/off ratio was measured to as high as
1.25 x 10'° A/A. Figure 2b shows the output curve of the C; TFT presenting conventional
n-type operation. To measure the output curve, a range of the gate—source voltage is 0 V to
60 V and a drain voltage of 0 V to 50 V were applied, respectively. The contact resistance
of a-IGZO TFT was evaluated using the transmission line method (TLM) method. As
shown in Figure 2c, the extracted contact resistance is 0.4 (2-cm using the TLM method. The
contact resistance is related to charge injection, which affects electrical characteristics such
as mobility and on/off ratio [40—42]. Therefore, the reduced contact resistance promotes
charge injection to the channel, and the C; TFT had improved mobility and on/off ratio
performance. Figure 2d shows the transfer curves with three types of a-IGZO TFTs in
different oxygen gas flow rates. The O,/Ar mixed gas ratios of the C, and C3 TFTs are
1.7:100 and 17:100, respectively. The on-current of the a-IGZO TFT decreases as the oxygen
flow rate increases. The electrical characteristics of the optimized a-IGZO TFT depend on
the composition ratio of the a-IGZO target. The low conductivity of a-IGZO TFT fabricated
with no oxygen component a-IGZO target is overcome by injecting the oxygen gas [43].
On the other hand, the a-IGZO TFT deposited by injecting additional oxygen gas into
the a-IGZO target with an oxygen component has reduced oxygen vacancies, resulting in
low conductivity. The on-currents at Vgg = 60 V of the C; and C, TFTs were measured
to4.7 x 107® A 'and 6 x 10~* A, respectively. The C, TFT has 127 times less on-current
compared to the C; TFT. Therefore, the on/off ratio of the C, TFT was 1.24 X 100 A/A,
which was decreased compared to that of the C; TFT. The C3 TFT had reduced oxygen
vacancy compared to C; and C; TFTs by injecting the highest amount of oxygen gas during
a-1GZO sputtering. The low conductivity of the C3 TFT is attributed to the reduced carrier
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density due to excessive oxygen vacancy. Therefore, the C3 TFT has an average current of
67 pA in the gate—source voltage and ranges from —30 V to 60 V and could not be converted
to on-state by the positive gate—source bias voltage.
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Figure 2. (a) Transfer curve of optimized C; TFT. (b) Output curve of optimized C; TFT. (c) Contact
resistance of optimized C; TFT. (d) Device electrical characteristics according to oxygen flow variation.

The electrical parameters with the three types of a-IGZO TFTs were compared (Figure 3a—d).
The electrical parameters include carrier mobility (i), turn-on voltage (Vio), subthreshold
swing (5.5.), and on/off ratio. The electrical parameters of the C3 TFT were uncalculated
due to insufficient switching behavior due to the low conductivity of a-IGZO. The carrier
mobility of the C; TFT and C, TFT is 12.3 cm?/V-s and 0.58 cm? / Vs, respectively. The
carrier mobility of the C; TFT is 21 times higher than that of the C; TFT. Also, the Vi, is
—3Vand -5V, respectively, and S.S. is 3.7 V/dec and 4.9 V/dec, respectively. As a result,
the optimized C; TFT achieved a high on/off ratio and carrier mobility. In addition, the
electrical characteristics of C; transistors with Vi, close to zero gate—source voltage and
low S.S. potentially enable low voltage operation and low power consumption. The high
electron mobility and reduced S.S. of C; TFT compared to C, TFT are achieved due to the
reduced oxygen vacancy and interface trap density (Dj) in a-IGZO. The extracted Dj; of
the C; TFT and C, TFT was 4.4 x 102 cm ™2 eV~! and 5.8 x 102 cm~2 eV !, respectively.
Appropriate oxygen vacancy and interface trap density minimize the trapping of charge
carriers in Cy TFT, thereby increasing charge carrier mobility. Also, they decrease the S.5.,
inducing clear switching behavior of a-IGZO TFT [44-46]. Therefore, optimizing oxygen
vacancy and interface trap density is crucial for improving the performance of a-IGZO
TFTs, leading to enhanced charge carrier mobility and reduced S.S.
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Figure 3. Parameters in three types of a-IGZO TFTs. (a) Carrier mobility (). (b) Turn-on voltage
(Vio). (c) Subthreshold swing (S.S). (d) On/ off ratio.

Next, we performed an atomic force microscope (AFM) analysis to investigate the mor-
phological characteristics of a-IGZO films fabricated by oxygen flow rate. Figure 4a—c shows
the AFM image (5 uM x 5 uM) and height information of a-IGZO films using fabrication
methods with Cq, Cp, and Cs, respectively. The height information of the a-IGZO surface
did not become rough when oxygen gas flow was increased [47,48]. The morphological
characteristics changes on the surface of a-IGZO are related to the concentration of oxygen
vacancy. The defect, such as oxygen vacancy, induces rough surface morphology of a-IGZO
films. As a result, a high concentration of oxygen vacancy causes the surface of a-IGZO
morphology to be rough, while a low concentration of oxygen vacancy induces a smoother
surface morphology [31,49]. In addition, the average roughness (R,) and root mean square
roughness (Rq) were calculated from the height information of a-IGZO using the AFM
measurement (Figure 4d). The R, value of C;, Cy, and C3 was 0.134, 0.111, and 0.089 nm,
respectively. In addition, the values of Rq are 0.151, 0.134, and 0.126 nm, increasing with
the oxygen flow rate.
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Figure 4. Atomic force microscopy (AFM) image and height information for morphology analysis
(a) C; TFT. (b) C; TFT. (c) C3 TFT. (d) Average roughness (R,) and root mean square roughness (Rq)
of three IGZO films with different oxygen flow rates.

To investigate the chemical composition difference between the three types of a-IGZO
films, X-ray photoelectron spectroscopy (XPS) analysis was performed. Figure 5a-c shows
the O 1s spectra of the a-IGZO films according to the oxygen gas flow during deposition.
The O 1s spectra of the a-IGZO are separated into sub-peaks associated with O,- ions, such
as metal-oxide (M-O) bonds, metal-hydroxyl (M-OH) bonds, and oxygen vacancies. The
sub-peaks of O 1s indicate binding at 530 eV, 532 eV, and 531 eV, respectively. The M-O
bonds (530 eV) are formed by bonding O,- ions with elements of a-IGZO metals such as
indium, gallium, and zinc. Also, the M-OH bonds (532 eV) were referred between the
metals of a-IGZO and the hydroxyl group. In addition, the oxygen vacancies (531 eV) are
defects of the a-IGZO channels, which were generated by oxygen atoms and are related to
the carrier concentration of a-IGZO. The oxygen gas injected during sputtering reduced
the oxygen vacancies of the deposited a-IGZO film. The relative areas of oxygen vacancies
in Cq, Cy, and C3 were 30.6%, 29.6%, and 27.4%, respectively, which oxygen vacancies
are reduced when injected oxygen gas was increased. The oxygen vacancy is known to
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have a significant effect on the change of electrical characteristics in a-IGZO thin firm
TFTs [50]. Adequate oxygen vacancies increase the conductivity of a-IGZO by generating
free electrons [51]. In addition, the M-OH bond of a-IGZO was decreased as the oxygen
flow rate increased [52]. The relative area of M-OH bond in C;, C,, and C3 were 9.5%, 9%,
and 4.95%, respectively. The M-OH bond acts as a deep-level trap that prevents charge
transport in the a-IGZO, inducing the operation of the unstable TFT [53]. As a result, the
optimized C; TFT has improved electrical characteristics due to adequate oxygen vacancies
and reduced M-OH bonding.
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Figure 5. The O 1s peak of XPS spectra in a-IGZO films (a) a-IGZO films deposited in C;. (b) a-IGZO
films deposited in Cy. (c) a-IGZO films deposited in C3. Optical bandgap of a-IGZO films using Tauc
plot method (d) a-IGZO films deposited in C;. (e) a-IGZO films deposited in C,. (f) a-IGZO films
deposited in C3.

Moreover, the changes in the optical bandgap of a-IGZO with oxygen gas flow were
investigated. Figure 5d—f shows the optical bandgap of a-IGZO calculated by the Tauc
plot method using UV-visible absorption data. The a-IGZO in the C; condition without
oxygen injection showed the smallest optical bandgap of 3.63 eV. On the other hand, the
optical bandgaps of C, and Cj increased by oxygen injection are 3.81 eV and 4.34 eV,
respectively. As a result, the optical bandgap of a-IGZO was increased as the injected
oxygen gas was increased.

4. Conclusions

In summary, the electrical characteristics of oxygen flow rate injection were investi-
gated. As a result, when oxygen flow rate injection was not performed, the best electrical
characteristics such as mobility, Vi, and on/off ratio were shown. The decreased oxygen
vacancy in a-IGZO caused by an increased oxygen gas flow rate results in a decreased
conductivity. The C; TFT without oxygen gas injected has enhanced charge carrier mobil-
ity due to high oxygen vacancy. In addition, AFM and XPS analyses were performed to
confirm the mechanism of the change in electrical properties due to oxygen flow injection.
In the AFM analysis, the improvement of electrical properties was confirmed through
wide contact with the electrode material because the C; device had the greatest roughness.
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Finally, through XPS analysis, it was confirmed that the electrical characteristics of the C;
device with the highest oxygen vacancy were the best. Through this result, we believe
that the development of oxide semiconductor research and process condition research will
be inexhaustible.
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Abstract: Micro-LED display technology has been considered a promising candidate for near-eye
display applications owing to its superior performance, such as having high brightness, high resolu-
tion, and high contrast. However, the realization of polarized and high-efficiency light extraction
from Micro-LED arrays is still a significant problem to be addressed. Recently, by exploiting the
capability of metasurfaces in wavefront modulation, researchers have achieved many excellent results
by integrating metasurface structures with Micro-LEDs, including improving the light extraction
efficiency, controlling the emission angle to achieve directional emission, and obtaining polarized
Micro-LEDs. In this paper, recent progressions on Micro-LEDs integrated with metasurface structures
are reviewed in the above three aspects, and the similar applications of metasurface structures in
organic LEDs, quantum dot LEDs, and perovskite LEDs are also summarized.

Keywords: Micro-LED; metasurface; light extraction efficiency; angular deflection; polarization

1. Introduction

Micro-LEDs have attracted much attention owing to their advantages of high luminous
intensity, high resolution, high contrast, fast response speed, long lifespan, and low power
consumption. Due to these excellent performance traits, Micro-LEDs are regarded as the
mainstream of next-generation display technology for a wide range of applications, from
wearable devices such as wristbands and watches to commercial billboards, public displays,
and virtual reality (VR) or augmented reality (AR) devices [1-5]. However, challenges
have also arisen with the development of Micro-LED display technology, such as mass
transfer, full-color display, and size-dependent efficiency [6,7]. The luminous efficiency of
Micro-LEDs decreases rapidly as the size decreases, so it is necessary to improve the light
extraction efficiency (LEE) to improve the external quantum efficiency (EQE) [8]. Nowadays,
there are many methods to improve LEE. This paper mainly reviews the approaches to
integrating metasurface structures on Micro-LEDs.

The metasurface is an artificial nanostructure that is designed to control the amplitude,
polarization, and phase of incident waves at the subwavelength scale [9-12]. Metasurface
structures can realize the above functions with the premise that the incident light must be
coherent [13]. However, a typical Micro-LED exhibits Lambertian-shaped emission [14].
Light emitted in any direction has very low spatial coherence, so it is a key issue to
realize control of the Micro-LED wavefront with metasurface. Therefore, the researchers
introduced reflective mirrors at the bottom and top of the Micro-LED to form a Fabry—Perot
(F-P) cavity structure [13], so that the emitted light is concentrated in a narrow angular
range after resonance selection through the cavity, which can enhance the spatial coherence
of the emitted light, and the collimation of the emitted light also improves the LEE. In this
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case, the integration with the metasurface structures can realize the deflection of the beam
angle, and the light can be emitted to the preset position to fully utilize the emitted light.

In addition, Micro-LEDs that emit polarized light play a key role in near-eye displays,
but obtaining polarized emission from LEDs requires complex design and manufactur-
ing [15]. Moreover, obtaining polarized light emission is difficult due to the weak anisotropy
of Micro-LEDs, so wave plates are needed to improve the anisotropy of Micro-LEDs. How-
ever, traditional wave plates are not conducive to Micro-LED integration due to their large
size. The appearance of the metasurface structures solves these problems because of their
small size and simple implementation process [16]. Moreover, the combination of metasur-
face structures and optical gratings can realize linear and circular polarization. This paper
reviews the research progress of Micro-LEDs integrated with metasurface structures in
improving the LEE, collimation, controlling angle deflection, and controlling polarization.
The latest research results in the four directions mentioned above are demonstrated in
Figure 1.
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Figure 1. A list of four research directions for LEDs integrated with metasurface. (a) Disordered
Ag nanoparticle metasurface to improve the LEE of LEDs. Reproduced with permission from [17],
[Light: Science & Applications]; published by Nature Publishing Group, 2021. (b) Distributed Bragg
reflector (DBR) resonator to improve the emitted light collimation of Micro-LEDs. Reproduced with
permission from [18], [Applied Physics Letters]; published by AIP Publishing, 2022. (c) Metasurface
structures to achieve directed light emission of Micro-LEDs. Adapted with permission from [19] ©
The Optical Society. (d) Metasurface and grating to improve the extinction ratio (ER) of polarized
Micro-LEDs. Adapted with permission from [15] © The Optical Society.

2. Improvement in Light Extraction Efficiency

As one of the important performance indicators of Micro-LEDs, EQE refers to the
ratio of the final emitted photon number to the injected carrier number, which can be
obtained by the product of the LEE and internal quantum efficiency (IQE). Therefore, EQE
can be improved by improving the LEE. Currently, methods to improve the LEE of Micro-
LEDs include flip chip technology, transparent substrate technology, patterned substrate
technology, surface microstructure technology, and bottom reflector technology [20-22].
This paper mainly introduces metasurface structures to improve the LEE and summarizes
them in this chapter (listed in Table 1).
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Table 1. Summary of research on metasurface structure to improve the LEE of LEDs.

Optimized

Simulation or

Research Objective LED Type Wavelength Structure Model Experiment Ref.
Improve LEE LED 440~470 nm Disordered Ag Simulation and [17]
nanoparticles experiment
Nanobricks in the
Improve LEE PeLED 780 nm electron transport Simulation [23]
layer
Speckle image . .
Improve LEE OLED 440~570 nm holography Simulation and [24]
experiment
metasurfaces
Improve LEE OLED 470~630 nm Reflected Simulation and [25,26]
supergrating experiment
Improve LEE OLED 450~650 nm Bottom nanoslot Slmulat}on and [27]
metasurface experiment
Metalens
Improve LEE Micro-OLED 640 nm embedding the Simulation [28]
glass substrate
Study the influence of
wavelength and material OLED 440~670 nm SIH metasurfaces Simulation and [29]

on the SIH metasurface
to improve LEE

experiment

2.1. Improvement in the LEE by Metasurface Structures

Since the refractive index of the surface material of Micro-LEDs is much larger than
that of air, the full reflection angle of the light emitted by Micro-LEDs into the air is very
small, causing total reflection phenomena to very easily appear, which is also one of the
reasons for the low LEE [30]. The integrated metasurface structures on the top surface of
Micro-LEDs can not only effectively expand the light emitting area of Micro-LEDs, but
also change the incident angle of light on the inner surface of the semiconductor, thus
destroying the total reflection condition of part of the light so as to significantly improve
the LEE.

Mao et al. proposed disordered metasurface LEDs by studying the distribution and
size of the cuticle fringes in fireflies [17]. The metasurface structure changed from an
orderly arrangement of square gratings to a curved top surface, then to a disordered
arrangement, and was finally designed as Ag nanoparticles with a curved top surface and
disordered arrangement (see Figure 2a). LEDs with Ag-free nanoparticles were compared
with those with Ag nanoparticles. Figure 2b,c show the photoluminescence (PL) and
electroluminescence (EL) spectra with and without Ag nanoparticles, respectively. The
results showed that Ag nanoparticles enhanced PL and EL by 170% and 140%, respectively.
The wavelength of the experiment in this paper can also be obtained from Figure 2b,c by
taking the full width at half-maximum (FWHM); the wavelength is found to be 440~470 nm,
and it is listed in Table 1. The wavelengths of all tables in this review are derived from
this. When the working wavelength is 452 nm, the output power of the LED with Ag
nanoparticles is increased by 2.7 times, and the absolute EQE is increased from 31% to 51%
(see Figure 2d,e). In addition, the top metasurface structure can be made in one step by
the gas cluster technology, which reduces the complexity of the process and has a good
application prospect.
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Figure 2. (a) Design process of disordered metasurface. (b) PL and (c) EL spectra of LEDs with
and without Ag nanoparticles. (d) The output power and voltage of LEDs with and without Ag
nanoparticles are a function of current. (e) IQE and EQE of LEDs with and without Ag nanoparticles.
Reproduced with permission from [17], [Light: Science & Applications]; published by Nature Publishing
Group, 2021.

In perovskite LEDs (PeLEDs), nanobricks were embedded in electron transport layers
to enhance the LEE [23]. This paper presented that the nanopatterned PeLEDs not only
improved the LEE, but also showed significant directional emission. The fundamental
reason is that due to the diffraction effect of the nanopattern of the medium, more photons
fall into the escape cone, resulting in a directional emission pattern. The far-field intensity
of PeLEDs with Ag nanopatterns was significantly increased by eight times compared
with planar PeLEDs. The optical power loss ratios of planar and nanopatterned PeLEDs
at 780 nm wavelength were investigated. The ratios presented that the waveguide mode
caused by the large refractive index difference between the active layer and ITO layer is an
important factor limiting the LEE.

2.2. Improvement in the LEE by Metasurface Structure in Organic LEDs (OLEDs) or
Micro-OLEDs

Metasurfaces are also widely used in OLEDs or Micro-OLEDs to improve the LEE. In
2016, Zhou et al. proposed integrating a speckle image holography (SIH) metasurface at
the top to obtain OLEDs with high contrast and high efficiency [24], as shown in Figure 3a.
The SIH metasurface, due to its “regional characteristics”, shown in Figure 3b, has a
wide viewing angle and high contrast directional gain that allows control of the non-
interference wavefront generated by the emission layer. Compared with OLEDs with
one-dimensional gratings integrated at the top, the efficiency improvement in the SIH
metasurface is not affected by wavelength, while the enhanced LEE of the one-dimensional
gratings is dependent on wavelength and angle due to resonance (see Figure 3c). The
power and EQE improvement in the SIH metasurface are 1.5 times and 1.4 times of one-
dimensional gratings, respectively. Next year, by experimenting with three different OLEDs,
fluorescent green OLEDs, phosphorescent red OLEDs, and phosphorescent blue OLEDs,
the team compared the results of SIH metasurface OLEDs with one-dimensional gratings
and flat OLEDs, and found the same experimental results. These results demonstrated
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that the SIH metasurface improved the LEE and light control independent of material,
wavelength, and radiation angle [29].
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Figure 3. (a) Schematic diagram of SIH OLED device structure. (b) AFM images of (i) flat surface,
(ii) one-dimensional grating patterned surface, and (iii) SIH patterned surface. (iv-vi) The corre-
sponding fast Fourier transform patterns of the AFM images in (i-iii), respectively. (c) Relative EL
spectrum perpendicular to the direction of the glass substrate. Reproduced with permission from [24],
[ACS Appl. Mater. Interfaces]; published by American Chemical Society, 2016.

In OLEDs, in addition to the SIH metasurface, supergrating structure is also a common
method to improve the LEE of OLEDs [25,26]. Compared with OLEDs without supergrat-
ings, the light output intensity of supergrating OLEDs is 4.8 times higher at 510 nm. The
OLED structure with supergratings is shown in Figure 4a. The reflected supergratings
effectively couple the beam captured in the waveguide mode to enhance the LEE. The team
compared the effects of periodic and quasi-periodic supergratings on the luminescence
intensity of OLEDs and found that although periodic supergratings are enhanced more,
the polarization dependence is very strong. Therefore, periodic supergratings need to
be replaced by quasi-periodic supergratings in some specific applications. Kang et al.
reported a nanoslot metasurface enhances the LEE of OLEDs [27]. As shown in Figure 4b,
the structural parameters of nanoslots include width W and length L1 and L2. The layer
cross-section of nanoslot metasurface OLEDs and flat OLEDs are shown in Figure 4c. The
addition of nanoslot metasurface can induce surface plasmon (SP) and localized SP mecha-
nisms to enhance the external coupling efficiency and reduce the ambient light reflectance
of OLEDs. The change in metasurface layer thickness has an influence on both external
coupling efficiency and environmental reflectance; thus, the properties of both should be
considered to strike a balance when changing the thickness. The structural parameters of
nanoslots have little effect on the external coupling efficiency, but have a great effect on
the reflectance. Therefore, a small reflectance can be obtained by adjusting the structural
parameters of nanoslots. The performance of the optimized nanoslot metasurface OLEDs
is 15% higher than that of the traditional flat OLEDs.

In Micro-OLEDs, Lin et al. proposed using metalens to enhance the LEE, as shown in
Figure 5a [28]. Through simulations, it was found that metalens can convert different wave
vectors into directly emitted wave vectors in a single interaction with light, thereby improv-
ing the LEE of Micro-OLEDs. It is worth noting that metalens does not require multiple
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interactions with photons, i.e., multiple reflections are not needed. Therefore, metalens
exhibits strong optical coupling effects. As shown in Figure 5b,c, when the focal length is
between 1.6 and 2.2, Micro-OLEDs with metalens exhibit a significant improvement in EQE
compared to traditional Micro-OLEDs. These technologies are expected to boost AR/VR.
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Figure 4. (a): (i) Schematic diagram of grating layer structure h height from the bottom mirror.
(ii) Layer and (iii) 3D structure diagram of OLEDs integrated with metagrating. Reproduced with
permission from [26], [Applied Physics Letters]; published by AIP Publishing, 2021. (b) 2D layer
cross-section of nanoslot metasurface patterned and planar bottom emitting OLEDs. (c) 3D structure
diagram of the bottom emitting OLEDs integrated nanoslot metasurface. The illustration shows one
of the units of the nanoslot metasurface OLEDs. Reproduced with permission from [27], [Scientific
Reports]; published by Nature Publishing Group, 2021.
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Figure 5. (a) A schematic diagram of the structure of Micro-OLEDs with metalens. (b) EQE
with/without metalens at focal lengths (b) of 1 to 6 pm and (c) of 1.6 to 2.2 um. Reproduced
with permission from [28], [Advanced Photonics Research]; published by Wiley-VCH GmbH, 2021.
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3. Improvement in the Emitted Light Collimation

In micro-displays composed of pixel arrays formed by Micro-LEDs, the close proximity
of pixels and the Lambertian-shaped emission of Micro-LEDs result in optical crosstalk
between adjacent pixels, affecting display clarity. Improving the collimation of Micro-LED
light emission is beneficial for reducing optical crosstalk between adjacent pixels and
improving display performance. Furthermore, metasurface structures can only modulate
light with strong spatial coherence, so it is necessary to improve the collimation of Micro-
LED:s in order to be controlled by metasurfaces and generate more functionalities. Currently,
methods to improve the collimation of Micro-LEDs include resonant cavities (RC) [31],
plasma collimation [32,33], lens collimation [34,35], and light-blocking patterns between
pixels [36]. However, methods like using light-blocking patterns between pixels achieve
overall collimation of Micro-LEDs rather than collimation of the Micro-LEDs’ intrinsic
emission. Therefore, such methods cannot achieve metasurface control over Micro-LEDs.
Currently, the most mainstream method to achieve metasurface control over the phase
of Micro-LED emission is through RC. The recent research progress in improving the
collimation of LEDs is summarized in Table 2.

Additionally, the thickness of OLEDs and PeLEDs is only a few hundred nanometers,
while Micro-LEDs are a few micrometers. Therefore, the interference effect of the F-P
cavity is more obvious in OLEDs and PeLEDs. Moreover, due to the difference in device
structure, the emission position of Micro-LEDs is within the multi-quantum wells (MQWs),
resulting in different heights of the light sources, which makes the microcavity effect more
complex. For some Mcro-LEDs with strong cavity effects, this is mainly because they
apply thin-film Micro-LEDs. It should be noted that the design of the top and bottom
mirrors of the RC is related to the absorption of the Micro-LED itself [37]. Considering
the absorption losses of the Micro-LEDs, high reflectivity mirrors, such as metal mirrors
or a large stack DBR, should be used on the non-emitting surface to prevent light leakage.
On the emitting surface, mirrors with moderate reflectivity should be used to prevent the
excessive back-and-forth reflection of light and minimize absorption losses.

Bottom reflector technology can reflect the Micro-LED active layer emitted light and
the top fully reflected light back to the top, increasing the efficiency of the emitted light. Bai
et al. proposed the integration of lattice-matched DBR at the bottom of the multi-quantum
wells (MQWs), shown in Figure 6a [38]. The bottom DBR consists of 11 pairs of lattice-
matched nanoporous (NP) GaN/undoped GaN. NP-GaN was obtained by electrochemical
(EC) etching of the n**-GaN layer. The addition of the bottom mirror prevents light from
leaking out on the bottom substrate, allowing more light to be reflected and emitted from
the top to improve the LEE. Figure 6b presents a planar scanning electron microscopy
(SEM) image of a Micro-LED wafer with a diameter of 3.6 um and a spacing of 2 um.
The team developed a method to manufacture Micro-LEDs using selective overgrowth,
which avoided the side wall damage caused by dry etching. A 9% ultra-high EQE was
eventually obtained when the working wavelength was 500 nm, and the spectral width of
the luminescence was reduced to 25 nm.

Regarding adding the bottom reflector LEDs, adding the top reflector can form the F-P
cavity. The cavity makes the LED that is emitting light carry out constructive interference
and destructive interference in the cavity, which makes the emitted light more collimated
after the resonance selection. Huang et al. introduced the F-P cavity into GaN-based Micro-
LEDs to improve collimation [18]. The RC Micro-LED structure is shown in Figure 6c. Both
the bottom mirror and the top mirror of the F-P cavity are composed of SiO, /TiO; DBR,
but the logarithm is different. In this paper, the reflectivity changes in DBR with different
logarithms at 450 nm were studied. Figure 6d shows that the more logarithms there are, the
higher the reflectivity. The effect of bottom and top DBR reflectivity on the enhancement
factor of light extraction was also studied. This provides an idea for how to set up a suitable
cavity structure in Micro-LEDs. As shown in Figure 6e, when the working wavelength is
450 nm, the logarithm of DBR at the bottom is at least 10 pairs to make the reflectivity close
to 100%, and the logarithm of DBR at the top is 3 pairs to make the reflectivity 65%. The F-P
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cavity constructed in this way can ensure light extraction when the wavelength satisfying
the microcavity effect is resonated multiple times, and multiple resonant selections also
make the FWHM of the emission spectrum narrow. GaN-based RC Micro-LEDs with a
divergence angle of 78.7° and spectral width of 6.8 nm were made. More emitted light
along the normal direction also gives the device great potential in AR applications, such as
AR glasses and AR Head Up Display. Because of the resonance selection of the resonator,
the output spectrum is narrowed, and the emission is directed.
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Figure 6. (a) Schematic diagram of the incorporation of Micro-LEDs and DBR. (b) Planar SEM
image of a Micro-LED wafer. Reproduced with permission from [38], [ACS Nano]; published by
American Chemical Society, 2020. (c) Schematic diagram of RC Micro-LED structure. (d) The effective
reflectivity for different pairs of SiO, /TiO, DBRs. (e) Relationship between top and bottom DBR
reflectivity and light extraction enhancement factor. Reproduced with permission from [18], [Applied
Physics Letters]; published by AIP Publishing, 2022.

In addition to applications in Micro-LEDs, the resonator can also enhance the LEE
in OLEDs, PeLEDs, and quantum dot (QD) LEDs. In 2020, Joo et al. implemented an
OLED display technology of over 10,000 pixels per inch by introducing an F-P cavity. The
F-P cavity consists of a metasurface Ag mirror as a bottom mirror and an Ag electrode
as a top mirror [39], shown in Figure 7a. The introduction of an F-P cavity reduces the
divergence angle of OLEDs. The results in Figure 7b,c show that the luminous intensity
and IQE of OLEDs with a metasurface F-P cavity are significantly higher than that of
white OLEDs with a color filter. The three colors blue, green, and red represent blue light,
green light, and red light, respectively. In addition to the color filter itself will reduce the
OLED luminous intensity, the F-P cavity will carry out constructive interference on the
light wave meeting the resonance condition of the microcavity to increase the intensity of
the emitted light. In addition, by changing the diameter and density of nanocolumns in the
bottom Ag mirror, different wavelengths of light can be enhanced by resonance to achieve
color changes. In this way, OLED displays with smaller pixels can be achieved. Recently,
Liang et al. introduced resonators into PeLEDs and developed a resonance enhancer
cycling method [40], enabling the color of the emitted light to reach unprecedented purity
after resonance selection, which provides a wide color gamut for the development of
next-generation displays.
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Table 2. Summary of research on improving the emitted light collimation of LEDs.

L Optimized Simulation or
Research Objective LED Type Wavelength Structure Model Experiment Ref.
Improve LEE and Gf]i)lt/tﬁi?dlc\j;e d
enhance spectral Micro-LED 450~660 nm GaN DBR Experiment [38]
narrowing
reflectors
Improve LEE and SiO, /TiO, DBR Simulation and
enhance spectral Micro-LED 440~460 nm reflectors F-P . [18]
. . experiment
narrowing cavity
Metasurface Ag . .
Improve LEE and OLED 370~700 nm and flat Ag mirrors 0 nulation and [39]
reduce pixel size . experiment
F-P cavity
Enhance spectral Au mirror and
narrowing to improve PeLED 450~650 nm DBR reflectors F-P Experiment [40]

color purity

cavity

4. Control of the Deflection of Light Angle

The metasurface structure can not only improve the LEE of Micro-LEDs, but also
accurately control the phase of the wavefront to realize the control of the emitted light angle
of Micro-LEDs. The nanocolumn array is integrated on the top surface of Micro-LEDs,
which is composed of nanocolumns with different diameters in one cycle to achieve 0-27
phase coverage. The phase of nanocolumns can be changed by changing the height of
nanocolumns and the equivalent refractive index, which can be achieved by changing the
diameter of nanocolumns. In the finite-difference time-domain method, the relationship
between the diameter and phase of nanocolumns is obtained by scanning nanocolumns
of fixed height and different diameters. The phase coverage of 27 is realized by selecting
suitable nanocolumns with different diameters and adjusting different periods to achieve
different emission angles. However, only coherent wavefronts can be controlled by meta-
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surface structures, while Micro-LED emission meets the Lambertian-shaped emission and
has poor coherence. Therefore, a resonator structure is added to Micro-LEDs to enhance
the coherence of the emitted light and realize the metasurface structure to control the angle
of the emitted light.

In 2018, Liu et al. demonstrated for the first time the control of metasurface structure
on light emitted by LEDs with a wavelength of 460 nm through simulation [13]. This
paper compared the far-field patterns of LEDs with directly added TiO, nanocolumn
arrays and resonant cavity LEDs (RCLEDs) with TiO; nanocolumn arrays added to their
surfaces. RCLEDs could achieve a 20° angular deflection by controlling the phase with
metasurface structures, while LEDs could not. The result indicates that the RC structure
can collimate the Lambertian-shaped emission of LEDs, approximating a plane wave, and
enhance the spatial coherence of the emitted light from Micro-LEDs. Two years later, the
team added the metasurface RCLED design to the GaP LEDs [41], proposing that as long
as the reflectivity of the metasurface is low, resonators and metasurface can be designed
separately and independently, showing the flexibility and universality of the metasurface
design. In the GaP metasurface RCLEDs, the resonator consists of bottom Au mirrors and
top DBR mirrors, with top nanocolumns selected with high-index Si materials. However,
Si material has high absorption in the visible band, which will reduce the light output
efficiency, so TiO, material with a high refractive index can be chosen to replace it. In
this paper, the 30° deflection of the emitted light beam with a wavelength of 620 nm was
obtained (see Figure 8d). The far-field patterns of the experimental results correspond well
with the simulation results. Figure 8 shows the full process of angular control through the
integration of metasurface structures and RCLEDs.
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Figure 8. (a) Schematic diagram of metasurface control of LED-emitted light. The far-field diagram
of (b) GaP LEDs, (c) Hybrid Bragg-gold RCLEDs, and (d) Hybrid RCLEDs with the integrated
metasurface. Reproduced with permission from [41], [Laser Photonics Reviews]; published by Wiley-
VCH GmbH, 2020.
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In recent years, the demand for near-eye display devices has been increasing, and
Micro-LEDs that can be emitted in unidirectional directions are undoubtedly one of the
most ideal light sources, as unidirectional emissions can reduce optical crosstalk and
provide a better visual experience. Huang et al. proposed a metasurface RC Micro-
LEDs with unidirectional emission [19]. Different diameters of nanocolumns can produce
different phase changes, which can satisfy the phase coverage of 0—27 within a period. The
nanocolumns with different diameters are selected to form different periods to achieve
unidirectional emission of light at different angles. The structure diagram and control
phase schematic diagram are shown in Figure 9a,b, respectively. Controllable unidirectional
emission Micro-LEDs can prevent light leakage. In a 3D display, unidirectional emission
of light to the left eye and the right eye can reduce pixel crosstalk and improve the 3D
display effect, shown in Figure 9c. In addition, Micro-LEDs composed of a pixel with a
variety of emission directions can produce a wider viewing angle and more 3D viewing
points (see Figure 9d), so as to have a better 3D display experience, providing more impetus
for the future development of near-eye 3D Micro-LED displays. The team later made a
3D display using Micro-LEDs emitted unidirectionally and compared it with a traditional
3D display [42]. Through comparison, the results showed that unidirectional emission
Micro-LED pixels can effectively reduce optical crosstalk and improve the display effect.
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Figure 9. (a) Device structure and far-field diagram of Micro-LEDs with the beam deflecting metasur-
face. (b) Working schematic of the beam deflection supercell. (¢) Unidirectional emission Micro-LEDs
for naked-eye 3D display. (d) Multi-view naked-eye 3D display with unidirectional emission Micro-
LED pixels. Reprinted / Adapted with permission from [19] © The Optical Society.

The control of the angle of emitted light by metasurface structure has also been
developed in QD LEDs, which brings a new scheme for optimizing QD LEDs. Park et al.
showed the control of metasurface structures on the angles of light emitted by the colloidal
quantum dot (CQD) RCLEDs [43]. The CQD RCLED structure is shown in Figure 10a with
five pairs of DBR mirrors on both the bottom and top to form a resonator, with the top
integrating TiO, nanocolumns to allow angular deflection. In Figure 10b, the relationship
between the diameter and phase (red lines) of TiO, nanocolumns with heights of 700 nm
and 300 nm is shown, respectively. The results present that the phase coverage of 0-27
cannot be achieved by the short nanocolumns, but using patterned TiO, nanocolumns with
a high aspect ratio is difficult. Therefore, the team selected TiO, nanocolumns with low
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aspect ratios to control the angle of light by adjusting the period and phase within the
period, thus reducing the difficulty of the manufacturing process. The black line represents
the relationship between diameter and transmittance, and it can be observed that the high
TiO, nanorods experience a sharp drop at a diameter of 250 nm. The final simulated
and experimentally measured deflection angles in this paper are both 20°, with only a
4 nm deviation in peak wavelength. Therefore, the experimental results highly match the
simulation. Huang et al. conducted a simulation study on the exit angle control of QD
LEDs [44]. Comparing the emission light direction diagrams of the Gaussian beam and
electric dipole light sources in the RCLEDs formed by the bottom flattened Ag mirror and
top DBR mirror, they found that the RC of the flattened Ag mirror and DBR mirror failed
to collimate the QD LED emission of light, resulting in unrealized angle control. The team
proposed that the circular patterned bottom Ag mirror and the top DBR mirror formed
an RC to realize the emitted light collimation, and the different deflection angles were
controlled by selecting nanocolumns of different diameters to form different cycles, shown
in Figure 10c. This method provides a scheme for the manipulation of a single QD, and
presents the structural design differences between QD LEDs and Micro-LEDs in angular
deflection.
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Figure 10. (a) Schematic of CQD RCLEDs with TiO, metasurface. (b) Calculated look-up tables of
a TiO, nanocolumn with thicknesses of (i) 700 nm and (ii) 300 nm. Reproduced with permission
from [43], [Nanophotonics]; published by De Gruyter, 2020. (c) (i-iii) Schematic structures of GaN-
based QD LEDs with an Ag grating and a phase-gradient metasurface. Polar plots for the input
beam and output beam of the metasurface. (iv-vi) are the cases for 10°, 20°, and 30° angle deflection,
respectively. Reprinted / Adapted with permission from [44] © The Optical Society.

In Table 3, the research on metasurface structures controlling the direction of light
emitted by Micro-LEDs is summarized. Recent research findings are mostly simulation
results, as the manufacturing process of multi-layer DBR mirrors and metasurface is
relatively complex, and the design and fabrication of metasurface structures still face many
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challenges and high costs. Therefore, there might still be a long way before their application
in displays.

Table 3. Summary of research on metasurface structure to control LED emission angle.

Optimized Simulation or

Research Objective LED Type Wavelength Structure Model Experiment Ref.
Top TiO,
Achieve light directional nanocolumns, DBR . .
emission at the expected angle LED 460 nm reflectors, and Al Simulation [13]
mirror cavity
. . - Top Si nanocolumns, . .
Achieve light directional GaP LED 615~640nm  DBRreflectors,and - muiationand [41]
emission at the expected angle . . experiment
Au mirror cavity
. . S Top TiO, . .
el ol CopUD o noamand ST g
P & DBR reflectors cavity P
Top TiO,
Achieve light directional nanocolumns and . .
emission at the expected angle QD LED 520 nm bottom circular Simulation [44]
patterned Ag grating
Top TiO,
Realize Micro-LED Micro-LED 445 nm nanocolumns, DER Simulation [19]
unidirectional emission reflectors, and Al
mirror cavity
Reduce pixel crosstalk by nano;rc?li ;111082 DBER
unidirectional emission Micro-LED 460 nm ! Simulation [42]

Micro-LED

reflectors, and Al
mirror cavity

5. Control of Near-Eye Polarization

Polarized LEDs play an important role in 3D displays, providing linearly polarized
(LP) and circularly polarized (CP) light. Currently, the most common way for LEDs to
produce LP light is to use a grating structure. By changing the period, duty cycle, and
thickness of the grating, the transmission of transverse magnetic (TM) wave and the
reflection of transverse electric (TE) wave are controlled to realize the emission of LP light.
In 2010, Zhang et al. further optimized the grating structure and proposed that adding a
dielectric transition layer with a lower refractive index than the GaN layer between the GaN
layer and metal grating could improve the polarization characteristics of LEDs, that is, the
transmission of TM wave and ER [45]. Ma et al. added Al grating on a sapphire substrate to
realize LEDs with LP light emitted from the back, and the polarization degree could reach
0.96 [46]. Huang et al. directly integrated subwavelength metal gratings on the p-GaN
surface and achieved a high ER of 14.17 dB by optimizing the grating period, thickness,
and width [47]. Although LP light is realized through a grating structure, the energy of
the TE wave is lost, and the luminous efficiency is reduced. Zhang et al. proposed the
coupling effect between MQWs and metal gratings to generate surface plasma to improve
the radiation recombination rate and polarization degree [48]. The team’s approach was
to etch the p-GaN layer into a grating structure and coat it with a layer of Al grating to
achieve linear polarization, as shown in Figure 11a. This method improves the luminous
efficiency, but it does not fundamentally solve the TE wave loss.
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Figure 11. (a) Schematic diagram of the polarized LED structure. Reproduced with permission
from [48], [ACS Photonics]; published by American Chemical Society, 2016. (b): (i) Structure di-
agram of InGaN/GaN LEDs with integrated metasurface and metal/dielectric grating structure.
(ii) Propagation and polarization conversion processes of both TM and TE polarized components in
the integrated structure. Reproduced with permission from [16], [Nanoscale]; published by Royal
Society of Chemistry, 2017. (c) Schematic cross-section of device structures with (i) flat OLEDs, (ii) po-
larized OLEDs with D/M nanograting, (iii) OLEDs with holographic metasurface of nanospeckle im-
age, and (iv) OLEDs integrated with D/M nanograting and holographic metasurface of nanospeckle
image. Reproduced with permission from [49], [Laser Photonics Reviews]; published by Wiley-VCH
GmbH, 2020.

To solve the TE wave energy loss, studies have focused on the application of meta-
surface structures in polarized LEDs. Wang et al. presented an LED with integrated
metasurface structures and dielectric/metal (D/M) double-layer grating structures [16],
shown in Figure 11b. The top gratings are used to transmit the TM wave and reflect the TE
wave to generate LP light. The bottom metasurface nanocolumns act as half-wave plates to
convert TE waves into TM waves, thus reducing the loss of TE waves. Both the luminous
efficiency and ER are improved. This method provides a new idea for high-efficiency LP
LEDs. Zhou et al. later applied the idea of the interaction of metasurface and gratings to
OLEDs and proposed the integrated D/M nanograting structure at the top and holographic
metasurface structures of the nanospeckle image at the bottom (see Figure 11c(iv)), realiz-
ing a white OLEDs with high-efficiency linear polarization with ultra-high polarization
ratio [49]. In Figure 11c, the comparison of the four structure diagrams shows that the
holographic metasurface not only converts TE waves into TM waves to improve emission
efficiency, but also changes the emission direction of reflected light so that more light is
emitted in the escape cone.

In 3D displays, LP light requires that the left and right eyes remain at the same level
in order to reduce crosstalk between the left and right images, which makes for a very
bad viewing experience. CP light overcomes this difficulty, reduces optical crosstalk, and
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improves the 3D display effect. Gao et al. designed CP Micro-LEDs using metasurface and
grating structures [15], and the structure diagram is shown in Figure 12a(i). Regarding RC
Micro-LEDs, the Al grating structure is integrated at the bottom to transmit TM waves,
reflect TE waves, and treat TE waves as emission light, which also leads to loss of TM wave
energy and a decrease in luminescence efficiency. The nanobricks integrated on the top
are used as a quarter-wave plate to convert LP light to CP light, which provides a new
idea for the design of CP Micro-LEDs. The TE reflectivity (RTE) and TM reflectivity (RTM)
are changed by adjusting the period and duty cycle of the bottom grating to obtain high
ER, as shown in Figure 12a(ii-iv). As a tool to flexibly modulate the polarization of light,
the wave plate can change LP light into CP light, but the problems of high efficiency and
tunable phase delay need to be solved. In OLEDs, Wu et al., using liquid crystal polymer as
a substrate, proposed to prepare ultra-thin, flexible, foldable, and stretchable wave plates
by a water-soluble transfer method [50]. The wave plate can achieve a delay effect at any
wavelength of the visible band and has a high transmittance; most of the light transmittance
is above 95%. Therefore, the use of this wave plate in flexible OLEDs will not lose the
emitted light. In addition to using a wave plate, Jia et al. developed micro-cavity CP OLEDs
through chiral light emitting body [51], shown in Figure 12b, which not only provided a
new idea for CP OLEDs, but also overcame the problem of a chiral light emitting body
reducing EL. Chiral emitter OLEDs have two Ag layers at the top and bottom as two metal
mirrors and electrodes of OLEDs. A thin layer of two-dimensional organic single crystal
is embedded between Ag layers. The advantage of an organic single crystal is that the
anisotropy of its refractive index will lead to a birefringent microcavity, which is conducive
to the occurrence of the Rashba—Dresselhaus (RD) effect and changes the linear polarization
into circular polarization. Finally, the study of metasurface structures on polarization
control of LEDs is summarized in Table 4.

Duty cycle
&

<
'Y

0.3

DBR

LED

sio,
Al

0.
%()0 125 150 175 200 225 250

Period (nm)

----------- 0.8
per— (ii) 0.9
LED '
DBR 2 I m e e e e
> n :
- I ——

RCLED 1 2 + (b) T !
TiO, a " xS '
1
\ 1

[ 0.6
n

00 125 150 175 200 225 250 n

RC-CPLED ! K

=
S
gl

DBR / ' 55— Ag (35 nm)
.‘é‘.\@ ‘_\7 <+«—— CsF (10 nm),
1

LED

0.3 2L
Sio,

03

Period (nm)

Silicon wafer

i

0. 00 125 150 175 200 225 250

Period (nm)

Figure 12. (a): (i) Cross-sectional views for different types of Micro-LEDs. (ii) RTE, (iii) RTM, and
(iv) ER of Al nanograting with different periods and duty cycles calculated from numerical simulation.
Reprinted / Adapted with permission from [15] © The Optical Society. (b) Schematic diagram of the
microcavity CP OLED structure. Reproduced with permission from [51], [Nature Communications];
published by Nature Publishing Group, 2023.
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Table 4. Summary of research on metasurface structure to control LED polarization.

ER or Optimized Structure  Simulation or
Research Objective LED Type Wavelength Polarization P . Ref.
Model Experiment
Degree
Imp]{ove exterctlon LED 470 nm 60 dB Dielectric ’Fransmon Simulation [45]
ratio of LP light grating
Improve polanz.atlon LED 445470 nm 0.96 Wire-grid pol.arlzer Slmulat.lon and [46]
degree of LP light on sapphire experiment
Impljove extmctlon Micro-LED 400~480 nm 1417 dB Subwavelel}gth metal Slmulat}on and [47]
ratio of LP light grating experiment
Improve polarization
luminous e.ff1c1.ency LED 500~540 nm 0.54 P-GaN (jmd Al Slmulat}on and (48]
and polarization grating experiment
degree of LP light
Improve polarization Top dielectric/metal
lummogs e.ff1c1enc.y LED 500~560 nm 20 dB gratlpg .and bottom Slmulat.lon and [16]
and extinction ratio elliptical metal experiment
of LP light nanocolumns
Improve polarization Top dielectric/metal
luminous efficiency grating and bottom Simulation and
. . OLED 450~650 nm 17.8 dB . . [49]
and extinction ratio holographic experiment
of LP light metasurface
Top TiO, nanobricks
Obtain CP light Micro-LED 450 nm 38 dB and bottom Al Simulation [15]
grating
Improve the e mired water
luminous efficiency OLED 450~700 nm / . . Experiment [50]
. immersion transfer
of CP light
method
Improve the Embedding a thin Simulation and
luminous efficiency OLED 450~550 nm / two-dimensional [51]

of CP light

o experiment
organic single crystal

6. Conclusions

In this paper, the applications of metasurface structures integrated with Micro-LEDs
are reviewed from three aspects: to improve the LEE, to achieve directional emission, and to
realize LP light and CP light. The reason for increasing the LEE is that the addition of meta-
surface structures will reduce the total reflection consumption of LEDs at the air-contact
surface, so that more light is emitted in the escape cone. Control of Lambertian-shaped
emission LED light by metasurface structures requires the use of RC to increase spatial
coherence. Meanwhile, the realization of LP and CP light further accelerates the use of
Micro-LEDs in 3D near-eye displays. Metasurface structures have also been widely used
in OLEDs, QD LEDs, and PeLEDs, and optimized results have been obtained to improve
light extraction efficiency and directional emission. In summary, the integration of meta-
surface structures provides more possibilities for the structural design and performance
optimization of Micro-LEDs.
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Abstract: Inscription of embedded photoluminescent microbits inside micromechanically positioned
bulk natural diamond, LiF and CaF; crystals was performed in sub-filamentation (geometrical
focusing) regime by 525 nm 0.2 ps laser pulses focused by 0.65 NA micro-objective as a function
of pulse energy, exposure and inter-layer separation. The resulting microbits were visualized by
3D-scanning confocal Raman/photoluminescence microscopy as conglomerates of photo-induced
quasi-molecular color centers and tested regarding their spatial resolution and thermal stability
via high-temperature annealing. Minimal lateral and longitudinal microbit separations, enabling
their robust optical read-out through micromechanical positioning, were measured in the most
promising crystalline material, LiF, as 1.5 and 13 microns, respectively, to be improved regarding
information storage capacity by more elaborate focusing systems. These findings pave a way to
novel optomechanical memory storage platforms, utilizing ultrashort-pulse laser inscription of

photoluminescent microbits as carriers of archival memory.

Keywords: fluorides; diamond; ultrashort-pulse laser; direct laser inscription; photoluminescent
microbits; vacancy clusters

1. Introduction

Photoluminescence (PL) is one of the most important optical processes, underlying
relaxation of two-level quasi-molecular systems upon their complementary optical exci-
tation [1]. Even single PL photons could be acquired and spatially resolved much easier
than differential absorption of single photons. As a result, PL characterization in 2D- or 3D-
scanning confocal micro- or nano-spectroscopy mode became an enabling tool for probing
local molecular or crystalline structures [2,3], or electromagnetic near-fields [4,5].

Ultrashort-pulse lasers proved to work as a versatile tool for time-resolved and /or non-
linear spectroscopy [6,7], precise surface nano- and micro-machining of any—absorbing
or transparent—materials [8,9], micro-modification and inscription inside bulk transpar-
ent media [10-12]. In the latter case, (sub)microscale laser modification of molecular or
crystalline structures and related PL spectra underlies facile and robust encoding of bulk
diamonds for their tracing applications in identifying synthetic diamonds from natural ones
in large commercial diamond collections [13], protecting trademarks of high-quality natural
(potentially, synthetic too) diamond manufacturers [14], limiting commercial trading and
marketing of illegal diamonds. This PL-based encoding appears unique to diamonds,
where other popular encoding technologies—ablation fabrication of optically-contrasted
(sub)microscale voids [15] or ablative birefringent nanogratings [16,17]—do not work in the
ultra-hard diamond lattice, tending to be better for graphitization [18], while PL read-out is
simpler and more sensitive. Similarly, many other crystalline scintillators and luminophores
undergo ultrashort-pulse laser modification of their crystalline structures and related PL
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spectra [19-21], which is potentially promising for 3D optical encoding (writing/read-out)
applications in storage devices (5D optical storage for specific advanced technologies [16]).
Such 3D optical memory storage in bulk transparent media is an evergreen dream since
the 1990s or even earlier [22], being highly promising and competitive compared to the
previous 2D surface laser patterning compact disk (CD) and digital versatile (video) disk
(DVD) technologies (common diameter—120 mm, thickness—1 mm, capacity—up to 17 GB
for double-side, double-layer disks) utilizing 650 nm writing lasers, and the present 405 nm
laser Blu-ray disk technology, supporting storage capacity up to 128 GB per four-layer
disk. Other modern storage technologies enable even higher capacities—up to several TB,
while possessing other technical advantages and drawbacks. Hence, rewritable, ultrahigh-
capacity, low-power or autonomous high-speed memory, remaining robust to radiation,
humidity and thermal shocks is still needed for quick-access and archival applications.

In this work we report a brief experimental evaluation study of natural diamond,
LiF and CaF; crystals as optical platforms for microscale photoluminescent encoding by
ultrashort-pulse lasers for micromechanically-accessed archival optical storage, of their
mechanisms of laser-induced color-center inscription, tests of potential 3D memory capacity
and thermal stability.

2. Materials and Methods

In these studies, a 2 mm thick colorless brick of IaA-type natural diamond (total con-
centration of nitrogen atoms ~ 130 ppm), and 5 mm thick slabs of undoped LiF and CaF,
crystals grown by Bridgman-Stockbarger method were utilized, being optically transparent
at the writing laser wavelength of 525 nm (Figure 1a). The samples were characterized
in the spectral range of 350-750 nm by room-temperature (RT) optical transmission mi-
crospectroscopy (Figure 1b), using an ultraviolet (UV)—near-IR microscope-spectrometer
MFUK (LOMO, Saint-Petersburg, Russia). Inscription inside these bulk crystals at the
depths of 100 um (fluorides) and of 120 um (diamond) in their transparency spectral re-
gions (Figure 1b), accounting for their 525 nm refractive indexes of 2.4 (diamond), 1.4 (LiF)
and 1.4 (CaF,) [23], was performed by second-harmonic (525 nm) pulses of the TEMA
Yb-crystal laser (Avesta Project, Moscow, Russia) with the pulsewidth (full width at a
half maximum) of 0.2 ps, repetition rate of 80 MHz split in pulse bunches of 0.05 + 10's
duration by a mechanical shutter, and 50 nJ (average power—4 W) maximum output pulse
energy E in the TEM(y mode. The 525 nm laser pulses with variable energies E up to
50 nJ were focused in a sub-filamentary regime (the 515 nm, 0.3 ps laser filamentation
threshold energy ~300 nJ (diamond) and 260 nJ (CaF;) [24]) by a 0.65 NA micro-objective
into ~1 pum wide spots (1/e-intensity diameter) inside the crystals, providing the peak
laser fluence <6 J/cm? and peak laser intensity <30 TW /cm?. The samples were mounted
on a computer-driven three-dimensional motorized micropositioning stage and exposed
in separate positions with variable transverse spacings in the range of 1-5 microns and
longitudinal spacings in the range of 1-28 microns.

Since different alkali or alkali-earth fluorides are rather similar during high-temperature
annealing due to high vacancy mobility (activation energy for diffusion ~0.1 eV [25]) and
low-temperature aggregation [26], annealing of fluoride samples was performed only for
the LiF sample at different temperatures in the range of 25-300 °C (20 min temperature
ramp, 30 min stationary heating), using a temperature-controlled mount for Raman micro-
spectroscopy, while the diamond sample was annealed in an evacuated oven for 1 h at
different temperatures in the range of 25-1200 °C.

In our characterization studies, top-view and side-view (cross-sectional) photolu-
minescence imaging at the 532 nm continuous-wave pump laser wavelength and 100 x
magnification (NA = 1.45, spatial resolution ~1 pm) was performed by means of a Confotec
MR520 3D-scanning confocal photoluminescence /Raman microscope (SOL Instruments,
Minsk, Belarus) to measure relative intensity, spatial dimensions and optical PL-acquired
separation of PL microbits (Figure 2).
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Figure 1. (a) Laser inscription setup, sketching the bulk PL-microbit inscription procedure; (b) trans-
mittance spectra of natural diamond, LiF and CaF, crystals, with the laser writing wavelength of
525 nm shown in their transparency spectral region by the green triangle.

Diamond

Figure 2. (left) Top-view PL images of linear slices of square PL microbit arrays inscribed at different
laser conditions and acquired at 755 nm in CaF, (a), at 650 nm in LiF (b), at 650 nm in natural diamond
(c). (right) Their corresponding front-view images of neighboring PL microbits inscribed in these
dielectrics at different lateral separations, varying in the range of 1-6 um.

3. Experimental Results and Discussion
3.1. Inscription of Photo-Luminescent Microbits

PL microbits were inscribed in the bulk crystalline CaF, and LiF slabs, as well as in the
diamond plate, at different pulse energies (Figure 2a—c, left side). Specifically, the PL micro-
bits inside the CaF; slab exhibit the corresponding energy-dependent microbit dimensions
above the inscription threshold value of ~3 nJ at the exposure of 10’ ~~10° pulses/microbit.
Similarly, the PL microbits were inscribed inside the LiF slab in the same energy range,
while the threshold energy appears considerably higher (=5 nJ, Figure 2b, left side) at the
exposure of 107 ~-10° pulses/microbit, reflecting the higher bandgap energy of 13.0-14.2 eV
in LiF [27,28], comparing to CaF, with 11.5-11.8 eV [29,30]. Finally, in the diamond plate,
the PL microbits were inscribed as a function of laser pulse energy, demonstrating their
increasing dimensions at the exposure of 107~ ~10° pulses/microbit (Figure 2c, left side).
Surprisingly, contrary to our expectations, the inscribed microbits appear inhomogeneous
at higher magnifications (Figure 2a—c, right side) because of the non-linear photoexcita-
tion/damage character and well-known high degree of clustering—up to nanoscale—for
fluorine atoms to form dislocation loops [26] or around dislocations in the fluoride crys-
tals [25]. In diamonds, such segregation of vacancies and interstitials also occurs in the
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PL intensity (arb. units)

form of multi-vacancies (voids) [31] or interstitial aggregates in B2-centers [31]. In the
same line, these microbits look diffuse owing to the low diffusion energies of ~0.1 eV
of interstitials and vacancies [26], facilitating room-temperature internal segregation and
external collateral spreading of point-defect concentrations in the PL microbits.

In terms of spatial resolution of the PL microbits during the laser inscription process,
even at low above-threshold pulse energies these features could be more or less resolved
only at their 2 pm separation (Figure 2a—c, right side). The main reason for such moderate
lateral (transverse) resolution is apparently the initial focal 1/e-diameter of 1 um at the fo-
cusing NA = 0.65 (see Section 2—Materials and Methods), additionally increased by ~1 pm
lateral diffusion length of fs-laser generated electron-hole plasma during its electron-lattice
thermalization over 1-2 picoseconds [32]. The corresponding point beam stability upon the
focusing could result in negligible lateral displacements of ~10 nm. As a result, distinct
resolution of the neighboring PL microbits becomes possible for their lateral separations,
exceeding 2 um distance. Meanwhile, it could be considerably improved till ~1-1.5 pum,
utilizing specially designed high-NA (0.75-0.9) air focusing micro-objectives. Below, in
Section 3.4, the longitudinal (interlayer) spatial resolution will be tested in the case of a
brightly luminescent LiF crystal to evaluate the potential optical storage capacity of PL
microbit arrays.

3.2. Photo-Luminescence Spectra of Microbits: Atomistic Inscription and Annealing Mechanisms

Typical PL spectra acquired in the laser-inscribed microbits by 3D-scanning confocal
PL micro-spectroscopy are presented in Figure 3 in comparison to the corresponding
spectra of the background non-modified materials. Specifically, the CaF; slab exhibits the
strongly enhanced PL yield in the region of 650-850 nm, peaked at 740 nm (Figure 3a).
Though PL spectra of electronic excitations in fluorides are rather flexible due to high
mobility of Frenkel defects and the multitude of their complexes [25,33,34], the observed
peak could be assigned to some of these vacancy aggregates (Fx"*, where F is the fluorine
vacancy with the trapped electron, x > 2 and upper indexes “%*” denote the charged
states) [25,26]. Similarly, in the LiF slab, the increased PL band in the range of 550-750 nm
could be assigned to F, (peak at 670 nm [33]) and F3 (peak at 650 nm [33]) centers, while the
emerging PL band with its peak at 800-850 nm could also related to some as yet unknown
F,O* centers [25,33,34].

CaF, LiF Diamond
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——— microbit ] ™ 650-F3  670-F, - NV
background | | E £
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Figure 3. PL spectra of separate PL microbits (red curves) inscribed in CaF; (a), LiF (b) and natural
diamond (c) regarding their background spectra of the unmodified materials (dark curves).

Finally, the observed, strongly—by one order of magnitude—enhanced PL band
in the micromark inscribed inside the diamond slab exhibits the main spectral features,
representing the neutral (NV?, zero-phonon line, ZPL, at 575 nm [31]) and negatively
charged nitrogen-vacancy (NV~, zero-phonon line at 637 nm [31]) centers of substitutional
nitrogen atoms with a photo-generated vacancy, as well as their red-shifted phonon replica.
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Atomistic processes underlying the observed laser-induced transformations of PL
spectra in LiF and CaF, are supposed to be associated with aggregation of mobile neu-
tral (I-center [25,26]) and negatively charged (F-center [25,26]) vacancies, along with flu-
orine neutral (H-center [25,26]) and negatively charged (x-centers [25,26]) interstitials
(Equation (1)), approaching to hundreds of aggregated defects usually concentrated in
dislocation loops [25,26]. Likewise, in the diamond plate, the mobile photo-generated
vacancies could be trapped by substitutional nitrogen atoms (C-centers [31]), resulting in
well-known neutral or charged NV complexes [18,31] (Equation (1)):

florides: H+H — Hpy, H+ Vg — F,

diamond : Ng + V° — NV. 1)

Equation (1)—Atomistic processes, resulting in photo-induced vacancy complexes in
fluorides and diamond.

In the same line, one can see strong stationary annealing of mobile vacancy-related
color centers in LiF already at temperatures elevated by 200-300 °C (Figure 4a), almost
deleting the microbit signal. In contrast, in denser and more rigid diamond lattice the
Frenkel vacancies anchored by C-centers, remain rather stable even at high temperatures,
approaching 1200 °C (Figure 4b).

LiF Diamond
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Figure 4. PL spectra of LiF (a) and natural diamond (b) upon annealing in the corresponding different
temperature ranges, regarding the unannealed non-modified materials.

3.3. Photogeneration of Frenkel Pairs of Point Defects in LiF during Atomistic Inscription

PL yield at 670 nm—in the peak related to F,-centers—was used to track fs-laser
photogeneration of Frenkel pairs in LiF, underlying the formation of these centers. As
can be seen in Figure 5a,c, the PL yield in LiF exhibits the non-linear (power slope in
the range of ~3.3-3.8) monotonic dependence on pulse energy E = 2.5-13 nJ (peak flu-
ence ~ 0.3-1.7 ] /cm?, peak intensity ~ 1.5-9 TW/cm?) (previously—in diamond [35]) and
exposure of (4-800) x 10° pulses/spot (at room temperature, Figure 5b,d). Moreover, the
abovementioned annealing effect at the temperatures of 200 °C and 300 °C results not
only in the decreased PL intensity at 670 nm (Figure 5c), but also in the different exposure
trends (Figure 5d) apparently related to cumulative heating of the material at the ultra-high
80 MHz exposure of the static sample, which is well-known to be favorable for self-trapped
exciton stabilization via Frenkel pair formation [25]. The cumulative heating effect is more
pronounced at room temperature (Figure 5d), while the elevated temperatures make it
less distinct.
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Figure 5. (a) PL spectra of microbits in LiF inscribed at variable pulse energy (see the frame inset) and
the fixed exposure of 10 s (x80 MHz), spectral assignment after [33]; (b) PL spectra of microbits in LiF
inscribed at the variable exposures (see the frame inset) and the fixed pulse energy of 13 nJ (spectral
assignment after [33]); (c) PL intensity of 670 nm (F,-center [33]) peak in the spectra as a function of
pulse energy (peak fluence—0.2-2.4 J/cm?, peak intensity—1-12 TW/cm?) at the maximal exposure
of 10 s without annealing (25 °C, black circles) and after annealing at 200 °C (red squares) and 300 °C
(blue triangles) as well as their linear fitting curves of the same colors with the corresponding slopes;
(d) PL intensity of 670 nm (F,-center [33]) peak in the spectra as a function of exposure at the pulse
energy of 13 n] without annealing (25 °C, black circles) and after annealing at 200 °C (red squares)
and 300 °C (blue triangles).

We have analyzed the observed PL yield at 670 nm vs. pulse energy E in LiF (Figure 5c),
representing the concentration of Fp-centers in the probed confocal volume, alike to our
previous similar studies of NV-center yield upon fs-laser exposure in diamond [35]. Ac-
cording to high bandgap energy of Ey;.(I'-point) ~ 13.0-14.2 eV in LiF [27,28], formation
of Fy-centers requires either N = Eg;. /iw ~ 6 photons at the 525 nm wavelength (pho-
ton energy hw ~ 2.4 eV), or “hot” non-equilibrium electron of this energy (effectively,
considerably higher to fulfill both the quasi-momentum and energy conservation laws).
The evaluated laser-induced prompt ponderomotive enhancement of the bandgap [36,37],
Up = e2E2/ (4m0ptw2), is minor (<1 eV) in the utilized intensity range of 9-30 TW/ cm?
(electric field strength E = 15-30 MV /cm) for the arbitrary optical mass of electron-hole
pair mept = memy, /(me+my,) = my/2, assuming me,my, = my (free-electron mass).

Recently, for such analysis of electron-hole plasma and PL dynamics, a kinetic rate
model for electron-hole plasma density p., was enlighteningly used in the common
form [38], including (1) ultrafast, pulsewidth-limited multiphoton (cross-section oy), (2) im-
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pact ionization (coefficient o), (3,4) fast picosecond three-body Auger (coefficient y) and
slow binary radiative (coefficient ) recombination, as well as (5) fast self-trapping of
electron-hole pairs (excitons, characteristic time T) to produce one color center per self-
trapped excitons [25] as the consecutive terms, respectively, and describing the correspond-
ing continuous-wave-laser pumped PL yield ®py, as follows (Equation (2)) [32]:

d 2
Z:h = onIN + alpy, — 103, — B — Por, @ o /P?hdt 2
Tstr
dpen 6 3 Pgh 6 3 2 2 4
SLr

Equations (2) and (3)—Kinetic rate equations for electron-hole plasma and related
PL yield ®p, of the F,-centers produced via exciton self-trapping [25]: (2) general form,
(3) case-specific form for our experiments in LiF.

In the case of LiF, Equation (2) could be presented in the case-specific form (Equation (3)),
where only six-photon ionization and Auger recombination balance each other, while exci-
tonic self-trapping accompanies the electron-hole plasma relaxation. As a result, PL yield
could follow the non-linear dependence on the peak fs-laser intensity Iy with the power
slope ~4, being consistent with the measured values of 3.3-3.8 (Figure 5c). For the used
nJ-level pulse laser energies, strong electron-hole plasma absorption is not achieved [32,39],
thus enabling rather delicate inscription of PL nano- and microbits.

For comparison, in diamond, both the energy and exposure dependences of the NV°
and NV~ color center yield exhibit non-linear (Figure 6a,c) and linear (Figure 6b,d) trends,
respectively. Only linear dependence of the PL intensity on exposure time indicated the
proceeding, unsaturated accumulation of the color centers. However, in terms of the pulse
energy, PL intensity of NV~ centers exhibit highly-nonlinear yield (power slope—5.5 £ 0.2),
while the corresponding weaker NV peak (Figure 6a,b) rises similarly above the noise
level at higher pulse energies (Figure 6¢).
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Figure 6. (a) PL spectra of microbits in diamond inscribed at variable pulse energy (see the frame inset)
and fixed exposure of 20 s (x80 MHz), spectral assignment after [31]; (b) PL spectra of microbits in
diamond inscribed at variable exposure (see the frame inset) and fixed pulse energy of 30 nJ (spectral
assignment after [31]); (c) PL intensity of NV0 (575 nm [31], black circles) and NV~ (637 nm [31], red
squares) peaks in the spectra as a function of pulse energy at exposure of 20 s and linear fitting curve
for NV~ with its slope indicated; (d) PL intensity of NVY (black circles) and NV~ (red squares) peaks
in the spectra as a function of exposure at energy of 30 nJ.

Similarly to Equations (2) and (3), in the case of diamond, its weak non-linear photoex-
citation process across the minimal direct I'-point bandgap of 7.3 eV, which is distinct in
Figure 6¢, could be represented in the following familiar form [32]

dpeh
dt

=313, Qelr Ig, D /pghdt o« Ig. (4)

Equation (4)—Kinetic rate equations for three-photon excitation of electron-hole
plasma and related PL yield ®p, produced via exciton self-trapping in diamond [31].

Here, marginal photogenerated electron-hole pairs become intermixed in the EHP, los-
ing their initial correlation during the photogeneration and appear independently with the
overall 2N-fold slope in the excitonic recombination [32], preceding NV-center formation.
The observed difference in the fs-laser driven formation of Frenkel I-V pairs in LiF and
diamond is apparently related to their drastically differing ionicity, favorable for excitonic
self-trapping in fluorides [25,26], as compared to the predominating electron(hole)-lattice
interactions in diamond [32].

3.4. Evaluation of Storage Capacity Utilizing Photo-Luminescent Microbit Arrays

Finally, we have performed experimental evaluation of PL microbit density, which
is the key characteristic of archival optical storage. Above, we inscribed PL bits in the
natural diamond, LIF and CaF, samples with >2 um lateral separation, exceeding the
micropositioning accuracy, which could be easily resolved in the PL images (Figure 2). Fur-
thermore, we undertook inscription and confocal PL visualization of separate linear arrays
of PL microbits with variable vertical (depth) separation changed in the range of 1-28 um
(Figure 7), in order to evaluate the minimal resolvable vertical separation. PL visualization
was performed by means of Olympus (40x) and Nikon (100 x) microscope objectives with
vertical resolution Az =1 or 2 pm, respectively (Figure 7a,b). The corresponding side-view
PL imaging results for the same microstructure of paired linear arrays are presented in
Figure 7c,d.
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Figure 7. PL imaging of stair-like set of pairs of linear microbit arrays in LiF with variable intra-
pair vertical separation in the range of 1-28 um using Olympus (a,c) and Nikon (b,d) microscope
objectives with the vertical resolution Az = 1 or 2 um, respectively: (a,b) 3D view; (c,d) side-view
images of neighboring PL microbit arrays, showing their resolvable separation, starting from 11 um
(c) or 16 um (d).

Here, one can find that the pairs of microbit lines become visibly separable, starting
from 11 um for the 1 um resolution visualization (Figure 7c), while only at 16 or 21 um—for
the 2 um resolution visualization (Figure 7d). Hence, accounting for the appropriately
resolvable 2 pm intra-layer separation of microbits and their 11 pum inter-layer separation,
one can evaluate the bulk microbit density of 25 Gbits per cubic centimeter for the simple
cubic lattice of microbits, i.e., about 3 Tbits per disk for the 120 mm diameter of the standard
CD or DVD disks and the 10 mm thickness. This optical storage capacity is comparable
to previous optical memory writing technologies (visible microvoids [15], birefringent
nanotrenches [16,17], photoluminescent microbits [40]), but they have clear benefits in the
confocal non-linear memory read-out due to non-destructive laser inscription technology.
Moreover, considerable, few-fold additional increase in the storage capacity could be
achieved by higher-NA (NA > 0.65) inscription and other advanced optical means.

4. Conclusions

In this study, bulk high-NA inscription (writing) of photo-luminescent microbits in
LiF, CaF, and diamond crystals, as a delicate laser micromachining process, was performed
by means of ultrashort-pulse laser and tested (read-out) by 3D-scanning confocal photo-
luminescence micro-spectroscopy. Preliminarily, optical storage density for the simple
cubic lattice of microbits was evaluated as high as 25 Gbits/cm?, provided by the precise
micromechanical positioning, but could be few-fold increased by using more sophisticated
optical focusing tools during the encoding procedure. The underlying photo-luminescent
color centers were identified in the fluorides (fluorine vacancy-based F;-centers and similar
vacancy-based specifies) and diamond (carbon vacancy-based NV-centers) by PL micro-
spectroscopy, while their laser inscription mechanism was revealed in fluorides for the
first time, comparing to the more or less known mechanisms for synthetic and natural
diamonds. Moreover, the color centers could be easily annealed in the fluorides at moderate
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temperatures of 300 °C due to the high lability of the centers and room-temperature mo-
bility of their atomistic constituents, comparing to the relatively robust color (NV) centers
in diamond, persisting even at rather elevated temperatures of ~1200 °C. Our first-step
research highlights the way for potential implications of laser-inscribed photo-luminescent
microbits in archival optical storage with micromechanical access for its read-out.
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Abstract: A thin Silicon-On-Insulator (SOI) LDMOS with ultralow Specific On-Resistance (Ron,sp)
is proposed, and the physical mechanism is investigated by Sentaurus. It features a FIN gate and
an extended superjunction trench gate to obtain a Bulk Electron Accumulation (BEA) effect. The
BEA consists of two p-regions and two integrated back-to-back diodes, then the gate potential Vg
is extended through the whole p-region. Additionally, the gate oxide W;qe is inserted between
the extended superjunction trench gate and N-drift. In the on-state, the 3D electron channel is
produced at the P-well by the FIN gate, and the high-density electron accumulation layer formed
in the drift region surface provides an extremely low-resistance current path, which dramatically
decreases the Ron,sp and eases the dependence of Ron sp on the drift doping concentration (Ngyig). In
the off-state, the two p-regions and N-drift deplete from each other through the gate oxide Wy;qe like
the conventional SJ. Meanwhile, the Extended Drain (ED) increases the interface charge and reduces
the Ronsp- The 3D simulation results show that the BV and Ronsp are 314 V and 1.84 mQ-cm 2,
respectively. Consequently, the FOM is high, reaching up to 53.49 MW /cm?, which breaks through
the silicon limit of the RESURF.

Keywords: bulk electron accumulation (BEA); extended superjunction trench gate; extended drain
(ED); BV and Ron,sp

1. Introduction

The Lateral Double-diffused Metal-Oxide Semiconductor (LDMOS) is a very impor-
tant device in power-integrated circuits and electronic power systems [1-3], which are
used in many places in our daily life. The Breakdown Voltage (BV) and the Specific On-
Resistance (Ron sp) are significant parameters to evaluate the quality of devices [4-7]. For
the conventional LDMOS, there is an unavoidable trade-off relationship between the BV
and Ron,sp, which can be written as Ron o BV?23, while what we need are high BV and
low Ronsp- Baliga’s Figure Of Merit (FOM) is calculated by BVZ/ Ronsp to evaluate the
device, where a higher value is better [8-10]. Many advanced theories and structures have
been investigated to increase the FOM of the power devices [11-14]. For example, for the
BFG LDMOS proposed in [11], the author made half of the device into a grid, and for
the HKGF LDMOS proposed in [14], the authors distinguished the device drift into three
parts, each surrounded by a three-dimensional High-K dielectric, both of which greatly
enhanced the control ability of the device and greatly reduced the Ronsp of the device.
The Enhanced Dielectric layer Field (ENDIF) theory can introduce a higher electric field
between the top layer of silicon and the buried oxygen layer, which can obviously enhance
BV [15-17]. However, it is possible to increase Ronsp with the application of ENDIF theory.
For example, the T-S] LDMOS proposed in [17] enhances the BV of the device by making
the top layer of silicon near the drain extremely thin, but greatly reduces the volume of the
device drift region, thus reducing the Ronsp of the device. The SuperJunction (S]) structure
can effectively increase the drift doping concentration by using N-type semiconductors
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and P-type semiconductors to assist each other; thus, the Ron,sp is reduced and the BV is
guaranteed simultaneously, and thus the FOM can be effectively improved [18-21]. How-
ever, the superjunction structure is often placed on the P-type substrate in lateral devices,
and the surface superjunction region is affected by the Substrate-Assisted Depletion (SAD)
effect, which results in reduced pressure tolerance. Moreover, the power FINFET with a 3D
electron channel and the LDMOS with an Accumulation Extended Gate (AEG LDMOS) are
also used to improve the device [22].

In this paper, the FIN-LDMOS with Bulk Electron Accumulation (BEA-LDMOS) is
first proposed. The device adopts an SOI structure, which can effectively suppress the SAD
effect. The bulk electron accumulation effect produced by the extended superjunction trench
gate in the N-drift and the ENDIF effect produced by the Extended Drain are produced.
Moreover, the assisted depletion effect is performed by the extended superjunction trench
gate, which dramatically reduces the Ron,sp while BV is guaranteed. The devices are
performed by Synopsys Sentaurus, and the main physics models are as follows: Effectice
Intrinsic Density, Mobility (High Field Saturation Enormal PhuMob DopingDependence),
and Recombination (SRH Auger Avalanche) [23].

2. Device Structure and Mechanism
2.1. Device Structure of the BEA

The FIN-LDMOS, AEG-LDMOS, and the proposed BEA-LDMOS are compared to-
gether in Figure 1. The FIN-LDMOS greatly increases the channel area of the device by
turning the one-dimensional gate into a three-dimensional one, to reduce the Ronsp- The
AEG-LDMOS structure is characterized by extending the gate, which is only near the source
region in the conventional LDMOS, to the drain, separated by SiO,. In order to extend
the drain potential better, two back-to-back PN junctions are used in the extension gate to
generate a charge accumulation effect at the top of the N-drift area, forming a low-resistance
channel and greatly reducing the Ronsp of the device. However, the BV will be affected
by the PN junction in the extension grid, which reduces the BV of the device. The 3-D
structure of the BEA-LDMOS is shown in Figure 1. The extended superjunction trench gate
is formed as follows: the two back-to-back diodes are introduced at the collector, and the
P-region and N-drift are separated by the SiO,. Moreover, the two ends of the P-region are,
respectively, shortly connected to the gate electrode and the drain electrode, as shown in
Figure 1a. When the device is in the on-state, the positive Vg is extended through most of
the P-region to the positively biased Dy, and positive Vpg is extended through the P-region
to the positively biased D;. Thus, the P-region is covered by the Vs and Vpg; then, a
Bulk Electron Accumulation (BEA) is generated in the drift region, as shown in Figure 1b,
and the metal-insulator-semiconductor structure is composed of P-region/oxide/N-drift.
It is equivalent to a low-resistance 3-D channel in the drift region. Therefore, the Ron,sp
of the device is greatly reduced. Figure 1c indicates the breakdown mechanism of the
BEA-LDMOS in the off-state, and it is similar to the conventional superjunction. The
P-region and the N-drift region are separated by SiO,, and there is still a built-in electric
field from the N-drift region toward the P-region, resulting in the formation of a depletion
region near SiO,. Therefore, the electric field of the N-drift is modulated, thus helping
to increase BV. At the same time, the Extended Drain structure is also introduced in the
drift area, which can not only introduce the high electric field near the drain region into
the more voltage-resistant silicon dioxide buried layer to increase the BV of the device,
but also play the role of low-resistance channel, reducing the Ron,sp of the device. The key
parameters of the devices are listed in Table 1, with a drift length Lp of 21.0 pum, depth T
of 5.0 um, Extended Drain length L of 9 um, and thickness of 0.4 um. The optimized drift
doping Ngyig of 2.2 x 10! cm~3 is designed for the BEA-LDMOS.
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Figure 1. The three-dimensional (3D) schematic and mechanism of the three proposed devices.
(a) FIN-LDMOS, (b) AEG-LDMOS, (c) BEA-LDMOS, (d) the Bulk Electron Accumulation (BEA) effect
induced at the N-drift, (e) the assisted depletion between the P-region and N-drift in the Off-state.
Diode D1 is formed by the (P—/N+) and D2 is formed by the (P/N+) junction.

Table 1. Key parameters used in simulation.

Symbol Description FIN-LDMOS CON-LDMOS AEG-LDMOS BEA-LDMOS
Lp drift length (um) 21 21 21 21
Tp drift depth (um) 5 5 5 5
Weate Gate wideth (um) 2 2 2 2
Nrift N-drift doping (cm~3) 2.5 x 101 2.5 x 10%° 2.5 x 101 2.5 x 10%°
h-top AEG structure thickness (um) - - 0.2 -
Woxide Gate oxide width (um) 0.1 0.1 0.1 0.1
Weg Extended gate width (um) -- -- 2.2 0.6
Lrin FIN-Gate length (um) 1 - - 1
L Extended drain lenth (um) - - - 9
H Extended drain thickness (pm) -- -- - 04

The simplified production process of the BEA-LDMOS is given as follows: The em-
phasis is the extended superjunction trench gate and Extended Drain. The SOI wafer in
Figure 2a is injected with oxygen ions and annealed to form a silicon dioxide isolation
layer. The P-well and Extended Drain are obtained by implantation, as shown in Figure 2b.
The following undergo thermal oxidation to grow the isolation layer and undergo sec-
ondary ion implantation doping, as shown in Figure 2c. The subsequent processes such as
metallization and passivation are compatible with conventional LDMOSs in Figure 2d.
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() (d)

Figure 2. Simplified key process of the proposed BEA-LDMOS. (a) SOI substate, (b) Ion doping,
(c) Thermal oxidation, (d) Electrode deposition.

2.2. Mainly Applied Physical Models

The main physical models used in this simulation include the carrier mobility model,
carrier recombination model, and avalanche breakdown generation model [24-26]. Carrier
mobility is expressed as follows:

1 ep(-) ee(-) 1 .
ﬁ = iac + lisr +E+E @

where p,c represents the surface phonon scattering model, s represents the surface
roughness scattering model, x represents the distance between the insulator and the semi-
conductor interface, y;, represents the low-field-mobility model, and ur represents the
high-field-mobility model.

In the simulation, we use the SRH carrier recombination model, which can accurately
simulate the recombination mechanism of carrier under quantum effects. The carrier
recombination model is expressed as follows:

np — n;
RiIe{tH _ P— YnYphieff (22)
Ty (” + 'Yn”i,eff) + Ty (P + 'YPni,eff)
n Er, — E
Tn = Vcexp( - PHTHC) (2b)
Ey — Er
T = vaexp( - Tpp) (20)

In the formula, T, represents the lifetime of non-equilibrium minority electron, Ty
represents the lifetime of non-equilibrium minority hole, N¢ represents the effective state
density of the conduction band, Ny represents the effective state density of the valence
band, Ef, represents the quasi-Fermi level of the conduction band, Ef, represents the
quasi-Fermi level of the valence band.
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In order to accurately simulate the breakdown voltage of the device, the avalanche
breakdown generation model is introduced in the simulation process. When the device
is working in the blocking voltage, as the drain voltage continues to increase, the internal
electric field of the device becomes stronger. When the maximum electric field inside the
device is greater than or equal to the critical breakdown electric field of silicon, the charge
multiplication effect will occur, and the leakage of the device will increase sharply, resulting
in electrical breakdown of the device. The avalanche breakdown generation model is
expressed as follows:

Avalanch
G — wynvy, + appop (3a)

2b

o= yae F (3b)

hw,
B tanh( 2kT(’]’ )

r)/ - -V
tanh( hZ(Z“T” )

(3¢)

In the formula, « is the ionization factor, it’s the inverse of the mean free path, F
represents the Vector mechanics, hw,, represents the optical phonon energy, y represents
the Dependence coefficient of phonon.

3. Results and Discussion
3.1. Control Mechanism and Bulk Electron Accumulation Effect of the BEA

Figure 3 shows the transfer, transconductance (gm), and gate potential characteristics
for the devices. Figure 3a shows that when Vg is increased from 6 V to 16 V, and the Vpg
of the drain is grounded, Vg is extended through the whole P-region, and it is shunted
by the negatively biased D;. Figure 3b compares the transfer and g characteristics for
the CON-LDMOS, AEG-LDMOS, FIN-LDMOS, and BEA-LDMOS. The peak g, for the
devices is 2.26, 3.16, 4.21, and 18.33 mS/mm, respectively. Because the higher peak gn can
be achieved by the 3-D bulk electron channel, the BEA shows the best control capability
of IDS-

Figure 4 shows the electron current densities of devices in the on-state. It can be seen
that the electron current density of the AEG-LDMOS and BEA-LDMOS are much higher
than those of the other two devices due to the existence of a charge accumulation effect.
Moreover, because of the 3-D charge accumulation effect of the BEA-LDMOS, while the
charge accumulation effect of the AEG is one-dimensional, the area of the low-resistance
channel formed by the BEA-LDMOS is much higher than that of AEG-LDMOS, so the
electron current density of the BEA-LDMOS is the largest of all four devices.

Figure 5 shows the output Ips-Vpg characteristics of the four devices at the forward
conduction. For the proposed BEA-LDMOS, the P-region is covered by Vs and Vpg to
obtain a 3-D low-resistance channel, so the linear current and saturation current in the drift
region are much higher than those of the CON-LDMOS, AEG-LDMOS, and FIN-LDMOS
under the same Vpg. Thus, stronger conductivity and ultra-low Ronsp are achieved.

3.2. Specifics of Resistance Rop,sp and Breakdown Voltage BV

Figure 6 shows the influence of the thickness of the top layer of silicon on Ron, sp and
BV of the device. It can be seen from the figure that Ron sp gradually decreases with the
increase in Tp under different gate voltages. This can be explained by the formula for
volume resistance:

L

R - st (4a)
_ P

Rs = TD (4b)

where L and W are the length and width of the device channel, respectively; R; is the
resistance of the block; p is the resistivity; and Tp is the thickness of the silicon film.
However, the BV first increases and then decreases with the increase in Tp, and the
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optimum BV is 314 V when T is 5.0 um. This is because when Tp is small, the longitudinal
breakdown voltage of the device is very low, and the BV of the device mainly depends
on the longitudinal breakdown voltage. When Ty, is too large, the relationship between
Ngrist and Tp does not conform to the RESURF theory [27], the device will breakdown in
advance, as shown in Figure 6b, and the electric field will be 0 at half of the drift area of
the device.
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Figure 3. The gate potential Vg in the on-state, transfer, and gm characteristics for the devices.
(a) Potential distribution along the p-n—p for the BEA-LDMOS. (b) Transfer and g, of the CON-

LDMOS, FIN-LDMOS, AEG-LDMOS, and BEA-LDMOS.
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Figure 4. The electgron Current density distribution for the four devices at the On-state.

2.0 T T
Vs 15V 20V
AEG-LDMOS —— — —
E " ||[FIN-LDMOS —— — —
=3 BEA-LDMOS
S~
< 1.2 i
T
&
—
X 0.8 - -
g
2
~ 0.4 e = - T T T T
2= —— = = = = =
0.0 . .
0 5 15 20

I
10
Vps(V)
Figure 5. Output characteristics of the devices, and Vg of 15 and 20 V are applied.

Figure 7 shows the influences of the doping Ny on the Ron,sp and BV for the devices.
For the CON-LDMOS, the optimized BV and Ron,sp are 329 V and 14.54 mQ-cm? when
the Ny is 2.5 x 10'° cm~3, respectively. For the FIN-LDMOS, the optimized BV and
Ron,sp are 323 V and 11.78 mQ-cm? when the Ng,if is 2.5 x 105 cm ™3, respectively. For
the BEA-LDMOS, the optimized BV and Ron,sp are 314 V and 1.84 mQO-cm? when the Nyyig
is 2.2 x 10! cm~3, respectively. It can be seen that the BV of the four devices increases
first and then decreases with the increase in Ngy¢. This is because when the doping
concentration is very low, the maximum electric field of the device is near the drain region,
and the breakdown voltage of the device mainly depends on the heterojunction formation
of the drain region and N-drift region. When the doping concentration in the N-drift region
gradually increases, the PN junction formed in the drift region and the P-well also begins
to participate in the voltage resistance. When the N-drift region doping concentration
continues to increase, the maximum electric field of the device will appear near the source
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region, and the doping concentration difference between the drain and the drift region
is very small. The breakdown voltage of the device mainly depends on the PN junction
formed by the drift region and P-well. The breakdown voltage reaches its maximum
when the two electric field spikes are almost high. The Ron,sp of CON-LDMOS and FIN-
LDMOS decreases obviously with the increase in Ngyig, but the Ronsp of AEG-LDMOS and
BEA-LDMOS almost does not change with the change in Ngy;¢. This is because these two
devices have low-resistance channels formed by the electron accumulation effect, 0 Ron,sp
does not depend on N4 Consequently, Baliga’s Figures OF Merit (FOMs) of the CON-
LDMOS, FIN-LDMOS, AEG-LDMOS, and BEA-LDMOS are calculated as 7.42 MW /cm?,
8.86 MW /cm?, 20.02 MW /cm?, and 53.43 MW /cm?, respectively.
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Figure 6. Influence of key parameter T on the Ron,sp, BV, and electric field for the BEA-LDMOS (Tp
is the thickness of the N-drift). (a) Influence on the Ron sp and BV, (b) influence on the electric field of

top layer.
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Figure 7. Effect of doping concentration of N-drift region on BV and Ron,sp for the four devices.

Figure 8 shows the corresponding equipotential distribution at the avalanche break-
down for the four devices. The yellow area in the figure is the N-drift area, the brown
area is the buried oxygen layer, the green area is the P-type substrate, the top left is the
drain, the right is the source and the gate. It is noted that the BVs of the CON-LDMOS,
FIN-LDMOS, AEG-LDMOS, and BEA-LDMOS are 315, 306, 297, and 314 V, respectively.
The CON-LDMOS, FIN-LDMOS, and AEG-LDMOS have a similar distribution of potential
lines, but there is no distribution of potential lines in the area near the drain of the BEA-
LDMOS. This is because the Extended Drain introduces the higher electric field into the
silicon dioxide layer, so the silicon dioxide layer below the Extended Drain has a denser
distribution of the potential line. Because SiO; has a smaller interfacial defect density and a
larger dielectric constant than silicon, SiO, can withstand a higher voltage and can improve
the BV of the device.
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Figure 8. The 3-D equipotential contours at the avalanche breakdown at the same N g,
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Figure 9 demonstrates the electric field Efield distribution along the cut line of
X=19um, Z =6 um and X = 1.9 um, Z = 4.9 um. It is noted that the Efield in the N-
drift of the BEA-LDMOS reaches a maximum at the end of the Extended Drain and then
drops rapidly, as shown in Figure 9a. This is because the Extended Drain of high doping
forms a heterojunction with the drift region of low doping concentration. In heterogeneous
junctions, electrons and holes are unevenly distributed on both sides due to different mate-
rial doping concentrations. Since the concentration of electrons in the highly doped region
is higher than that in the low-doped region, electrons will diffuse from the high-doped
region to the low-doped region, while holes will diffuse from the low-doped region to the
high-doped region. Electrons and holes will meet at the center of the junction, resulting in a
large number of recombination. This recombination results in a region of space charges near
the junction, and the uneven distribution of charges in this region leads to the formation
of a sharp electric field. Meanwhile, the Efield in the buried silicon dioxide layer of the
BEA-LDMOS is much higher than those of the other three devices, as shown in Figure 9b.
This is because the Extended Drain draws the high electric field in the N-drift region into
the buried silicon dioxide layer, which can withstand higher voltages.
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Figure 9. The electric field distribution at the avalanche breakdown at (a) X = 1.9 ym, Z = 6 pm;
(b) X=19 um, Z=4.9 um.
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3.3. Influence of Unique Key Parameters on the Rop,sp, Peak gy, and BV of the BEA LDMOS

Figure 10 shows the influence of the length (L) and thickness (H) of the Extended
Drain on the Ronsp and BV for the BEA-LDMOS. In Figure 10a, the Extended Drain is
equivalent to a low-resistance channel, so increasing the thickness of the Extended Drain
is equivalent to increasing the volume of the low-resistance channel. Consequently, the
specific conduction resistance decreases with increase in thickness of the Extended Drain.
In Figure 10b, the specific conduction resistance decreases with increase in the length of
the Extended Drain. The BV of the device generally increases first and then decreases
with the increase in the thickness and length of the Extended Drain. This is because at the
beginning, with the increase in the volume of the Extended Drain, the high electric field
can be better introduced into the silicon dioxide layer. However, when the increase exceeds
a certain range, it is equivalent to increasing the drift concentration, which will reduce the
breakdown voltage. Considering the trade-off property between the Ronsp and BV, the
thickness of 0.4 um and length of 9 pm are selected as the best parameters.
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Figure 10. Key parameters: (a) thickness (H) of the Extended Drain, (b) length (L) influence on the

Ron,sp/ peak gm, and BV for the BEA-LDMOS.
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3.4. Dynamic Characteristics

The switching characteristics under inductive load are shown in Figure 11a, and
a slower turn-on speed Ton and turn-off speed Topr of the BEA-LDMOS are observed
compared to the CON-LDMOS, AEG-LDMOS, and FIN-LDMOS. Because the gate capacity
is proportional to the gate area, the larger the area, the larger the gate capacity. The BEA-
LDMOS not only has a FIN structure, but also has an extended superjunction trench gate,
so the gate area is much larger than those of the other three devices. Figure 11b shows
the effect of different widths of the gate on the switching speed of the device. It can be
seen that the wider the gate, the lower the switching speed of the device. The switching
performance of the device can be improved by reducing the width of the gate.

VD ID I
1604 _ AEG-LDOMS 1150
CON-LDMOS
— — ——FIN-LDMOS
120 - BEA-LDMOS a0
S
> Y s m—— 4100 E
% 3
2 <o d <
Shs 4
a
150 ™~
404
|
JI I
0 = l : ;—=—I: pu— _l_._;__._¥-- 0
1.013 1.014 1.015 1.016 1.017
T Cus)
(a)
160 -
J150
120 - &
o g
2 100 S
72 <
S '| 7
‘ &
150
40 \
\
\
0 1 . - 0
1.015 1.018

Figure 11. (a) Capacitance switching characteristics of the four devices. Turn-on and turn-off curves
under inductive load.(b) Switching characteristic curves at different gate widths.
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3.5. The Trade-Off Property between the Roy,sp and BV

Figure 12 demonstrates the trade-off characteristic and FOM for the BEA LDMOS,
single RESURF, double RESUREF, and triple RESUREF in Ref. [9], which are the classic three
structures. It can be seen from the figure that the Ronsp of the device is still very low at a
larger BV. According to FOM = BV2/ Ron,sp, it can be concluded that the FOM of BEA is
largest and achieves the best trade-off property. The main performance indexes of the four
devices compared in this paper are shown in Table 2.
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Figure 12. The trade-off relationship between Ronsp and BV for the BEA-LDMOSs and the RESURFE.
The FOM is calculated by the FOM = BV2/ Ron,sp-

Table 2. Trade-off Property between the Ron,sp and BV.

Symbol FIN-LDMOS CON-LDMOS AEG-LDMOS BEA-LDMOS
BV (V) 323 329 297 314
Ronsp (MQ-cm™2) 11.78 14.54 4.41 1.84
FOM 8.86 7.42 20.01 53.43
Ngrife (cm™3) 2.5 x 101° 2.5 x 1012 2.5 x 101° 2.5 x 101°

4. Conclusions

The mechanism and electric characteristics of the BEA-LDMOS are proposed and
researched. The Vg of the BEA is extended through the P-region, and the full buck
accumulation effect is formed at the inside of the N-drift, where a 3-D low-resistance
channel at the N-drift is achieved. In addition, the Extended Drain is also equivalent
to a low-resistance channel. Thus, the Ronsp is significantly decreased. Simultaneously,
the superior BV is guaranteed by the charge compensation and assisted depletion effect
between the P-type doping and N-drift. Consequently, a FOM of 53.49 MW /cm? is achieved,
which breaks through the silicon limit of the RESURF.
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Abstract: A power clamp circuit, which has good immunity to false trigger under fast power-on
conditions with a 20 ns rising edge, is proposed in this paper. The proposed circuit has a separate
detection component and an on-time control component which enable it to distinguish between
electrostatic discharge (ESD) events and fast power-on events. As opposed to other on-time control
techniques, instead of large resistors or capacitors, which can cause a large occupation of the layout
area, we use a capacitive voltage-biased p-channel MOSFET in the on-time control part of the
proposed circuit. The capacitive voltage-biased p-channel MOSFET is in the saturation region after
the ESD event is detected, which can serve as a large equivalent resistance (~10° Q) in the structure.
The proposed power clamp circuit offers several advantages compared to the traditional circuit, such
as having at least 70% area savings in the trigger circuit area (30% area savings in the whole circuit
area), supporting a power supply ramp time as fast as 20 ns, dissipating the ESD energy more cleanly
with little residual charge, and recovering faster from false triggers. The rail clamp circuit also offers
robust performance in an industry-standard PVT (process, voltage, and temperature) space and has
been verified by the simulation results. Showing good performance of human body model (HBM)
endurance and high immunity to false trigger, the proposed power clamp circuit has great potential
for application in ESD protection.

Keywords: power clamp circuit; ESD; HBM,; false trigger

1. Introduction

With the development of integrated circuits (ICs), ESD protection has become the
major concern regarding the reliability of IC products [1-3]. In order to solve this problem,
researchers have proposed the gate-grounded NMOS (GGNMOS), the silicon-controlled rec-
tifier (SCR) structures, and the RC-based power-rail clamp circuit, which can provide a low
resistance path to achieving ESD protection without affecting the fragile core circuit [4-9].
Among them, the RC-based power-rail clamp circuit has become the mainstream protection
method in full chip ESD protection due to its low trigger voltage and mature manufacturing
process [4-8].

However, the RC-based power-rail clamp circuit is often falsely triggered by severe
power noise or fast power-up events, which leads to the burning out of the clamp MOSFET,
as shown in Figure 1. To improve immunity to false trigger and make sure it has sufficient
turn-on time during ESD events, the hybrid triggering method combining static and
transient efficiency has been proposed [9,10]. However, the sustained leakage current path
in [9] causes massive unnecessary power consumption, while the circuit in [10] shows false
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trigger in fast power-on pulses with 20 ns rise time. Another improvement method uses
the separation technique of a detection component and an on-time control component,
which makes the clamping MOSFET turn-on time completely independent of the ESD-
transient detection circuit [11-13]. Figure 2a shows the overall circuit structure design
method to prevent false trigger, consisting of three parts: the detection component, the
on-time control component, and the clamp device. The traditional power clamp circuit
separating the detection and on-time control component proposed by Miller et al. is shown
in Figure 2b [11], and the modified circuit with a current mirror proposed by Qi Liu et al. is
shown in Figure 2c [12]. Both of the two ESD circuits here can achieve voltage clamping
and prevent false trigger during fast power-on events. However, the large resistors and
capacitors in these two ESD circuits will undoubtedly increase the layout, which can
ultimately cause an increase in the manufacturing costs of ICs. Furthermore, there is still
the possibility of false trigger in the case of high frequency and large amplitude noise
disturbance.

Figure 1. A picture of the burning out of the clamp MOSFET after testing. (The burnt places are
circled in red).

VDD
Detecti On-time
etection control l: Clamp
component component MOSFET
(a) GND
VDD VDD

Rzé [c CIJ‘ iRz lCZ

IZE >

(b) GND (c) GND

Figure 2. (a) Overall structure of a power supply clamp circuit. (b) The traditional power clamp
circuit with separate detection and on-time control components [11]. (¢) The modified circuit with
current mirror [12].

Therefore, an area-saving power clamp circuit which has good immunity to false
trigger is proposed in this paper. As opposed to other on-time control techniques, we use a
capacitive voltage-biased p-channel MOSFET in the on-time control part to realize Mega
Ohm-level large equivalent impedance. Simulation results verify that the proposed power
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clamp circuit is area-saving. Furthermore, it can achieve ps level transient turn-on time
to fully release ESD stress, while the RC time constant of the detection part is only 10 ns
to avoid most of the false trigger events. In addition, the circuit also has a low standby
leakage current under normal power-on conditions.

2. The Proposed Power-Rail ESD Clamp Circuit
2.1. Structure of Proposed Circuit

In general, for common HBM ESD signals the rising edge is less than 10 ns [14,15].
Therefore, only a very small time constant (10 ns) is required for the usual ESD signal
detection component. However, due to the requirements of the electrostatic discharge time,
the RC time constant setting is usually relatively large, close to 1 ps. This causes false
triggering during fast power-on events, resulting in an abnormal opening of the discharge
circuit, which in turn leads to an increase in chip power consumption or even burnout.

Figure 3 shows the proposed power-rail clamp circuit. Due to the separation of the
detection component and the on-time control component, it has a relatively small RC time
constant (10 ns) in the ESD detection component, which results in good immunity to false
trigger and reduces leakage during power-on, as shown in the purple box in Figure 3a. The
on-time control component consists of charging and discharging modules, as shown in the
green box in Figure 3a. The charging module is composed of a small capacitor C2 (100 {F)
and an nmos2, which is responsible for pulling the node B to a low level by charging the
C2. The discharge module is composed of a p-channel MOSFET, C2, and nmos1, which
is responsible for pulling the node B to a high level by discharging the C2. Particularly,
the capacitance between the gate and drain of the nmos1 and the capacitance between
the gate and source of the p-channel MOSFET form a capacitive voltage divider, which
can provide gate voltage for the p-channel MOSFET. The equivalent schematic diagram of
the capacitive voltage divider circuit is shown in Figure 3b. Combining Equations (1) and
(2), the equivalent resistance (r4s) of MOSFET is inversely proportional to the difference
between the gate voltage and the source voltage (V).

W 2
Igs = .ucoxf(vgs = V)" (1 + AVy) 1)
ras = 9Vas/ @lys ()
- VDD VDD
C L C —d[_ pmos
Detectio i equivalent
compone| Big 1
A Mos | | meee -

-

Rl% '-{[:m L ‘ C.l nmos;

GND GND

(a) GND (®)

Figure 3. (a) The proposed power-rail clamp circuit. (b) The equivalent schematic diagram of the
capacitive voltage divider circuit.

If the p-channel MOSEFET is biased at a relatively high gate voltage, the p-channel
MOSFET will be equivalent to a huge resistance (~10° Q) after ESD events are detected
in the circuit. In this way, the discharge time of C2 can be prolonged, and the voltage of
node B can be raised slowly to ensure that the ESD clamping MOSFET has enough turn-on
time to discharge static electricity. Moreover, the leakage current of the on-time control
component is negligible (nA level) because the nmos1 and nmos2 are always in the off state
after normal power-on.
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2.2. Principle of Operation

Figure 4a shows the voltage of the key node under a 1.8 V/100 ps power supply. When
the normal power-on happens, the transient detection component will not be triggered due
to the fact that there is no rapidly rising ESD signal. So, the voltage of node A is kept at
a low level and the nmos2 is kept off all the time. Meanwhile, the p-channel MOSFET is
turned on quickly with the gate-biased voltage provided by the capacitive voltage divider.
So, the voltage of node B is pulled up to a high level through the p-channel MOSFET and
C2. Then the voltage of node D is kept at a level of zero and the clamping MOSFET (the
BIGMOS in Figure 3a) is kept off. That is to say, the proposed power clamp circuit can
accurately identify the power signal and maintain a standby state while the internal circuit
is working normally.

2.0 T T .
— VDD =
— A
1.5 — B . 4
C o~
s —D )
& 23 1
Srof 8 — VDD
G S A
> >2
— B
0.5 —_C
L — )
£\ b (b)
0.0 - = 0 K L
o 50 100 150 0.0 0.5 1.0 1.5 2.0

Time (us) Time (us)

Figure 4. (a) The voltage of key node under 1.8 V/100 ps power supply. (b) The voltage of key node
under ESD events (Simulated by 5 V/10 ns pulse waveform).

Figure 4b shows the voltage of the key node under ESD events. When the ESD events
happen, the transient detection component with a Rl- C1 time constant is triggered by an
ESD signal, and the voltage of node A is pulled up to a high level to turn on the nmos2.
At this moment, the p-channel MOSFET is turned on quickly with the gate-biased voltage
provided by the capacitive voltage divider. Then the voltage of node B is pulled down to a
low level and the voltage of node D is pulled up to a high level. So, the clamping MOSFET
is turned on.

A little time later (proportional to Rl- C1 time constant), the voltage of node A changes
to a low level, and the nmos2 is turned off. Then the C2 is discharged through the p-channel
MOSEFET. While the p-channel MOSFET in the saturation region is equivalent to a large
resistance, because its long channel is narrow and pinched-off it takes a relatively long time
for node B to be pulled up to a high level. Finally, the voltage of node D is pulled down to a
low level, which turns off the clamping MOSFET. Therefore, the proposed clamp circuit can
quickly recognize the ESD signal and ensure sufficient time (us level) to discharge static
electricity.

3. Simulation and Results Discussion

Comprehensive simulation tests were conducted to illustrate the advantage of the
proposed structure. All the tests were carried out on a Cadence simulation test platform
based on the 180 nm process.

3.1. The Circuit-Level TLP Test

The transient transmission line pulsing test (TLP) is specifically designed to be one
of the most effective methods used to verify the protection level of ESD circuits. Here, a
square wave with a rising time of 10 ns and a voltage amplitude of 0-5 V was used to
simulate the TLP stress [16,17].

Table 1 shows the main parameters used in the traditional circuit, the modified circuit,
and the circuit proposed above. To ensure that the ESD detection capabilities of the three

83



Micromachines 2023, 14,1172

structures are the same, we kept R1 and C1, which are 10 k) and 1 pf, respectively,
consistent in the three circuits. R2 and C2 are the key parameters to control the electrostatic
discharge time, depending on the circuit structure used. The width of the clamping
MOSFET (Wmos) was set to 2000 pm, which can provide the same low resistance path to
achieve ESD protection. After applying the same TLP stress to the above three circuits,
the test results are shown in Figure 5a. We can clearly see that the discharge times of both
traditional and modified circuits are 480 ns and 710 ns, respectively. The proposed circuit
increases discharge time to 870 ns, which is far longer than the previous structures. This
means that the proposed power clamp circuit can discharge static electricity more fully
than the other two structures.

Table 1. The main parameters of the three circuits mentioned above.

The Classic [11] The Modified [12] The Proposed
R1 10K 10K 10K
C1 1p 1p 1p
Voltage-biased
R2 400 K 30K MOSFET
C2 1p 1p 100 f
Wos 2000 p 2000 p 2000 1
sk - Cl;issic' ] 5 L=1
Modified -
4t Proposed 1 M | = L=3u
= = — L=3. 5u
£l M| L=4u
1 1}
ol (a) S == ok
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.5 1.0 1.5 2.0
Time (us) Time (us)

Figure 5. (a) The gate voltage of MOSFET of three circuits under circuit-level TLP test. (b) The gate
voltage of MOSFET varying from the W/L of the p-channel MOSFET during an ESD event.

In general, microsecond electrostatic discharge times are sufficient, but worse condi-
tions, such as surge voltage and current, can occur in different application environments.
The proposed voltage clamp circuit can ensure the electrostatic discharge at the microsec-
ond level and realize the adjustable discharge time. Figure 5b shows the gate voltage of the
clamping MOSFET varying from the W/L of the p-channel MOSFET during an ESD event.
It can be seen that the turn-on time of the clamping MOSFET increases with the increase of
channel length. This is because the longer the channel, the larger the equivalent resistance
and the longer the discharge time. More importantly, the discharge time can be adjusted by
controlling the gate-biased voltage of the p-channel MOSFET, which achieves equivalent
resistance adjustability by changing the opening degree of the channel.

3.2. Area-Efficiency Evaluation

Figure 6 depicts layout views of the modified clamp circuits with a current mirror
and the proposed circuit mentioned above in which the MOSFET has a default width of
2000 um. The area of the modified clamp circuits with a current mirror is 60 pm x 61 um in
Figure 6a, while the area of the proposed circuit is only 45 um x 61 um in Figure 6b. Due
to the large equivalent resistance of the voltage-biased p-channel MOSFET in the proposed
circuit, it greatly reduces the need for the capacitor C2 while replacing the huge R2 area.
Therefore, compared to the modified circuit with a current mirror, at least 30% of the layout
area is saved by the proposed circuit.
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(b)

Figure 6. (a) Layout of the modified circuit with current mirror. (b) Layout of the proposed circuit.

3.3. Circuit-Level ESD Test

The circuit-level ESD test was performed with the HBM to verify the effectiveness of
the clamp circuit under ESD conditions. For a 4 KV HBM waveform, the peak current is
2.67 A £+ 10% with a rise time of less than 10 ns and a duration of 120-180 ns [18]. The
simulation circuit and current waveform of the HBM are shown in Figure 7. In Figure 7a,
the Cesq and Regq are the equivalent capacitance and equivalent resistance of the human
body, respectively. Considering the parasitic effect, we have added capacitance Cp, and
inductance Lp. The general range of Ly, values is 5-12 uH and the range of C, values is
1-4 pF. The simulated 4 kV HBM waveform is shown in Figure 7b, and it can be seen that
the current rise time (f;) is less than 10 ns, with a peak value (I},) of approximately 2.67 A,
which meets the HBM testing standard.

~—— [~ 2.67A

S1 Resd 2.5T
o M ™™
Ly 20} — ko
=<
E1.5H
Cp £l
DUT 3 t,<10ns

°
T

Cesd
T (a) ool

Figure 7. (a) The HBM for circuit-level ESD test. (b) Simulated HBM 4 kV discharge waveform.
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Figure 8 shows the response of VDD under the 4 KV HBM ESD test, and the impact of
temperature variations on the proposed power clamp is considered. With the increase of
temperature, the maximum clamping voltage of the proposed circuit increases gradually,
and the clamping ability of the circuit decreases slightly (the clamping voltage increased
from 6.2 V to 6.9 V). This is mainly because the increase in temperature leads to an increase
in the equivalent resistance of the clamping MOSFET. On the whole, even under high or
low temperature conditions (—40 °C to 125 °C), the proposed circuit can clamp the power
supply voltage below 7 V during 4 KV HBM events and can quickly drop to below 4 V
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within 50 ns. This shows that the proposed circuit has a superior electrostatic clamping
ability.

—=— T= -40°C
—— T=27°C
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Figure 8. The response of VDD under circuit-level ESD test with 4 KV HBM.

3.4. Immunity to the Fast Power Events

Figure 9 shows the gate voltage of the clamping MOS when fast power-on events
happen. The fast power-up events of 1 us/1.8 V,200ns/1.8 V,and 20 ns/1.8 V are simulated,
respectively. As we can see in Figure 9, the faster the power supply is powered on, the
higher the transient gate voltage of the clamping MOSFET, but the shorter the duration
time of the gate voltage. Even for the worst case of a 20 ns/1.8 V fast power-on, the
gate voltage of the clamping MOSFET is about 292 mV, far below the threshold voltage
(V). Therefore, the proposed power clamp circuit can effectively avoid false triggering
during fast power-on events. This is mainly due to the small time constant (10 ns) of the
detection component; the detection circuit can distinguish well between ESD events and
fast power-on events.
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Figure 9. The gate voltage of MOSFET when fast-power-on events happen.

3.5. Immunity to Noise Characteristics

High switching rates usually cause power supply noise, which can cause energy
consumption and even falsely trigger the power clamp circuit. So, it is necessary to verify
the immunity to power supply noise by simulating a pseudorandom pulse. The added
noise has a frequency of 500 MHz and an amplitude of 0.6 V, which is considered the worst
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case. The noise characteristic of the proposed circuit is shown in Figure 10. It can be seen
that the maximum leakage current of the clamping MOSFET is only about 1.2 mA and the
duration time is very short. Therefore, the proposed clamp circuit can significantly mitigate
high frequency and large amplitude noise disturbance.

1. 8v vDD +0.6v Noise|
2.5f 2.4V 7

1 1 1

161 [The leakage current of clamping MOS| 7
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Figure 10. The respond of MOSFET under the disturbance of noise.

3.6. The Low Leakage Characteristic

Figure 11 shows the leakage current of the clamping MOSFET under different tem-
perature conditions. During a fast power-on event when the VDD rises from 0 to 1.8 V
(1 us/1.8 V), the peak leakage current of the clamping MOSFET does not exceed 1.9 pA.
After the power-on, the leakage current quickly decreases to the nA level. Although the
leakage current slightly increases with the increase of temperature, it is still within an
acceptable range (below 60 nA at 125 °C). The results verify that the proposed power
clamp circuit is low power, and the energy consumption of the circuit can be ignored after
power-on.
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Figure 11. The leakage current under different operating conditions.
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4. Performance Comparisons

Table 2 shows the results of comparing the proposed circuit with the other two-
stage separated circuits (separate detection component and on-time control component)
mentioned above. In the case of ensuring the same ESD detection capability (the same
R1 and C1) and electrostatic discharge pathway (the same width of clamping MOSFET
(Wmos)), the proposed circuit occupies the smallest layout area, only 2745 um?. At the same
time, the proposed circuit has extremely low static leakage and remains at around 31 nA
after power-on.

Table 2. The comparison results of the three circuits mentioned above.

The Classic [11] The Modified [12] The Proposed
Process 180 nm 180 nm 180 nm
Winos 2000 p 2000 p 2000 p
Layout area >5000 3660 2745
[eax at 27 °C 31nA pA level 31nA
False trigger immune immune immune
HBM level 4KV 4KV 4KV

Performance comparisons of the proposed clamp with the representative prior ap-
proaches are presented in Table 3. Regarding the trigger circuit (TC) area-reduction ratio in
Table 3, the baseline circuit for comparison is the traditional transient circuit with an RC
time constant of 100 ns. By using a capacitor-biased p-channel MOSFET to achieve equiva-
lent large resistance, the proposed circuit obtains a higher area efficiency than most prior
types. The transient response time of the proposed circuit at the us level is sufficient for ESD
current discharge. Additionally, the circuit demonstrated high false trigger immunity in
the worst case of fast power-up pulses. The most important quality of the proposed clamp
is the adjustable transient response time which suits various ESD protection scenarios,
which is not achieved in existing hybrid triggering clamps. By comparison, the proposed
circuit performs better than prior circuits and provides an excellent solution for on-chip
ESD protection.

Table 3. Performance comparisons of the proposed clamp with the representative prior clamps.

TED 2018 [16] TDMR 2020 [19] ISCAS 2022 [20] TED 2022 [21] The Proposed
Process 180 nm BCD Process 28 nm 28 nm 180 nm
Leak N/A 31nA 7nA 6.8 nA 31nA
~50° e 0,

TC area-reduction ratio No Reduction No Reduction 50 /‘.) over th.e %0 /(.) over th? >70 /(.) over th.e
baseline circuit baseline circuit baseline circuit

False trigger immune immune immune immune immune

Transient Response Time 100 ns pus—Ilevel pus—Ilevel us—Ilevel pus—Ilevel

Adjustable time NO NO YES NO YES

5. Conclusions

A power clamp circuit which has good immunity to false trigger was proposed in this
paper. On the one hand, by utilizing the principle of capacitive voltage division, the voltage-
biased p-channel MOSFET in the discharge module is equivalent to a huge resistance
(~10° Q) after ESD events are detected in the circuit. Thus, microsecond discharge times
can be easily achieved while avoiding the use of large resistors and capacitors. Compared
with traditional circuits, the proposed circuit area savings is at least 30% (trigger circuit
area savings is at least 70%). On the other hand, the proposed circuit has a strong ability to
prevent false triggering, supporting a power-on time of as fast as 20 ns and withstanding
high-frequency noises of 500 MHZ/0.6 V. In addition, when the internal circuit is working
normally, the proposed circuit can maintain a standby state, and the low standby leakage
current is only 31 nA, avoiding energy consumption. In ESD events, the clamping MOSFET
can be turned on quickly, forming a low resistance path to fully discharge static electricity.
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Even under high or low temperature conditions (—40 °C to 125 °C), the proposed circuit
can clamp the power supply voltage below 7 V during 4 KV HBM events and can quickly
drop to below 4 V within 50 ns. Therefore, the proposed circuit exhibits good HBM
endurance and high immunity to false trigger, which have great application potential in
ESD protection.
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Abstract: This study investigates the operating characteristics of AlGaN/GaN high-electron-mobility
transistors (HEMTs) by applying HfO, as the passivation layer. Before analyzing HEMTs with various
passivation structures, modeling parameters were derived from the measured data of fabricated
HEMT with Si3Ny passivation to ensure the reliability of the simulation. Subsequently, we proposed
new structures by dividing the single Si3sNy passivation into a bilayer (first and second) and applying
HfO, to the bilayer and first passivation layer only. Ultimately, we analyzed and compared the
operational characteristics of the HEMTs considering the basic Si3sNy, only HfO,, and HfO, /Si3Ny
(hybrid) as passivation layers. The breakdown voltage of the AlGaN/GaN HEMT having only HfO,
passivation was improved by up to 19%, compared to the basic Si3Ny passivation structure, but the
frequency characteristics deteriorated. In order to compensate for the degraded RF characteristics,
we modified the second Si3Ny passivation thickness of the hybrid passivation structure from 150 nm
to 450 nm. We confirmed that the hybrid passivation structure with 350-nm-thick second SizNy
passivation not only improves the breakdown voltage by 15% but also secures RF performance.
Consequently, Johnson'’s figure-of-merit, which is commonly used to judge RF performance, was
improved by up to 5% compared to the basic Si3Ny passivation structure.

Keywords: AlGaN/GaN; high-electron-mobility transistor; passivation; HfO,

1. Introduction

Generally, AlGaN/GaN high-electron-mobility transistors (HEMTs) are widely adopted
in power electronics because of their outstanding electronic and material properties, such
as high-critical electric field (~3.3 MV /cm) and wide energy bandgap (3.4 eV). Interest-
ingly, these remarkable characteristics make GaN more practicable for high-power and
high-frequency applications compared to other materials [1]. Hence, due to these material
characteristics, AlIGaN/GaN HEMTs exhibit high electron saturation velocity as well as
high current density, high thermal reliability, and high breakdown voltage (Vpp) [2-4]. In
addition, HEMTs based on the AlIGaN/GaN heterostructure show admirable performances
via a two-dimensional electron gas (2-DEG) in the channel generated by the spontaneous
and piezoelectric polarization effects [5,6]. Nevertheless, to sufficiently satisfy the market
requirements, GaN-based HEMTs require further research for high-voltage and high-
frequency applications [7-9]. It has been demonstrated that the field-plate structures in
GaN-based HEMTs are commonly used to increase the Vpp, resulting in operational stabil-
ity and reliability. However, the frequency characteristics are degraded due to the increase
in parasitic capacitances, such as the gate-to-source capacitance (Cgs) and gate-to-drain
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capacitance (Cgq) [10,11]. This clearly shows the advantages and disadvantages of applying
field-plates in GaN-based HEMTs due to trade-off between DC and RF characteristics. Ad-
ditionally, many studies are being conducted to improve the devices” performance [12,13].
As an alternative to HEMTs with field-plate structure, we employed HfO; as the passivation
to enhance Vpp. Interestingly, HfO, has a high dielectric constant (~25) and large bandgap
energy (5.7 eV), both of which may be exploited to improve the devices” performance in
comparison with the basic GaN-based HEMTs with SisNy4 passivation [14]. Based on these
material properties, it is anticipated that the leakage current and Vgp characteristics can
be improved. However, HfO, passivation in HEMTs also produces additional parasitic
capacitances, which may degrade their frequency characteristics. Thus, we suggested the
additional structures to secure RF performance while applying HfO; as a passivation layer.

In this article, we compare and analyze three different passivation structures which use
the basic Si3sNy, only HfO,, and HfO, /Si3Ny (hybrid), respectively, as passivation materials.
Compared to the basic Si3Ny passivation structure, we confirmed that the Vpp of the HfO,
passivation structure improved by approximately 18.8%, but its frequency characteristics
were significantly degraded. Meanwhile, the hybrid passivation structure exhibited a
slightly reduced Vpp, but its frequency characteristics were improved to approximately
twice that of the HfO, passivation structure. Thus, we optimized the second Si3Ny passiva-
tion thickness in the hybrid passivation structure to further increase its RF performance.
Consequently, the various passivation structures in terms of Vpp, on-resistance (Ron), and
cut-off frequency (ft) were evaluated using the standard lateral figure-of-merit (LFOM)
(=Vgp?/Ron) and Johnson'’s figure-of-merit (JFOM) (=fr x Vpp) [15-17].

2. Materials and Methods

To obtain a reasonable simulation criterion, we first analyzed the fabricated HEMT
with a 0.15-um planar-gate structure [18]. The AlIGaN/GaN HEMTs were grown on a 4-inch
SiC substrate by using metal-organic chemical vapor deposition. More precisely, the epitax-
ial layers were composed of a 0.2-um-thick nucleation layer, a Fe-doped 2-um-thick GaN
buffer layer, and a 25-nm-thick Aly;5Gag 75N barrier layer. Additionally, the Ohmic metal-
lization of the device was formed by Ti/Al/Ni/Au evaporation followed by rapid thermal
annealing at 775 °C for 30 s, and device isolation was achieved by P* ion implantation.
Next, a 50-nm-thick 1st Si3sNy passivation layer was deposited by using plasma-enhanced
chemical vapor deposition (PECVD). The first metal interconnections with the Ohmic
contacts were formed by the Ti/Au evaporation after etching the 1st Si3sNy passivation
layer. Further, a planar gate was formed by using single-layer electron beam lithography.
More precisely, a gate foot length of 0.15 um was obtained by electron-beam exposure
using poly methyl methacrylate resist, and the 1st Si3Ny passivation layer underneath the
gate pattern was removed by inductively coupled plasma dry etching. Ni/Au planar-gate
metal stack was deposited by electron-beam evaporation and lift-off processes. After this,
a 250-nm-thick 2nd Si3Ny PECVD film was deposited for device passivation. A source-
connected field-plate was formed by using the Ti/Au metal and lift-off process. Finally,
the wafer-thinning and backside via-hole process was performed. The scanning electron
microscope (SEM) image of the fabricated planar gate AlGaN/GaN HEMT is shown in
Figure 1a.

Figure 1b shows the schematic diagram of the basic Si3Ny passivation structure of
the HEMT. Based on the fabricated device, we determined the structural and material
parameters to be utilized for modeling without any other structural changes, such as
changes to the planar-gate electrode structure, and while retaining the same gate foot-
length of 0.15 um, including the epitaxial layer. Table 1 provides the specific geometrical
parameter information of the basic Si3zNy passivation structure used in the simulation.
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Figure 1. A cross-sectional schematic of the fabricated planar gate AlIGaN/GaN high-electron-
mobility transistor (HEMT) structure: (a) scanning electron microscope (SEM) image; and (b) an
illustration used in modeling. The S, D, G, and S-FP represent the source, drain, gate, and source-
connected field-plate, respectively; each number (1-6) is explained in Table 1.

Table 1. The geometric parameters of the basic Si3Ny passivation structure of HEMT.

Parameters Value (um)

® Lcate—Drain 1.5
@ Lgate—source 0.5
® Lgate—Head top 0.8
@ LGate—Head bottom 1.0
@ LGate—Foot 0.15
® LGate—Height 0.44
Field-plate thickness 0.44
1st passivation 0.05
2nd passivation 0.25
AlGaN barrier 0.025
GaN buffer 2
Nucleation layer 0.2

In this simulation study; it is essential to initialize the material and simulation parame-
ters in order to accurately confirm the operating characteristics of the device. The specific
material parameters of GaN and AlGaN used for simulation are summarized in Table 2.
As shown in Table 2, we subdivided the FMCT (Farahmand-modified Caughey-Thomas)
and GANSAT electron mobility models based on the electric field within the device [19].
Additionally, heat models were applied in the simulation to implement the actual device
performance for accurate simulation results. Additionally, acceptor-trap doping in Al-
GaN/GaN HEMTs is generally used to improve the Vpp by reducing the substrate leakage
current [20]. However, current-collapse phenomena such as drain-lag and gate-lag in-
evitably occur [21]. Therefore, a properly controlled acceptor-trap doping is essential to
achieve high-performance HEMTs. The Gaussian acceptor doping profile is applied in the
simulation by using Fe (iron). More precisely, the peak acceptor-trap doping concentration
is set to 10'® /cm? in the GaN buffer layer and gradually decreases according to the Gaus-
sian distribution, resulting in an acceptor-trap doping concentration below 10'°/cm? at the
interface between AlGaN and GaN.
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Table 2. Material parameters used in the simulation at a temperature of 300 K (SRH: Shockley—Read-Hall).

Parameters Units GaN AlGaN
Bandgap energy eV 3.39 3.88
Electron affinity eV 42 2.3

Relative permittivity - 9.5 9.38
Low field mobility model - FMCT Mobility Model
High field mobility model - GANSAT Mobility Model

Electron saturation velocity cm/s 1.9 x 107 1.12 x 107
Hole saturation velocity cm/s 1.9 x 107 1.00 x 106
Electron SRH lifetime s 1.0 x 1078 1.0 x 1078
Hole SRH lifetime s 1.0 x 1078 1.0 x 1078

In order to conduct an accurate device simulation by considering the self-heating effect
(SHE), we applied physical models to calculate the heat generation within the device [22,23].
First, we used the lattice heat flow equation,

oT
Ca—tL = V(kVTL) + H 1)
where C is the heat capacitance per unit volume, « is the thermal conductivity coefficient,
H is the heat generation, and T, is the local lattice temperature. More precisely, the thermal
conductivity, which is important to calculate the SHE in a device simulation, is commonly
temperature-dependent. Therefore, we applied the thermal conductivity model,

k(T) = (TC.CONST)/ (T, /300) T<NPOW )

where TC.CONST is the thermal conductivity constant at 300 K and TC.NPOW is the
calibration factor which is an experimental value. The applied TC.CONST and TC.NPOW
parameters of GaN, AlGaN, and SiC-4H are summarized in the Table 3 [24].

Table 3. Thermal parameters used for the thermal conductivity model.

Parameters Units GaN AlGaN SiC-4H
TC.CONST - 1.3 0.4 3.3
TC.NPOW - 0.43 0 1.61

We investigated the relationship between parasitic capacitances and frequency charac-
teristics. The capacitance equation can be expressed by:

Eo€r

€=

A 3)

where C is the capacitance, ¢, is the permittivity of free space (constant value), ¢, is the
dielectric constant of the material, A is the area of overlap of the two electrodes, and d is
the electrode separation distance. As expressed in Equation (3), ¢, and 4 have a significant
influence on the change in capacitance.

Next, fr and maximum oscillation frequency (fmax) were explained by Equations (4) and (5):

fr= 27(Cs + g " 2nCys

fr fr
fmax = ~ 8R.C (5)
2/71Cga (R + Rg + Rgs +27Ls) + Gas (R + Ry + Rgs + 7frL) 8Ced

where g, Cqs, and ng represent the transconductance, gate-to-source capacitance, and
gate-to-drain capacitance, respectively. As described in Equation (4), decreasing the par-
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Drain Current (mA/mm)

asitic capacitances, such as Cgs and ng, increases the fr. The Rs, Rg, Rgs, Ls, and Gy, are
the source resistance, gate resistance, gate-to-source resistance, parasitic source inductance,
and output conductance, respectively [25]. Equation (5) shows that Ry and Cggq must be
reduced to achieve a higher fax. Additionally, as ft increases, fmax also increases, as shown
in Equation (5).

3. Results
3.1. Basic SizgNy Passivation Structure of HEMT Modeling Verified by Matching the Simulation’s
Results with the Measured Data

In this work, we matched the simulated drain current-gate voltage (Ips-Vgg) transfer
and fr with the measured data of the fabricated basic Si3N, passivation structure of the
HEMT to ensure the simulation’s reliability. The measured datum of the drain current at a
gate voltage of 0 V (I4ss) was 898.71 mA /mm, which was similar to the simulated datum
of 914.90 mA /mm. Furthermore, the measured maximum transconductance (Gp,) was
344.17 mS/mm, which corresponds to the simulated value of 349.60 mS/mm. The above
results for maintaining the threshold voltage (Vy,) at —3.8 V were confirmed. Therefore,
by adjusting the simulation’s parameters, l3ss, Gm, and Vy, values of the simulation and
the corresponding measured results were matched within 1.8% of the maximum error rate,
as shown in Figure 2a. A dip of the simulated transconductance around-gate voltage of
—2.4 V was found, since two different field-dependent electron mobility models were used,
as represented in Table 2. The exact criterion for determining the field within the device as
low or high remains unknown, but a slight dip in simulated transconductance can occur
at an obscure boundary of these models. The Ips—Vg transfer of the fabricated device
was measured by using a Cascade Microtech Summit 12,000 probe station and a HP4142B
Modular DC Source/Monitor probe station.

1200 400 50
Vps =10V —=— Measured Data Vps =20V —o— Measured H,,
—o— Simulated Data | 350 =
1000 - 3
]
300
8
800
-250 3 .
s [a1]
600 F200 g T o ; : :
= = —o— Simulated H,,
Q = 40+
150 @ I
400 _
3 30
100 Q
200 g 207
02 10
f; =24.64 GHz
0 T T T T 0 0 T T T
-6 -5 -3 -2 -1 (] 10° 10" 10"
Gate Voltage (V) Frequency (Hz)
(a) (b)

Figure 2. (a) The measured and simulated drain current-gate voltage (Ipg—Vgs) transfer characteristics
of a basic SizNy passivation structure of the HEMT at a drain voltage (Vpg ) of 10 V. The black and
blue arrows represent drain current and transconductance, respectively; and (b) the measured and
simulated current gain of a basic SisNy4 passivation structure of the HEMT as a function of frequency
at Vpg = 20 V and gate voltage (Vgs ) = —2.6 V.

The simulated and measured fr of the basic Si3Ny passivation structure of HEMT are
shown in Figure 2b. As regards the RF characteristics, the bias points of the simulated
results and the measured data were a drain voltage of 20 V and gate voltage of —2.6 V,
which were selected since the frequency characteristics were outstanding in comparison to
other bias points. More specifically, the fr was defined as the intersection of the x-axis and
the extension line at the point of current gain (Hy; ), with a slope of —20 dB/decade [26]. The
measured and simulated values of the f; were 25.19 GHz and 24.64 GHz, respectively. This
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214 HfO, Passivation(250nm)

DS

clearly shows that the simulated fr was accurate enough when compared to the measured
values, as the error rate was only 2.2%. PNA-X N5245A network analyzer was used to
analyze the f1 of the device within the frequency range from 0.5 to 50 GHz.

3.2. Comparative Analysis between HEMTs with SizNy, HfO,, and Hybrid Passivation Structures

To enhance the operational characteristics, we suggested two structures, as shown
in Figure 3. Figure 3a shows the HfO, passivation structure of the HEMT. As shown in
Figure 3b, the hybrid passivation structure consists of first and second passivation layers,
which are composed of HfO, and Si3Ny, respectively. Specifically, these passivation struc-
tures will exhibit enhanced DC characteristics, including the Vpp, as compared to the basic
SizNy passivation structure, because of the material properties of HfO,. The other structural
parameters excluding the passivation material were not changed in the simulation.

G
DS

SiC-4H Substrate(5pm) SiC-4H Substrate(5um)

(a) (b)

Figure 3. The schematics of various passivation structures for the AlGaN/GaN HEMT: (a) HfO,
passivation structure; and (b) hybrid passivation structure.

3.2.1. Analysis of DC Characteristics

First, we analyzed the DC characteristics of the HfO, and hybrid passivation-structures,
and then compared them to the basic SizNy passivation-structure. Figure 4a shows the
Ips—Vs transfer characteristics of all three structures at a drain voltage of 10 V. Among
them, the HfO, passivation structure slightly improved not only the drain current, but also
the transconductance, in comparison with the basic Si3Ny passivation structure. Interest-
ingly, these results show that Ron decreases as HfO, is employed in passivation [27]. The
drain current-drain voltage (Ips—Vps) characteristics were simulated at the gate voltages of
—5, —4, -3, —2, —1,and 0V, respectively, as shown in Figure 4b. As the higher gate voltage
was applied, the electron concentration in the channel region increased, resulting in a large
drain current. However, a decrease in drain current was observed as the drain voltage
increased. These results may be explained by SHE, since applying a higher voltage leads
to a higher heat generation, resulting in the degradation of the DC characteristics [28-30].
When the applied drain voltage increased, a strong electric field was generated within
the device. Due to the large electric field, phonon scattering was observed to reduce the
electron mobility and current density. Although the SHE occurred in all three structures, the
HfO, passivation and hybrid passivation structures exhibited a higher drain current than
did the basic Si3Ny passivation structure. In addition, Ron was calculated to be 4.02, 3.84,
and 3.97 Q)-mm for the basic Si3Ny, HfO,, and hybrid passivation structures, respectively.

Figure 5a shows the electric field distribution in the channel layer under a drain
voltage of 200 V. In comparison with the basic Si3Ny passivation structure, the HfO, and
hybrid passivation structures demonstrated that the peak electric field in the channel
layer was reduced and dispersed due to the high dielectric constant of HfO,. As the peak
electric field increased, impact ionization, which causes the generation of electron-hole
pairs, became severe. Thus, the redistribution of the electric field effectively improved the
Vpp. Specifically, the Vgp values of the SizNy, HfO,, and hybrid passivation structures
were 232.47, 276.27, and 268.41 V, respectively, as shown in Figure 5b. After applying a
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voltage of —7 V to the gate to completely turn off the device, the drain voltage when the
drain current exceeded 1 mA/mm was defined as the Vpp. Figure 5c compares the drain
leakage current for the three different passivation structures. Particularly, the structures
where HfO, is applied to the passivation layer can show that the 2-DEG confinement in the
channel region can be improved due to the wide bandgap energy of HfO,, reducing the
leakage current. Therefore, the HfO, passivation structure exhibited the least drain leakage
current among the three [31,32].
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Figure 4. The DC simulation results of Si3sNy, HfO,, and hybrid passivation structures: (a) Ips—Vgs
transfer at Vpg = 10 V. The black and blue arrows represent drain current and transconductance,
respectively; (b) drain current-drain voltage (Ipg -Vpg ) characteristics at Vgg = —5, —4, =3, =2, —1,
and 0 V.
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Figure 5. Cont.
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Figure 5. The DC simulation results of Si3Ny, HfO,, and hybrid passivation structures: (a) electric
field distribution in the channel region; (b) off-state breakdown voltage; and (c) off-state drain
leakage current.

3.2.2. Analysis of the RF Characteristics

Figure 6 shows the parasitic capacitance characteristics for SisN4, HfO,, and hybrid
passivation structures. Specifically, the Cgs and Cgg were obtained at a drain voltage of 20 V
and a gate voltage of —2.6 V. As shown in Figure 6a,b, the HfO, passivation structure shows
the highest Cgs and Cgq, since the dielectric constant of HfO, is larger than that of Si3Ny,
which is explained by Equation (3). In addition, the parasitic capacitance values of the
hybrid passivation structure were smaller than that of the HfO, passivation structure. This
is because the HfO, passivation thickness was thinner in the hybrid passivation structure
compared to the HfO, passivation structure. Therefore, the parasitic capacitances tended
to increase as more HfO, was used in the passivation layer.
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Figure 6. The parasitic capacitance characteristics of SizN4, HfO,, and hybrid passivation structures:
(a) gate-to-source capacitance; and (b) gate-to-drain capacitance.

Figure 7 represents the simulated f1 and fmax of the three different passivation struc-
tures. Similarly, as the capacitance simulations, ft and fyax, were obtained at a drain
voltage of 20 V and a gate voltage of —2.6 V. More precisely, the fr values are 24.64, 10.17,
and 20.50 GHz for the basic SizNy passivation, HfO, passivation, and hybrid passiva-
tion structures, respectively. The fr values of the HfO, and hybrid passivation structures
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were decreased by 58.7% and 16.8% compared to the basic Si3sNy passivation structure,
respectively. According to Equation (4), the fr values of the three passivation structures
may have been influenced by the g and Cgs. In addition, the fmax values of the basic
Si3Ny passivation, HfO, passivation, and hybrid passivation structures are 110.28, 48.72,
and 88.53 GHz, respectively. It can be seen that f,x value of HfO, passivation structure
significantly decreased as fr decreased according to Equation (5). Particularly, the fmax,
which is obtained from the extension line with a slope of —20 dB/decade at the intersection
of the maximum stable/available gain (MSG/MAG), becomes 0 dB [33,34].

50

50

Vps =20V +SE3N4 Pass!vation H,, VDS =20V —o— HfO, Passivation H,,
Vgs=-2.6V —o— 8i3N, Passivation MSG/MAG Ves=—26V —o— HfO, Passivation MSG/MAG
—~ 401 ~ 40
[a1] m
= 3
2 30 2 30
= =
8 0] \
= 201 2 20 9
o3 o
N f ..=110.28 GHz & -
£ 0 max T 10 fax = 48.72 GHz
f; =24.64 GH
T z N ,, f; = 10.17 GHz
0 . ——a R 0 . . — .
10° 10" 10" 10° 10" 10"
Frequency (Hz) Frequency (Hz)
(a) (b)
50
VDS =20V —o— Hybrid Passivation H,,
VGS =-26V —o— Hybrid Passivation MSG/MAG
—~ 40
m
z
(O]
<
=
O
7}
=
L]
N
T
g

Frequency (Hz)
(c)

Figure 7. The cut-off frequency (ft) and maximum oscillation frequency (fmax ) for different pas-
sivation structures: (a) Si3N4 passivation structure; (b) HfO, passivation structure; and (c) hybrid
passivation structure.

Interestingly, these results clearly show that the ratio of HfO, in passivation is impor-
tant for DC and RF performances. As the ratio of HfO, increases, the DC characteristics
are improved, but the RF characteristics, such as parasitic capacitances and frequency
characteristics, are degraded due to the material properties of HfO,. To improve both DC
and RF characteristics, we selected the hybrid passivation structure and then simulated
four different 2nd Si3N4 passivation thicknesses, i.e., 150, 250, 350, and 450 nm, which
will be discussed in Section 3.3. More precisely, to optimize the second Si3Ny passivation
thickness and calculate the figure-of-merit, we analyzed the operational characteristics
including Vgp, parasitic capacitances, and frequency characteristics.
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3.3. Determination of the Optimum Second Passivation Thickness for Hybrid Structure
3.3.1. Analysis of the DC Characteristics

Figure 8a shows the electric field distribution in the channel region at a drain voltage
of 200 V and a gate voltage of —7 V. The peak electric field was not significantly affected
by the second passivation thickness. Additionally, the overall electric field distribution
also showed no significant difference. Therefore, the Vgp values of the various second
passivation thickness structures were not changed significantly. As shown in Figure 8b,
the Vpp was simulated to be 262.00, 268.41, 267.57, and 262.30 V for the hybrid passivation
structure with second passivation thicknesses of 150, 250, 350, and 450 nm, respectively. As
the field-plate gradually deviates from the channel region, the electric field in the channel
cannot be dispersed, resulting in the decrease of Vgp. Meanwhile, as the passivation
thickness increases, it is expected that Vpp would increase, because the passivation can
prevent the electric field in the channel region spread by the high electric field adjacent to
the gate electrode. For these two reasons, the Vpp were slightly enhanced in the second
passivation thicknesses of 250 and 350 nm, compared with other structures.
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Figure 8. The DC simulation results of hybrid passivation structure with various second passivation
thicknesses: (a) electric field distribution in the channel region; and (b) off-state breakdown voltage.

3.3.2. Analysis of the RF Characteristics

Figure 9 shows the Cgs and Cgq of the hybrid passivation structure with various
second passivation thicknesses, at a drain voltage of 20 V and a gate voltage of —2.6 V.
The second passivation thickness affected the parasitic capacitance values. Specifically,
the 150-nm-thick second passivation structure showed the largest Cgs, due to the decrease
in distance between the gate and source, as shown in Figure 9a. According to Equation
(3), as the distance among the electrodes increased, the parasitic capacitances decreased.
Therefore, compared to Cgs, there is no significant change in Cgq, because the gate-to-source
distance is much shorter than the gate-to-drain distance. In addition, the 450-nm-thick
second passivation structure exhibited a slightly larger Cyq than did the other structures,
as shown in Figure 9b. The change in materials from air to Si3Ny led to an increase in Cgg
due to dielectric constant of the materials, which is explained by Equation (3).

Figure 10 shows the simulated fr and fmax values for the different second passivation
thicknesses at a drain voltage of 20 V and a gate voltage of —2.6 V. When the second
passivation thicknesses were 150, 250, 350, and 450 nm, the ft values in the simulations
were 17.92, 20.50, 22.64, and 24.97 GHz, respectively. A decrease in the Cgs due to a change
in the second passivation thickness led to an increase in fr, according to Equation (4).
Therefore, fr tended to increase by about 14.4~39.3% as the second passivation thickness
was extended by each 100-nm-step. The fmnax values were simulated to be 78.50, 88.53,
91.47, and 106.39 GHz for the hybrid passivation structure with the second passivation
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thicknesses of 150, 250, 350, and 450 nm, respectively. Comparing the fyax values of the
hybrid passivation structures based on the different second passivation thicknesses, it
can be demonstrated that the fax values increased by 12.8~35.5% with each 100-nm-step
increase in the second passivation thickness. According to Equation (5), the fmax values
were mainly influenced by the increase in fr because there was no significant change in
Cgq. Throughout these results, we confirmed the dependence of frequency characteristics
in relation to the second passivation thickness.
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Figure 9. The parasitic capacitance characteristics of the hybrid passivation structure with various
second passivation thicknesses: (a) gate-to-source capacitance; and (b) gate-to-drain capacitance.
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Figure 10. The simulated f and fmax as a function of the second passivation thicknesses at Vpg = 20 V
and VGS =-26V.

4. Discussion

In this article, we simulated the DC and RF characteristics of various passivation
structures. Additionally, we analyzed the hybrid passivation structure by changing the
second passivation thickness. Based on these results, we first calculated the LFOM and
JEOM to investigate the performance of the device for the various passivation structures.
Table 4 provides a summary of the DC and RF characteristics, including the figure-of-merit
for the four different passivation structures. More precisely, the LFOM and JFOM of the
basic Si3Ny passivation structures were 13.44 MW /mm and 5.73 THz-V, respectively. The
HfO, passivation structure increased the LFOM by 48% and decreased the JFOM by 39%
compared with the basic SizNy passivation structure. In comparison with the basic Si3Ny
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passivation structure, analysis of the hybrid passivation structure showed that the LFOM
was increased by up to 35% and the JFOM was decreased by up to 4%.

Table 4. A summary of the DC and RF characteristics of various passivation structure HEMTs.

Parameters Units SizNy HfO, Hybrid
First/second passivation thickness nm 50/250 50/250 50/250 50/350
On-resistance (Ron ) O-mm 4.02 3.84 3.97 4.16
Breakdown voltage (Vpp) \% 232.47 276.27 268.41 267.57
Cut-off frequency (fr) GHz 24.64 10.17 20.50 22.64
Maximum oscillation frequency (fmax ) GHz 110.27 48.72 88.53 91.47
Standard lateral figure-of-merit (LFOM) MW /mm 13.44 19.93 18.15 17.21
Johnson'’s figure-of-merit (JFOM) THz-V 5.73 2.81 5.50 6.06

Subsequently, the LFOM values for the hybrid passivation structure of different second
passivation thicknesses were estimated to be 17.93, 18.15, 17.68, and 15.53 MW /mm,
respectively. In addition, except for the hybrid passivation structure with 450-nm-thick
second SizNy passivation, the LFOM values of the other hybrid passivation structures had
improved by more than 28%, compared to the basic Si3sNy passivation structure. Further,
we measured the JFOM values for the hybrid passivation structures of different second
passivation thicknesses, which were 4.70, 5.50, 6.06, and 6.55 THz-V, respectively. As the
second passivation thickness increased, the JFOM values also increased.

5. Conclusions

In this study, using TCAD simulation, we analyzed the operational characteristics of
AlGaN/GaN HEMTs in accordance with changes of passivation materials and thicknesses.
Before analyzing the various passivation structures, all the simulation and material pa-
rameters were precisely set through mapping with the measurement data of the fabricated
device to ensure the reliability of the simulated data. Based on the simulation results, we
suggest an optimized hybrid structure of HEMT which adopts a 50-nm-thick first HfO,
passivation and a 350-nm-thick second Si3sNy passivation. Unlike other general structures
such as the field-plate in the HEMT, we confirmed that the hybrid passivation structure
of the HEMT with suitable passivation thickness could enhance both the DC and RF per-
formances, including the LFOM and JFOM. Consequently, the simulation results clearly
show that HfO; as a passivation material with a second passivation thickness suitable
for the AlGaN/GaN HEMTs can be a promising candidate for future high-power and
high-frequency applications.
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Abstract: The internal electric field coupling noise of a quartz flexible accelerometer (QFA) restricts
the improvement of the measurement accuracy of the accelerometer. In this paper, the internal electric
field coupling mechanism of a QFA is studied, an electric field coupling detection noise model of
the accelerometer is established, the distributed capacitance among the components of the QFA
is simulated, the structure of the detection noise transfer system of different carrier modulation
differential capacitance detection circuits is analyzed, and the influence of each transfer chain on the
detection noise is discussed. The simulation results of electric field coupling detection noise show
that the average value of detection noise can reach 41.7 pug, which is close to the effective resolution
of the QFA, 50 ug. This confirms that electric field coupling detection noise is a non-negligible factor
affecting the measurement accuracy of the accelerometer. A method of adding a high-pass filter to the
front of the phase-shifting circuit is presented to suppress the noise of electric field coupling detection.
This method attenuates the average value of the detected noise by about 78 dB, and reduces the
average value of the detected noise to less than 0.1 g, which provides a new approach and direction
for effectively breaking through the performance of the QFA.

Keywords: quartz flexible accelerometer; electric field coupling noise; lock-in amplifier circuit

1. Introduction

The accuracy of quartz flexible accelerometers is an important factor that affects the
navigation performance of inertial navigation systems. According to public data, high-
precision quartz flexible accelerometers such as QA3000-30 [1], AI-Q-2010 [2], and A600 [3]
have been widely used in inertial navigation systems. The performances of these three
QFAs are shown in Table 1. Among them, the QA3000-30 accelerometer developed by
Honeywell in the 1990s has an accuracy of 1 pug, making it the most accurate and reliable
QFA currently available. However, after more than 30 years of development, the effective
accuracy of the QFA remains around 1 pg without a significant breakthrough [4]. The
stagnation of the performance development of the QFA has gradually become the obstacle
to overcome in improving the navigation performance of inertial navigation systems.

The noise in a QFA system mainly includes the noise caused by the change in exter-
nal temperature and other environmental parameters, the mechanical thermal noise, the
resonance noise [5], and the coupling noise [6] caused by the operation of the differential
capacitance detection circuit and torquer drive circuit in the system. The impact of this noise
on the performance of the accelerometer cannot be ignored. In recent years, there have been
many studies on the effect of noise caused by temperature change on the performance of
accelerometers [7-11]. The newly researched temperature compensation method maintains
the stability of the cold start output at about 30 ug [12], and increases the stability of 1 g
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acceleration output to 14.6 ug [13], which significantly improves the temperature stability
of the QFA.

Table 1. Main performance characteristics of QA3000-300, AI-Q-2010 and A600.

QA3000-30 AI-Q-2010 A600
Input Range (g) +60 +60 +60
Bias (mg) 4 4 4
Bias repeatability (1g) 40 550 20
Bias temperature sensitivity (ug/°C) 15 30 30
Scale Factor (mA/g) 1.20~1.46 1.20~1.46 1.20~1.46
Threshold (pg) 1 1 1
Bandwidth (Hz) 300 300 1000
Intrinsic Noise (ug RMS) 1500 1500 1500

In order to improve the accuracy of the QFA, the internal noise of the QFA system
has attracted much attention from researchers, and a lot of meaningful work has been
carried out on the differential capacitance detection circuit [14,15], the analysis of the noise
characteristics of the drive circuit [16,17], and the design and optimization of the circuit
structure. Huang et al. established a noise model of the readout circuit, analyzed the
noise of the charge-discharge detection circuit and its equivalent acceleration formula,
and found that the noise of the charge-discharge method is about 1 ug [18]. Ran et al.
proposed a digital closed-loop QFA signal-detection method based on the AC bridge, and
Chen et al. designed a differential capacitance detection method based on the capacitor
bridge [19]. Both methods achieved a resolution for the detection circuit of 0.0018 pF,
which matches the measurement of 1 nug resolution acceleration [20]. In these studies,
the researchers only focused on the noise optimization of a single detection circuit or
driving circuit, and did not pay attention to the coupling relationship between them.
When a QFA is working, the driving signal in the torquer coil changes rapidly, and the
electromagnetic radiation generated is coupled to the differential capacitance plate, which
is introduced into the differential capacitance detection circuit to cause interference. The
existence of electromagnetic coupling noise affects the performance of the QFA [21]. In this
research, we studied the internal electric field coupling mechanism of a QFA, established
an accelerometer electric field coupling detection noise model, analyzed the characteristics
of the electric field coupling detection noise, and explored the influencing factors and
suppression methods of the electric field coupling detection noise.

2. Analysis of Electric Field Coupling in QFA
2.1. Mechanism of Electric Field Coupling in QFA

A QFA is mainly composed of a quartz pendulum reed component, differential capac-
itance sensor, torquer, shell, etc. [22], and its structure is shown in Figure 1a. The quartz
pendulum assembly, differential capacitance sensor, torquer, and drive circuit constitute the
closed-loop system shown in Figure 1b [23]. The transfer function H(s) of the closed-loop
system can be expressed as:

o IT - KBG(S)KSKHM(S)K[

He) = = T e RKMEIKKy v

where K is the pendulum property of the pendulum reed component, and 6(s), Ks, K,
M(s), K, and Kr are the transfer functions of the pendulum reed component, differential
capacitance sensor, differential capacitance detection circuit, torquer control system, torquer
driving circuit, and torquer, respectively. The pendulum reed transfer function 6(s) of
QFA is: )

06) = 77 sk

@
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where ] is the rotational inertia, C is the damping factor, and K is the elastic factor. In
the closed-loop system, the input acceleration a4; can be obtained by measuring the drive
current I, and its direction depends on the drive-current direction.
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Coil frame
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Bellyband
Pendulum reed

Plate electrode
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Yoke iron N
(@)
Differential
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Sampling Torquer drive Drive control
circuit circuit

(b)
Figure 1. (a) Structure of QFA; (b) Closed-loop system structure of QFA.

In the QFA, the shell, yoke iron, torquer coil, differential capacitor plate, and other
components are made of metal materials. These components are independent of each
other and do not make contact with each other. When the accelerometer works, there is
a potential difference in electricity between different components, which forms the dis-
tributed capacitance shown in Figure 2a. Cy1, Cjp, and Cy3 are the distributed capacitances
between the torquer coil and the plates of the differential capacitor; Cyy, is the distributed
capacitance between the top and bottom plates of the differential capacitor; C,1, Cr2, and
Cg3 are the distributed capacitances between the three plates of differential capacitance and
the accelerometer shell; and C,4 is the distributed capacitance between the accelerometer
shell and the torquer coil.

The distributed capacitance couples the torquer drive current It to the differential
capacitance detection process to form the detection noise V;,. Based on this, the equivalent
circuit model of electric field coupling detection noise inside the accelerometer is established,
as shown in Figure 2b. The controlled current source It is the current output of the torquer
drive circuit; LT and Rt are the resistance and inductance of the torquer coil, respectively;
and Rcg is the current sampling resistance.
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Figure 2. (a) Schematic diagram of distributed capacitance among various components of QFA;

(b) Equivalent circuit model of electric field coupling detection noise in QFA.

2.2. Simulation of Distributed Capacitance in QFA

When analyzing the noise characteristics of accelerometer electric field coupling detec-
tion, it is necessary to determine the value and variation law of each distributed capacitance.
The value of the distributed capacitance in the QFA mainly depends on the directly oppo-
site area and distance of each component. Only the pendulum reed in each component
will move with the change in input acceleration, which will change the area and distance
between the components. Therefore, it is only necessary to study the relationship between
the distributed capacitance and the displacement of the pendulum reed. In this study, the

finite-element simulation method was used for analysis and calculation.

The simulation model of the QFA was established according to the assembly structure
and materials of a typical QFA. The main performance of the typical QFA is shown in

Table 2.

Table 2. Main performance characteristics of typical QFA.

Performance Value
Input range (g) +10
Bias (mg) 5
Bias repeatability (ug) 30
Bias temperature sensitivity (ug/°C) 30
Scale factor (mA/g) 1.00~1.20
Threshold (ug) 5
Bandwidth (Hz) 300
Intrinsic noise (ug RMS) 3000
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The geometric dimensions of the main structures are shown in Table 3.

Table 3. Main geometric dimensions of QFA.

Size Name Value (mm) Size Name Value (mm)
Shell height 25.00 Pendulum reed thickness 0.72
Shell diameter 38.20 Pendulum reed diameter 17.40
Meter head height 16.22 Coating area of pendulum reed 90.19 (mm?)
Meter head diameter 23.40 Length of flexible beam 2.80
Torquer coil height 2.40 Width of flexible beam 3.60
Torquer coil diameter 10.60 Thickness of flexible beam 0.02
Distance between upper and lower yoke iron 0.02 Flexible beam spacing 2.50

The material type and relative permittivity of each component in the simulation model
are shown in Table 4.

Table 4. Material parameters of components of QFA.

Part Name Material Type Relative Permittivity
Shell 1Cr18Ni9Ti 1.00
Pendulum reed JGS1 3.83
Coating film Au 1.00
Torquer coil Cu 1.00
Coil frame Al203 9.50
Magnet steel XGS240/46 1.00
Magnet pole piece 1J50 1.00
Compensation ring 1J38 1.00
Yoke iron 4]36 1.00
Bellyband 4]36 1.00
Adhesive tape 3M8992 3.10
Underfill DG-3S 2.70
Filling gas Air 1.00

Voltage excitation was applied to each component according to the actual working
condition of the accelerometer head. The voltage excitation settings are shown in Table 5.

Table 5. Excitation voltage value of each component.

Shell
0.00

Bottom Plate
—5.00

Static Pole Plate
0.00

Part Name

Voltage (V)

Torquer Coil
6.00

Top Plate
5.00

A negative displacement with a step length of 0.5 um was applied to the quartz pen-
dulum component along the sensitive axis, and the variation law of differential capacitance
and distributed capacitance of the pendulum component was analyzed from the balance
position to the deviation range of 19.00 pm. The accuracy of the simulation calculation was
set to 1%, which considered both simulation efficiency and data accuracy.

The simulation results of differential capacitance and distributed capacitance are
shown in Figure 3. The differential capacitance C;; decreases monotonically and Cs,
increases monotonically with the increase in pendulum reed displacement. When the
movement of the pendulum reed is very small, the decrease in Cy; is approximately equal
to the increase in C,, and can be approximately expressed as:

{Csl =Co—AC 3)
Cer=Cp+AC

where AC is the change value of the differential capacitance, and Cy is the initial value of
the differential capacitance when the pendulum reed is in the balance position, Cy = 40 pF.
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Equation (3) conforms to the characteristics of the QFA differential capacitance sensor [24].
Cg1, Cpp, and Cy3 increased or decreased with the increase in pendulum displacement,
but the variation was only £0.05 pF; C,; and C,; have no obvious change trend with the
increase in pendulum displacement; C.3 and C,4 have a decreasing trend, but the change is
very small; Cpj, has a decreasing trend with the increase in pendulum displacement, and
the variation is 0.03 pF.
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Figure 3. Simulation results of differential capacitance and distributed capacitance. (a) Simulation
results of differential capacitance Cy; and Cyp; (b) Simulation results of distributed capacitance Cyq,
Cyp, and Cys; (¢) Simulation results of distributed capacitance C,1, Cpp, Cc3, and Cy; (d) Simulation
results of distributed capacitance Cyy,.
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The simulation results show that, within a certain error range, the value of the dis-
tributed capacitance is independent of the movement of the pendulum reed, which can be
explained by the structure and working principles of the QFA. When the pendulum reed
moves, the torquer coil wound on the coil frame will not move relative to the pendulum
reed because it is bonded to both sides of it. The distributed capacitance C4; and Cy
between the torquer coil and the top and bottom plates of the differential capacitor are
independent of the movement of the pendulum reed. When the torquer coil moves with
the pendulum, it is always between the upper and lower yoke iron. When the area of
one side decreases, the area of the opposite side increases, and the two areas increase and
decrease equally. The distributed capacitance C;3 between the torquer coil and yoke iron
remains unchanged. The metal coating on both sides of the pendulum reed is always static,
and the distributed capacitance Cp, between the top and bottom plates of the differential
capacitor is fixed. The yoke iron and the shell are fixed, and the distributed capacitance
Ce1 is fixed. In addition, the upper and lower yoke iron and the bellyband are welded
using a laser to form an almost closed space, which produces an electrostatic shielding
effect. The distributed capacitances C,p, C3, and C,4 between the components inside the
enclosed space and the shell are very small. Therefore, when the electric field coupling
detection noise equivalent circuit model is used to analyze the detection noise, the very
small distributed capacitances C,p, C,3, and C,4 can be ignored. The distributed capacitance
values are shown in Table 6 and can be regarded as fixed values.

Table 6. Distributed capacitance value.

Capacitance Label Ci1 Cao Cas Cop Ce1 Co
Value (pF) 0.8 10.0 0.8 4.0 159.0 40.0

3. Analysis of Detection Noise Transfer System Structure

According to the equivalent circuit model of electric field coupling detection noise,
the noise is related to the type of differential capacitance detection circuit. At present, the
common differential capacitance detection circuits mainly include capacitance divider type,
switch capacitance integral type, ring diode type and carrier modulation type detection
circuits. Among them, the carrier modulation detection circuit is widely used in QFAs. The
carrier modulation detection circuits are divided into single-channel carrier modulation
(SCM) and dual-channel carrier modulation (DCM) detection circuits. In addition, the shell
has two connection modes: grounded and float. Shell grounding is also a common electro-
magnetic shielding method. The float shell is designed to prevent the internal components
from being destroyed in use. Different types of differential capacitance detection circuits
and the connection mode of the accelerometer shell constitute multiple combinations of
noise transfer paths.

3.1. Detection Noise Transfer System Structure of SCM Detection Circuit

When an SCM detection circuit is used to detect differential capacitance, the structure
of the detection circuit is as shown in Figure 4a. The single-channel high-frequency sinu-
soidal carrier signal V; is input to the differential capacitance fixed plate, and the signals
of the two moving plates pass through the charge amplification circuit and the differen-
tial amplification circuit to obtain the modulated signal V;;, whose amplitude reflects the
variation in the differential capacitance AC.
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Figure 4. SCM detection circuit and its detection noise transfer path. (a) SCM detection circuit;
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The modulated signal V; can be expressed as:

M&V — MV

1 S 1 S (4)

V.=

where Agiir = % is the amplification factor of the differential amplifier circuit. Gener-

ally, the value of Ry ranges from dozens to hundreds of M(); thus, Equation (4) can be

simplified as:

v, — 2Aqiif
Cs

ACVs ©)

It is assumed that sin carrier signal V; = A;sin(wst) and differential capacitance
variation AC = A, sin(w.t), where As and A, are amplitude Vs and AC, respectively; ws is
the frequency of carrier signal V;, usually from tens of kHz to tens of MHz; and w is the
effective detectable frequency of AC, which is related to the bandwidth of the accelerometer
closed-loop system, generally less than 1 kHz. We take the time-domain representation of
Vs and AC into Equation (5) to obtain:

Agiif

Va - — Cf

AcAs[cos((ws + we)t) — cos((ws — we)t)] (6)

The modulated signal V, is mixed with the phase-adjusted carrier signal
Vst = Assin(wst + @) through the mixer, and the mixing output signal Vj, can be ex-
pressed as:

Agiif

=",

ACAE [sin((2ws + we )t + @) — sin(wet — @)] (7)

There are high-frequency signals of frequency 2w; + w, and low-frequency signals
of the same frequency AC in Vj,. When V}, passes through a low-pass filter with a cut-
off frequency of w,, the high-frequency signals in V}, are filtered out, and only the low-
frequency signals in the same frequency as AC are retained. The filter output signal V; pr
can be expressed as:

Agiif A2
2C¢

After V) pr adjusts the gain through the amplifier, the output voltage V- of the SCM
detection circuit is obtained:

Vipr = Acsin(wct — @) (8)

 AdiifAGain A

v,
c 2C;

AC )
where Ag,;y, is the amplification factor of the amplifier circuit. According to Equation (9),
the output voltage V- of the SCM detection circuit is directly proportional to the variation
of differential capacitance AC.

According to the equivalent circuit model of electric field coupling detection noise
and the simulation results of distributed capacitance, the detection noise transfer path
formed by the SCM detection circuit is as shown in Figure 4b. After the voltage V1 on
the torquer coil passes through the distributed capacitance network, it is loaded onto the
three plates of the differential capacitor, and then passed into the charge amplification
circuit and the differential amplification circuit to form a pseudo-modulated signal V;;, .
The signal loaded on the fixed plate is also passed into the phase-shift circuit as a pseudo-
carrier signal V),_s. After mixing Vs with Vj;_, the electric field coupling detection
noise V;,_; is formed through a low-pass filter and gain-adjustment circuit. In the SCM
detection noise transfer path, Vr forms a common-mode signal when it is transmitted to the
detection circuit through C;; and Cy3, which is cancelled when it goes through differential
amplification, and does not affect the differential capacitance detection. Cp; does not divide
voltage or affect differential capacitance detection. We remove Cy;, Cy3, and Cy, to obtain a
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simplified detection noise transfer path of the SCM detection circuit, as shown in Figure 4c.
In the transfer path of the detection noise of the SCM detection circuit, the distributed
capacitance Cj, between the torquer coil and the yoke iron and C,; between the yoke iron
and the shell play a major role.

The process in which the torquer drive current It generates voltage Vr from the
torquer coil can be expressed as:

Vi Vr )
Hp! (jwry) = I Rt + Rcs + jwiy (10)

where wi, is the frequency of the torquer drive current It. When the accelerometer float
shell is used, the pseudo-carrier signal V},_sr can be expressed as:

Ca Ca
Vysk = Vr = 1% 11
p—sk Cipp+Cs1 +Cs2 T Cap +2C T (11)
The pseudo-modulated signal V,,_sr can be expressed as:
Vo 2jwi Ry < CiC2  CppCq ) Ry - 2jwi Ry 2C2,AC Ry : 12)
" 14 2jwp RiCr \Cpp+C2 Cap+Car ) Ry 1+ 2jwnReCr (Cpp 4 Cp)? — AC2 Ry
In Equation (12), AC? < (Cg + Co)2 can be ignored, and V,,,_sr can be expressed as:
2jwi, R 2C3, R
Vi op = — S 2__ 2y AC (13)
1+ 2jwnReCr (Cpp + Co)* Ra
When the shell is grounded, the pseudo-carrier signal V}, ;g can be expressed as:
Ca Ca
Vysc = Vr = 1% 14
P Cp+Ca+Ca+Ca ' Cpt+2Co+Ca ' (9
The pseudo-modulated signal V,,_sc can be expressed as:
2jwi Ry ( Ci2Cs2 CiCa ) R, 2jwi Ry 2¢7, Ry
Vin—sc = - - —=Vr= . —VrAC 15
m=sG 1+ 2jwpReCr \Cpp+Cs2+Ce1 Cip+Cs1+Ca /Ry T 1+2jwpReCy (Cd2+Ce1+Co)2 Ry T (15)

The accelerometer closed-loop system is linear; I, V1, and AC have the same fre-
quency; and the maximum frequency is equal to the closed-loop system bandwidth. V1 and
AC multiply to produce a double-frequency effect, so that the frequency of V,,,_; is twice
that of I, and then through the mixing step, the output-signal frequency is three times that
of It. Generally, the cut-off frequency of the low-pass filter circuit of the carrier modulation
detection circuit is several times that of the closed-loop system bandwidth; therefore, the
attenuation of the frequency-doubling signal through the filter circuit can be ignored. The
structure of the detection noise transfer system of the SCM detection circuit is as shown in
Figure 4d. The detection noise V;,—; of SCM detection circuit can be expressed as:

Vs 2 Vs m: . 2 )
Vs = Acainkyl Hy e (2fcory) (HYT (o) ) Kb (jeor, ) K (16)

Vp— . . Vp—
where KVZ * represents the transfer process from Vp to carrier signal Vi—s, KV; f =

. Vy—s .
Cdszzco when the float shell is used, and KV; = m when the shell is grounded;

H“;?_’ASC (jwr;) represents the transfer process from the product of Vr and AC to Vj,_s.

Vs (: 2w Ry 2C3, R . Vi . .
Hy:"Ac (jwr,) = l+2jw,TTRfo (Cdz+<230)2 g When the float shell is used, and Hy," 3¢ (2jwry) =

2jwr, Ry 2C3, Ry .
. 52 when the shell is grounded.
12j01p ReCr (Cp+Ca+Co)* R &
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3.2. Detection Noise Transfer System Structure of DCM Detection Circuit

When a DCM detection circuit is used to detect differential capacitance, the structure
of the detection circuit is as shown in Figure 5a. V; and —V; are high-frequency sinusoidal
carrier signals with the same frequency and amplitude and opposite phase, which are
separately input to the two movable plates of the differential capacitor. After the output
signals of the movable plate pass through the charge amplifier circuit, the modulated signal
Vi can be expressed as:

Va _ CsZ_Csl Vs _ 12AC VS ~ %ACVS (17)
+ Cf JwRy + Cf f

= = =L
Cd, | Cds

Figure 5. DCM detection circuit and its detection noise transfer path. (a) DCM detection circuit;
(b) Detection noise transfer path composed of DCM detection circuit; (c) Simplified path of detection
noise transfer formed by DCM detection circuit; (d) Structure of detection noise transfer system in
DCM detection circuit.
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As with the SCM detection circuit, after mixing, filtering, and gain adjustment of
the modulated signal V;, are performed, a voltage signal V- proportional to the change in
differential capacitance AC can be obtained, and expressed as:

AGainAs%
Ve = ——=AC (18)
2Cf

The detection noise transfer path formed by the DCM detection circuit is shown
in Figure 5b. After the voltage Vr on the torquer coil passes through the distributed
capacitance network, it is loaded onto the three plates of the differential capacitor, and then
passed into the charge amplification circuit to form a pseudo-modulated signal V,,,_;. The
signal loaded on the top plate is also passed into the phase-shift circuit as a pseudo-carrier
signal V,, ;. After mixing V), 4 with V;,_, the electric field coupling detection noise V;,_4
is formed through a low-pass filter and gain adjustment circuit. In the DCM detection
noise transfer path, C,; is connected to the reverse port of the operational amplifier, which
is approximately grounded and does not affect the differential capacitance detection. Cp,
does not divide the voltage or affect differential capacitance detection. We remove C,; and
Cpp to obtain a simplified detection noise transfer path of the DCM detection circuit, as
shown in Figure 5c. In the transfer path of the detection noise of the DCM detection circuit,
the distributed capacitances Cy1, Cyp, and Cy3 between the torquer coil and the three plates
of the differential capacitor play a major role.

The pseudo-carrier signal V), _; can be expressed as

Ca3 Cas Cus

V. N
Caz+ Co

g = V =
P4 CatCa ' CptCo—aC' T

Vr 19)

The equivalent capacitance C;;, of the capacitance network composed of distributed
capacitances C;1, Cyp, and Cy3 and differential capacitors Cs; and Cs, can be expressed as

Co — Ci3Cs1 CinCs2 Cp = 2Cy3 (Cg — ACz) + 2C§3C0 2 Ca3Co +Cp 20)
" Ci+Ca Cizt+Ca (Caz + Co)* — AC2 Cas +Co
The pseudo-modulated signal V,, _; can be expressed as
jwr,. ReC;
Vo = MV (21)

1 —I—ijTRfo T

The frequency of V,, 4 and V,, _ is the same, and the frequency of the mixing output
signal V,,_; is twice that of I7. The structure of the detection noise transfer system of
the DCM detection circuit is shown in Figure 5d. The detection noise V,,_; of the DCM
detection circuit can be expressed as:

Vp—d Vin— : Vr ¢ 2 2
Vaa = Ay, HY' (jeor, ) (] (jeor,) ) 12 (22)
v, S
where KV? 4= % represents the transfer process from Vr to carrier signal V,,_4, and
Vip—d (+ _ jwipRfGiy
Hy” (jwr,) = — THjwr, Ry Cr represents the transfer process from Vr to V,,_.

4. Analysis and Experiment in Relation to Detection Noise Characteristics
4.1. Analysis of Detection Noise Transfer in The Closed-Loop System of The QFA

The detection noise V;, is superimposed onto the output signal V- of the differential
capacitance detection circuit and enters the closed-loop system of the QFA. The introduction
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position of the detection noise V;, is shown in Figure 6. The transfer function between V,,
and the drive current sampling output V; is

H% (s M(s)K;Ky

() =12 M(s)K K16(s)K:K, @3

Detection Noise

Vn
+
i V, VetV
—&i L &: AM 0(s) 20,1 ks |45 Ka c+ e lM(s)
M,
Kr
Y
<VL Ku [« It Ki <VM

Figure 6. The introduction position of detection noise in the closed-loop system.

According to Equations (12), (21), and (22), when the SCM detection circuit is used to
detect differential capacitance, the transfer relationship between the equivalent acceleration
a,—s of the detected noise and input acceleration a; can be expressed as:

n gV — K gYo; Vs ; 3.3
an—s = Ky Hy, (wa,) Va—s = Kyy Hy, (jws, ) Hy' ™ (jwa, ) (H(jews,))"a; (24)
where wy, is the frequency of input acceleration a;, and K% is the transfer function between
current sampling output V; and the equivalent acceleration a, of detection noise, equal
to the reciprocal product of sampling circuit transfer function Ky; and accelerometer scale
factor Kj. H;g”’s (jwa,; ) represents the transfer relationship between torquer converter drive
T

current It and detection noise V;,_;.

When a DCM detection circuit is used to detect differential capacitance, the transfer re-

lationship between equivalent acceleration a,,_; of the detected noise and input acceleration
a; can be expressed as:

1

. Vied s .
- = Ky Hy, (@) Vag = Kif Hy, (jeon) Hig™ (jeoa) (H (jen)a? (25)

where H;/Z”’d (jwa,; ) represents the transfer relationship between the torquer drive current
T

It and detection noise V,,_;.

4.2. Analysis of Influencing Factors of Detection Noise
4.2.1. Analysis of Influencing Factors of Detection Noise in SCM Detection Circuit
According to Equation (24), the magnitude of the detection noise equivalent accel-
eration a,_s of the SCM detection circuit is determined by H(s), H“;S (s), H;g”’s (s), and
K“z}(‘) Under the condition that the structure of the accelerometer pendulum reTed and the
bandwidth of the closed-loop system are constant, Kg, 0(s), Ks, K1, H(s), and K“Z}(’) are
unchanged, and the product of 6(s)KsK,M(s)K;Kr is fixed. If K; and K, are adjusted, M(s)
will be adjusted in equal proportion. Adjusting K only affects the transfer function H“;g (s),
but K; in the numerator and denominator of H “2‘3 (s) is multiplied by M(s); thus, adjusting
K7 does not change the value of the transfer function H&? (s), and cannot suppress a,—s.
According to Equation (9), the transfer function K, of the SCM detection circuit can be
expressed as:
 AdiifAGain A

Kq (26)
2C;
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K, is proportional to Agjir, Again, and Ag squared, and inversely proportional to Cy.

The changes in Ajiir, Again, and Cy affect not only K, but also the transfer function H;/%”—S (s).
According to Equations (23), (24), and (26), when the accelerometer float shell is used, the
equivalent acceleration of detection noise a,,_sr is

K,M(s)K;KyKr6(s)Ks  2sRy 2 2C2 Vool v 2 3
Ap_sp = Kin 2 — 2___gPo(HT(s)) (H(s))a? 27
n—sF W1 — M(S)KIKTG(S)KsKg Cif +25Rf A% (Cdz +C0)2 Vr ( It ( )) ( ( )) i (27)

when the shell is grounded, the equivalent acceleration of detection noise is

gan KaM($)KiKyKr6(s)Ks  2sRy 2 2Ch KVp—s( vy
Vo1 — M(s)K;Kr8(s)KsK, Cif +25R; A2 (Cjp+ Coy + )2 7

2 3 3
Gn-sG = HYT(5)) (H(s))a; (28)
According to Equations (27) and (28), increasing the amplitude of carrier signal V; and
reducing the value of feedback capacitance Cy can inhibit the detection of a,, .

4.2.2. Analysis of Influencing Factors of Detection Noise in DCM Detection Circuit
According to Equation (24), the magnitude of the detection noise equivalent accel-
eration a,,_; of the DCM detection circuit is determined by H(s), H“;O(s), H;/Z”’d(s), and
" T

K?,’é As in the case of the single-carrier modulation detection circuit, adjusting K; cannot
suppress a,_4.

According to Equation (18), the transfer function K, of the DCM detection circuit can
be expressed as:

AGainA?
K, = Gain‘ls (29)
2Cy

According to Equations (23), (25), and (29), the equivalent acceleration of detection

noise a,_, is

K M(S)K]KU V,_a SRfCin 2 v 2 5
= —K{! “ K/ = (H'T H 2
et T TN MK KOs KKy ngRng( i) e 60

Increasing the amplitude of carrier signal Vs and reducing the value of feedback
capacitance Cy can inhibit the detection of a,, .

Through the analysis of the factors influencing the detection noise of the above two
detection circuits, it can be seen that when the structure of the accelerometer pendulum
reed and the bandwidth of the closed-loop system are constant, the factors influencing the
detection noise of the two detection circuits are consistent, and the equivalent acceleration
of the detection noise via electric field coupling can be suppressed by increasing the
amplitude of the carrier signal of the detection circuit Vs and reducing the value of the
feedback capacitor Cy.

4.3. Experiment in Respect of Detection Noise Characteristics

In this study, the transfer characteristic and influencing factors of electric field coupling
detection noise were analyzed through simulation. The torquer coil parameters of the typi-
cal QFA studied are Lt = 31.2 mH, Rt = 424 (), Rcs = 1 Q). The typical parameters of the
SCM and DCM detection circuits are Ry = 1 KO, R, = 1K, R F= 100 MQ), C = 20 pF
and Aguin = 2.4. The frequency of sinusoidal carrier signal Vs is 50 kHz, the amplitude
is 5 V and the typical value of K, is 1.5 V/pF. Typical parameters of the QFA closed-
loop system in Figure 2 are as follows: Kg = 6.3 x 107 kg-m, | = 1.1 x 1078 kg - m?,
C=20x10"*N-m-s/rad, K = 22 x 107> N - m/rad, Ks= 12,000 pF/rad,
Kr =63 x10°N-m/A, Ky = 1 V/A, and K; = 10 mA/V. M(s) represents propor-
tional feedback to meet the closed-loop bandwidth requirements, and the proportional
feedback gain Ky; = 0.3. The accelerometer scale factor K; = 1 mA/g, the acceleration
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measurement range is 10 g, the system bandwidth is 300 Hz, and the effective resolution
is 50 pg.

4.3.1. Experiment on the Transfer Characteristics of Noise-Detection

The amplitude-frequency characteristics of H(s) and H“;g (s) are shown in Figure 7. The
cut-off frequency of the closed-loop transfer function of the accelerometer is 300 Hz, which
is consistent with the actual bandwidth of the system. H“;g(s) monotonically increases
within the range of three times the input acceleration, and the transmission of detection
noise in the closed-loop system is a high-pass characteristic.
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Figure 7. Amplitude-frequency characteristics of H(s) and H“f: (s).

When the system input acceleration is 1 g, the relationship between the detected noise
equivalent acceleration a, and the input acceleration a; frequency is as shown in Figure 8.
a,_sr is the detection noise equivalent acceleration of the SCM detection circuit when the
float shell is used, a,,_4g is the detection noise equivalent acceleration of the SCM detection
circuit when the shell is grounded and a,,_; is the detection noise equivalent acceleration of
the DCM detection circuit. The magnitude of a, is positively correlated with the frequency
of a;. The higher the frequency of 4;, the greater the equivalent acceleration of detection
noise. The transfer process from a; to a, shows a high-pass characteristic. The equivalent
acceleration of detection noise of the SCM detection circuit reaches the maximum when
the a; frequency is 70 Hz, and the equivalent acceleration of detection noise of the DCM
detection circuit reaches the maximum when the a; frequency is 220 Hz.
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Figure 8. The relationship between the magnitude of a,, and the frequency of 4; under 1 g input
acceleration.

The system inputs a random acceleration of 0~10 g and a frequency of 0~300 Hz, and
the equivalent acceleration of detection noise of each type of carrier modulation detection
circuit is shown in Figure 9. The mean of a,,_,r is 10.3 pg, a,,_s; is 0.2 ug, and a,,_; is 41.7 ug.
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The equivalent acceleration of the detection noise is greater when the DCM detection circuit
is used than when the SCM detection circuit is used. When an SCM detection circuit is used,
the shell grounding can effectively reduce the equivalent acceleration of the detection noise.
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Figure 9. Electric field coupling detection noise simulation results. (a) Input acceleration; (b) The
detection noise equivalent acceleration of the SCM detection circuit when the float shell is used;
(c) The detection noise equivalent acceleration of the SCM detection circuit when the shell is grounded;
(d) The detection noise equivalent acceleration of the DCM detection circuit.

The comparison of different types of noise values in the QFA system is shown in
Table 7. The above analysis shows that the detection noise equivalent acceleration is close
to the effective resolution of the accelerometer of 50 g, which is a factor that cannot be
ignored, as doing so affects the measurement accuracy of the QFA.

Table 7. Comparison of different types of noise values in QFA system.

Noise Type Value (ug)
Mechanical thermal noise 13 x107°
Bias repeatability 30
Detect circuit noise 1.53
Electric field coupling detection noise 41.7
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4.3.2. Experiment on Influencing Factors of Detection Noise

In this section, the simulation analysis results for the factors affecting the detection
noise are given in the case where the accelerometer pendulum structure and the closed-loop
system bandwidth are constant. Within the allowable adjustment range of conventional
carrier modulation detection circuit parameters, when V; and C are adjusted, the change
trend of K, and K is as shown in Figure 10. K, increases with the increase in V; and
decreases with the increase in Cy. The change trend of Ky is the opposite. The prod-
uct of K; and Kj; remains unchanged at 0.45, the transfer function of the accelerometer
closed-loop system remains unchanged, and the system bandwidth remains unchanged at
300 Hz. Therefore, increasing the carrier signal Vs magnitude and decreasing the feedback
capacitance C; will not affect the closed-loop system bandwidth.
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Figure 10. (a) The changing trend of K, when V; and Cy are adjusted; (b) the changing trend of Ky
when V; and Cy are adjusted.

The influence of increasing V; on the amplitude-frequency characteristic curve of a, is
shown in Figure 11. V; doubled, and the amplitude-frequency characteristic curve of a,
decreases by 12 dB. At this time, the mean of a,,_r is 2.58 ug, a,,_sg is 0.05 pug, and a,,_,4
is 10.4 ug, while a, attenuates 12 dB. Increasing the magnitude of carrier signal Vs can
suppress the detection noise.
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Figure 11. Amplitude-frequency characteristic curve of a, when V; is doubled.
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The influence of reducing Cf on the amplitude-frequency characteristic curve of a,
is shown in Figure 12. When the input acceleration frequency is less than 20 Hz, Cy
reduces by half, and the amplitude-frequency characteristic curve decreases by 6 dB. When
the input acceleration frequency is greater than 20 Hz, the attenuation of the amplitude-
frequency characteristic curve gradually decreases, and when it reaches more than 300 Hz,
it is consistent with the original amplitude-frequency characteristic curve. When Cy is
reduced by one time, the mean of a,_,r is 8.48 ug, a,,_s; is 0.2 ug, and a,,_; is 35.3 ug,
while the average attenuation of a, is 1.6 dB. Reducing the feedback capacitance Cy of
the detection circuit can suppress the detection noise. The effect of reducing Cy on the
low-frequency component of a,, was better, but the effect on the high-frequency component
was not obvious.
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Figure 12. Amplitude-frequency characteristic curve of 2, when Cy decreases by one time.

When V; and Cy are adjusted, the change rule of the mean magnitude of 4, is as shown
in Figure 13. Increasing Vs is more effective than decreasing C¢; when Vs = 6.55 V and
C = 4.8 pF, the inhibition effect on a, is the same.
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Figure 13. The change rule of the average magnitude of 2, when V; and Cy are adjusted.

When V; is adjusted to the maximum magnitude and Cy to the minimum value, the
average magnitude of a, is as shown in Table 8. At the same time, when V; is a maximum
and Cy is a minimum, the suppression effect of the detection noise can be maximized.
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Table 8. Average value of a, for different values of V; and C f-

Vs(V) Cr (pb) a,_srAverage (ug) a,_sgAverage (ug) a,_gAverage (ug)
15.0 20.0 1.1 0.024 4.6
5.0 2.0 3.4 0.071 14.8
15.0 2.0 0.4 0.0079 1.6

The relationship between the average a,, and V; can be approximately expressed as
An—avg = kVVs_2 (31)

where a4 is the average value of a,, and ky is the gain coefficient. When the SCM
detection circuit is adopted for the float shell, kyy = 2.6 x 10~%; when the SCM detection
circuit is adopted for the grounded shell, ky = 5.4 x 107%; and when the DCM detection
circuit is adopted, ky = 1.1 x 1073.

The relationship between the average 4, and Cy can be approximately expressed as

Gnavg = Ky 1og(cf) +ko (32)

where k¢ is the gain coefficient and ky is the bias coefficient. When the SCM detection circuit
is adopted for the float shell, kf =7.0x107%, kg = 1.3 x 107°; when the SCM detection
circuit is adopted for the grounded shell, k = 1.5 x 1077, kg = 2.7 x 10~; and when the
DCM detection circuit is adopted, ks = 2.7 x 1075, kg = 7.5 x 107°.

When designing a QFA with 4, accuracy higher than 1 pg, it is necessary to keep
the average value of a, below 0.1 pg to ensure that it has a small impact on the QFA
accuracy. However, according to the average value of a, in Table 5, it can be seen that
within the allowable adjustment range of the conventional carrier modulation detection
circuit parameters, the low noise requirement can be met only when the shell is grounded
and the SCM detection circuit is adopted. In the other two cases, no matter how the circuit
parameters are adjusted, a,—40q is always greater than 0.1 pg. According to Equations (31)
and (32), in order to make a;—4q less than 0.1 ug, Vs should be adjusted to above 51.0 V or
Cy should be adjusted to below 0.67 pF when the float shell and the detection circuit are
adopted by SCM. When the DCM detection circuit is used, Vs should be adjusted to above
104.9 V or Cy should be adjusted to below 0.53 pF. According to Equations (9), (18), (13),
and (21), increasing Vs and Cf improves the signal-to-noise ratio of the detection circuit by
increasing the gain of the differential capacitance detection circuit. However, this method
does not really reduce the detection noise of electric field coupling, which requires the
gain of the differential capacitance detection circuit to be large enough, which is difficult
to realize. Therefore, it is necessary to further reduce the detection noise of electric field
coupling for a high-accuracy accelerometer.

5. Suppression Method of Electric Field Coupling Detection Noise
5.1. Optimization Analysis of Carrier Modulation Differential Capacitance Detection Circuit

According to the structure of the detection noise transfer system of the two carrier
modulation detection circuits, the detection noise V,, is equal to the product of V,, and Vp.
In order to truly reduce the detection noise, Vy;, Vi, or V), should be reduced. Increasing the
feedback capacitance C £ can reduce V},, but increasing C 7 will increase ay,—qy¢; therefore,
Vi, can only be reduced by reducing V. Reducing V), can not only reduce the gain from the
driving current to the detection-noise-transmission process but will also not cause an H(s),
H“;S (s), and K?}é gain change. According to Figures 4b and 5b, V), only passes through a
phase-shifting circuit before mixing with V,;, through the multiplier. Since the carrier signal
Vs through the phase-shifting circuit is a high-frequency signal, and pseudo-carrier signal
V) is a low-frequency signal within 300 Hz, the value of V), can be suppressed by adding
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a high-pass filter in front of the phase-shifting circuit. The optimized carrier-modulated
differential capacitance detection circuit is shown in Figure 14.
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Figure 14. (a) The optimized SCM detection circuit; (b) The optimized DCM detection circuit.

The design of the second-order Butterworth high-pass filter is shown in Figure 15a. The
cut-off frequency of the high-pass filter is 10 kHz, the gain is 0 dB, the stopband frequency
is 300 Hz, and the stopband attenuation is —60 dB. The transfer function Hypr(s) can be
expressed as

Hure(s) = g e Fmacs
R T 3
T 1+226x10 55+2.54x10 102

The amplitude-frequency characteristic curve of the high-pass filter in Figure 15b
shows that the high-pass filter effectively suppresses the pseudo-carrier signal V), and the
carrier signal V; is not affected.
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Figure 15. Cont.
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Figure 15. (a) High-pass filter structure; (b) Amplitude-frequency characteristic curve of high-

pass filter.

The structure of the optimized electric field coupling detection noise transfer system
is shown in Figure 16.
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Figure 16. (a) Optimized SCM detection circuit noise transfer system structure; (b) Optimized DCM
detection circuit noise transfer system structure.

5.2. Analysis of Suppression Effect of Electric Field Coupling Detection Noise

When the system input acceleration is 1 g, the relationship between the detected
noise equivalent acceleration 4, and the input acceleration 4; frequency before and after
the optimization of the differential capacitance detection circuit is as shown in Figure 17.
Compared with before optimization, a, decreases significantly after the addition of a
high-pass filter, and attenuates 130 dB on average in the bandwidth of 300 Hz.

The system inputs a random acceleration of 0~10 g and a frequency of 0~300 Hz; the
equivalent acceleration of detected noise after optimization is shown in Figure 18. The
mean of a,_r is 1.19 x 1073 Ug, a,_sG is 2.47 X 107° ug, and a,,_4 is 8.47 x 1073 ug.
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Figure 17. Before and after detection-circuit optimization, the relationship between the magnitude of
a, and the frequency of a; under 1 g input acceleration.
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Figure 18. Simulation results of electric field coupling detection noise after optimization. (a) Input
acceleration; (b) The detection noise equivalent acceleration of the SCM detection circuit when the
float shell is used; (c) The detection noise equivalent acceleration of the SCM detection circuit when
the shell is grounded; (d) The detection noise equivalent acceleration of the DCM detection circuit.
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The comparison of the average value of the equivalent acceleration of the detection
noise before and after the optimization of the differential capacitance detection circuit
is shown in Table 9. After the detection circuit optimization, the average equivalent
acceleration of the detection noise attenuates about 78 dB compared with that before the
optimization, which can significantly suppress the electric field coupling detection noise
and ensure that the 2,y is less than 0.1 pg, effectively reducing the impact of the detection
noise on the accuracy of the accelerometer.

Table 9. The average value of the detection noise equivalent acceleration before and after the
optimization of the differential capacitor detection circuit.

Equivalent Acceleration Value Before Optimized Attenuation (dB)
of Detection Noise Optimization (ug) Value (ng)
a,_r average 10.3 1.19 x 1073 78.7
a,_sG average 0.2 247 x 1075 78.2
a,_4 average 41.7 8.47 x 1073 73.8

6. Conclusions

This paper focuses on the analysis of the coupling mechanism of the internal electric
field of the QFA and the influence of the electric field coupling detection noise on the
accuracy of the QFA, establishing the equivalent circuit model of the internal electric field
coupling detection noise of the accelerometer. The value of the distributed capacitance
inside the accelerometer is simulated to obtain the detection noise transfer system structure
of different carrier modulated differential capacitance detection circuits. Through the
simulation experiment, the noise of electric field coupling detection is calculated. The
experimental results show that the transmission of electric field coupling detection noise in
the closed-loop system of the QFA is high-pass characteristic. Within the effective range and
bandwidth of the system, the average value of the equivalent acceleration of noise detected
by the SCM detection circuit when using the float shell is 10.3 ug; the average value of the
equivalent acceleration of noise detected by the SCM detection circuit when the shell is
grounded is 0.2 ug; and the average value of the equivalent acceleration of noise detected
by the DCM detection circuit is 41.7 pug. The equivalent acceleration of the detection noise
is close to the effective resolution of the accelerometer of 50 pg, indicating that the field
coupling detection noise is a non-negligible factor affecting the measurement accuracy of
the accelerometer. The analysis and experiment on the influence factors of electric field
coupling detection noise show that when the structure of the accelerometer pendulum
reed and the bandwidth of the closed-loop system are constant, increasing the magnitude
of the carrier signal and reducing the feedback capacitance of the detection circuit can
reduce the detection noise; however, the suppression degree is limited, and it is difficult to
meet the noise requirements of the QFA with 1 pug accuracy. It is necessary to optimize the
differential capacitance detection circuit to further reduce the noise of electric field coupling
detection. Therefore, a high-pass filter is added at the front of the phase-shifting circuit,
which attenuates the average value of the equivalent acceleration of the detection noise by
about 78 dB, and the average value is less than 0.1 pg, effectively reducing the impact of the
detection noise on the accuracy of the QFA. In the following research work, the structure of
the QFA will be optimized to reduce the value of the distributed capacitance, suppress the
electric field coupling detection noise from the source, and improve the performance of
the QFA.
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Abstract: Many recent studies have revealed that PoL (Point of Load) converters’ output capacitors
are a paramount component from a reliability point of view. To receive the maximum degree of
reliability in many applications, designers are often advised to derate this capacitor—as such, a careful
comprehending of it is required to determine the converter’s overall parameters. PoL converters
are commonly found in many electronic systems. Their most important requirements are a stable
output voltage with load current variation, good temperature stability, low output ripple voltage,
and high efficiency and reliability. If the electronic system in question must be portable, a small
footprint and volume are also important considerations—both of which have recently been well
accomplished in eGaN transistor technologies. This paper provides details on how derating an
output capacitor—specifically, a conductive tantalum polymer surface-mount chip, as this type of
capacitor represented a step forward in miniaturization and reliability over previously existing wet
electrolytic capacitors—used within a discrete eGaN-FET-based PoL buck converter determines the
best performance and the highest MTBE. A setup based on an EPC eGaN FET transistor enclosed in a
9059/30 V evaluation board with a 12 V input voltage/1.2 V output voltage was tested in order to
achieve the study’s main scope. Typical electrical performance and reliability data are often provided
for customers by manufacturers through technical papers; this kind of public data is often selected to
show the capacitors in a favorable light—still, they provide much useful information. In this paper,
the capacitor derating process was presented to give a basic overview of the reliability performance
characteristics of tantalum polymer capacitor when used within a DC-DC buck converter’s output
filter. Performing calculations of the capacitor’s failure rate based on taking a thermal scan of the
capacitor’s capsule surface temperature, the behavior of the PoL converter was evaluated.

Keywords: derating; DC-DC converter; eGaN; PoL; conductive polymer tantalum chip capacitor;
reliability; MTBF

1. Introduction

Power electronics designers know that, when it comes to reliability improvement,
voltage is one of the strongest accelerators for the occurrence of failure mechanisms. As
such, its lowering may significantly improve the MTBF component of DC-DC converters’
output filters. The failure rate can be altered by the following parameters [1]:

e  Voltage derating
o  Temperature
e  ESR (equivalent series resistance)

In this practical study, it is shown that a conductive tantalum polymer chip capacitor’s
MTBEF is influenced by its voltage and voltage derating, which is a very effective way to
increase the PoL converter’s lifetime and reduce the capacitor’s failure rate. Nevertheless,
the reasons for the capacitor’s voltage derating can have multiple causes depending on the
capacitor technology and its applications. The equivalent series resistance (ESR) has become
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a kind of key metric for capacitors because it summarizes all the ohmic or resistive losses of
the capacitor. Although tantalum capacitors provide low or good ESR performance, a new
technology—conductive polymers—has been developed to provide a lower ESR value that
exhibits conductivity characteristics close to those of metals. Compared to generic MnO;-
based tantalum capacitors, this new type—using conductive polymers—is significantly
more conductive (100 times), and the direct benefits of this augmented conductivity are
its lower ESR, improved high-frequency behavior, and superior reliability—especially for
lower-rated voltages [2]. A conductive tantalum polymer chip capacitor is a capacitor with
a solid electrolyte made of a conductive polymer. In the past decade, all polymer capacitor
technologies seem to have been well adopted into the PoL power electronics converter
branch. They have an anode body that is made of sintered tantalum powder, followed by
the dielectric—which is a thin film of TaO (generated by electrochemical oxidation)—and,
finally, the cathode, consisting of a highly conductive polymer layer deposited in the oxide
layer [2—4]. As these Tantalum Polymer devices are actually polar capacitors, it is very
important when using them in practice to give attention to the polarity marking. A reverse
polarity will be allowed only up to the values indicated in the data sheet. A high voltage
and high current stress will eventually lead to a rapid degradation of the components or
device performance. Derating designs constitute a key factor in component selection for
lowering the failure rate. When performing derating, it is necessary to keep the maximum
stress at a proportion of the maximum ratings—this is called the derating factor [5-7]. If
we act in voltage, derating means that the actual capacitor shall be used in the application
at a lower voltage than the rated voltage.

When they are operated within their recommended guidelines, these Tantalum poly-
mer chip devices—which are in fact solid state capacitors—demonstrate no wear out
mechanism, as we can see in bathtub curve below. Although they can be operated at the
full-rated voltage, professional circuit designers look for a minimum level of assurance
in long-term reliability, which should be demonstrated with data. Since most applica-
tions do require long-term reliability, a voltage derating operation can provide the desired
level of demonstrated reliability, based on industry-accepted acceleration models. Many
manufacturers compulsorily recommend designers to consider voltage derating for the
maximum steady-state voltage. Table 1 shows the recommendations for this issue used by
one important producer of capacitors.

Table 1. Capacitor’s derating for the range 2.5 V to 35 V Rated voltage; Above 105 °C, the voltage is
de-rated linearly to 0.67 x Rated voltage up to the maximum operational temperature.

Rated Voltage Derated Voltage
—55°Cto 05°C —55°Cto125°C —55°Cto 105 °C —55°Cto125°C

25V 17V 23V 15V

4V 27V 3.6V 24V
6.3V 42V 57V 3.8V

10V 6.7V 9V 6V

16V 107V 128V 8.6V

20V 134V 16V 10.7 V

25V 16.8 V 20V 134V

3BV 235V 28V 18.8V

In PoL and automotive applications—as described schematically in Figure 1—the
output component position (capacitor Coyt) selection follows Table 2, depending on the
mission profile and the temperature requirements. For the 12 V line, the recommendation
is—at minimum—a 35 V-rated voltage capacitor, taking into consideration the existing ISO
Pulse requirements defined by the ISO7637 Specification.
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Figure 1. Schematic diagram for PoL and Automotive Applications.

Table 2. Capacitor’s Application Voltage—Recommended Capacitors.

Mission Profile Temperature =~ Mission Profile Temperature

Application Voltage (up to 105 °C) (up to 125 °C)
<1V 25V 25V
33V 4V 6.3V

5V 6.3V 10V
12V Minimum 35V Minimum 35V

2. Materials and Methods

The operation of derating can be expressed by the percentage of the rated voltage
that shall be subtracted. The aim of the derating is to reduce the number of stress fac-
tors applied to the capacitors. The two main stress factors are the voltage and tempera-
ture. The derating curve is shown in Figure 2, where VR = the rated voltage, V¢ = the
rated voltage, T). = the lower category temperature, Tr = the rated temperature, and
Tyuc = the upper category temperature. Practically, if we carry out a 50% derating, this
means that the capacitor shall be used at 50% of the rated voltage for a specific application
(i.e., a 6.3 V-rated capacitor will be used on 3.15 V at maximum). Varying derating curves
can be found in the MIL-HDBK-1547 military standard [8]. Due to new materials emerging
on the market—corroborated by special manufacturing processes—polymer tantalum ca-
pacitors have a long way to go to meet automotive AEC-Q200 stress test requirements, and,
consequently, require specific electrical transient tests too.

vV (V)

Vi

'

Tlc TR Tuc
Ambient temperature Ta in °C
Figure 2. The derating curve.

For the experimental part of the study, an EPC9059/30V development board contain-
ing two EPC2100 eGaN (enhancement Gallium Nitrade) FET transistors in a half bridge
configuration [9-12], using the Texas Instruments LM5113 gate driver, was used in a
workbench hands-on investigation (Figure 3).
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Figure 3. Planted area view of the eGaN evaluation board EPC9059-30V used in the experiment,
with dimensions; the eGan-transistor’s area is outlined in yellow and the reverse side of the eGaN
transistors (EPC2111) has a Ball Grid Array (BGA packaging technology) [10].

The measurement connection diagram and the method for the temperature scanning
are shown in Figure 4. Since the standard used for the reliability prediction required
information about the capsule temperature of the component in question, an infrared
thermal scanning device was used. The temperature collected by this was further used to
calculate the piT stress factor. This, in turn, was used to calculate the lambda failure rate
and then the MTBE. During the experiment, no forced cooling method was used for the
investigated evaluation board, but only natural convection; also, the eGaN-FET transistors
did not have a thermal radiator. Therefore, the extraction of information on the reliability
of the converter was obtained in the most difficult conditions for thermal dissipation in
active devices. The main parameters of the converter are shown in Table 3. For the DC-DC
converter built with eGaN transistor technology, a tantalum polymer capacitor made with
SMD technology-type encapsulation was selected for the output filter. Such converters are
mission-critical in the telecom industry and computer applications, so knowledge of their
capabilities in terms of their reliability is very important. This capacitor was the object of the
voltage derating. In fact, two polymer capacitors—NEEg]8, with a nominal voltage of 4 V
and NE{j]8, with a nominal voltage of 6.3 V—were used consecutively. Both were produced
by NEC-Tokin Corporation headquartered in Shiroishi, Japan. (now part of KEMET). In
Figure 5, these two capacitors and all the information related to their packaging, operating
temperature, tolerance, identification of their technical parameters, and ESR (Equivalent
Series Resistance) are shown. Additionally, on the right side of the figure, the actual values
measured with a capacitor-tester for the electrical capacitance of each capacitor (255 uF
vs. 220 uF, respectively) are shown, with which the calculations were made to find out the
temperature stress factor 7rr; then, this factor was entered into the formula for devising the
failure rate.
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Figure 4. Diagram of connections with the derated polymer tantalum capacitors and how the
capacitor’s temperature is detected.

Table 3. Parameters for the investigated converter.

Parameter Value
Load resistor Ripad = 0.1 Q)
Load current It =12 A
Input current L, =12 A
Input voltage Vin =12V
Output voltage Vour =1.2V
Switching frequency fow =300 kHz
Inductor L=3uH
Ambient temperature ~25°C
Duty cycle ~13%
Output Crantatum-poly A 220 uF/4 'V
Output Ciantatum-porys [derated] 220 uF/6.3V

Regarding the reliability calculation method, it must be said that the standard used
provides a prediction and not an estimate. Reliability prediction for electronic components
is commonly based on the failure rate, which is assumed to be constant during the lifetime
period in the bathtub curve, as shown in Figure 6 [8,13].

R(f) =e M 1)

where A signifies the intrinsic failure rate, excluding early failures and wear-out failures.
The mean time between failures (MTBF), i.e., when the reliability function has decayed to a
value of e~ = 36.7% (or in other words, only 37% of the units within a large group will last
as long as the MTBF number) is:

MTBF =)\"1 )
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Figure 5. Packaging and identification information for the SMD polymer capacitors used for the
reliability investigation of the eGan converter.
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Figure 6. The bathtub curve.

The International Electrotechnical Commission released the IEC-TR-62380 standard
in 2004, including features of newer components arriving on the market such as polymer
capacitors, which did not appear in older standards such as MIL-HDBK-217 [8]. Thus, we
performed the calculation of the capacitor’s MTBF based upon the IEC-TR-62380 standard,
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in which a mathematical model for every electronic component is defined, in order to
calculate their failure rates A [13]. The reliability data taken from this prediction standard
are taken mainly from field data concerning electronic equipment operating in that type
of environment: Ground; stationary; weather-protected (means: equipment for stationary
use on the ground in weather-protected locations, operating permanently or otherwise
with controlled temperature and humidity and good maintenance). This applies mainly
to telecommunications equipment and computer hardware. Experience has shown that
component reliability is heavily influenced by mechanical and environmental conditions, as
well as by electrical environment conditions. Estimated reliability calculations of equipment
have to be carried out according to its field use conditions, so they are defined by the mission
profile. A “mission profile” is usually defined as a table that includes all the details on the
ambient temperature cycles during the lifetime of the device being discussed, on/off—state
durations, numbers of operation cycles, etc. [8,13].

3. Results
3.1. Experimental Workbench SET-UP, Key Measurements, and the Mode of Investigation

An experimental workbench hands-on SET-UP was constructed in order to obtain a
synchronous buck converter that lowers its voltage from 12 V to 1.2 V (a very often-used
amount of voltage for powering FPGAs, microprocessors, etc.). The actual Capacitance,
ESR, and Vg (%) values for the two capacitors were measured using an BSIDE® ESR02
Pro transistor tester. The output filter reliability was improved by putting a higher-voltage
rating capacitor on the output rail in parallel to the load resistance. Then, a thermal scan
of the surface of the capacitor was executed in order to determine the temperature of
operation, which is necessary in the calculation of the failure rate A. In Figures 7 and 8 the
thermal picture of the evaluation board area is shown, scanned by mean of a thermo-vision
camera—specifically, the temperature of the capacitor’s capsule was 36 °C for the 4 V-rated
capacitor and 36 °C for the 6.3 V capacitator. These situations indicate to us that in the
case of a derated capacitor, a smaller amount of current passes through it (i.e., a decreased
power loss occurs). Later, using this information, the failure rate was calculated using
the temperatures obtained and the models provided by the prediction standard chosen
for the investigated capacitors. Finally, the MTBF was determined—a strong indicator of
overall reliability. The scan process also showed that the highest temperature on the EVB is
attributed to the coil, so this component contributed the most to decreases in the general
reliability of the studied converter.

Locatic Unavailabls

Figure 7. Thermal image of the Capacitor A surface. A 36 °C temperature is in evidence, as shown by
the infrared thermo-vision device. Left—EVB scanned in infrared. Middle—EVB seen from the side,
plated with components. Right—Photo of the investigated capacitor.
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Figure 8. Thermal image of the Capacitor B surface (derated). A 31 °C temperature is in evidence,
as shown by the infrared thermo-vision device. Left—EVB scanned in infrared. Middle—EVB seen
from the side, plated with components. Right—Photo of the investigated capacitor.

This is in agreement with the Arrhenius law (Figure 9), which stipulates that if the
capacitor’s temperature increases by 10 °C, then the reliability will decrease by half.

10l

0.75 \

Lifetime
o
(6]
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0.25 ~
\

°C
0 10 20 30

Figure 9. Arrhenius Law.

The good operation of the converter was experimentally validated by measuring some
important waveforms, such as:

e  Theintensity of the current through the converter’s inductance L = 3 uH (a SMD power
coil constructed with flat wire windings), which was collected by a current probe. The
current probe used in the experiment had a 10-mV output voltage, corresponding to
4 A as measured.

o  The voltage measured in the so-called “switching point” (at the junction between high
FET and synchro FET).

The most important waveforms measured on the converter under load at room tem-
perature are shown in Figure 10. These waveforms ensure the CCM mode’s functioning
in the converter—i.e., Continuous Conduction Mode. A general view of the experimental
set-up is shown in Figure 11.
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Figure 10. Basic waveforms of the PoL DC-DC eGaN-FET-based converter, ensuring the CCM mode
of operation.

Figure 11. General view of the experimental set-up. Voltage waveforms were displayed using an
USB-DSO oscilloscope—ISDS 220B and a CP-05* current probe.

3.2. Reliability Calculation

In order to execute the calculation for the tantalum polymer capacitor, the mathemat-
ical model for this type of capacitor was taken from the IEC-TR-26380 standard [13], as
shown in Figure 12.

A =04 x {[(E(rr); X T7)/ (Ton + Top)] + 3.8 x 1072 x [E(7ma)i x (AT} x 107°/h (3)
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Specification : CEl 60384 MATHEMATICAL MODEL
c this model outlined in red is
(=), %z, ;
A1=04 =1 3 8%107 AT ) 107 /1 an excerpt from the
=04x] | == ———|+3.8x107 x| ) (m, ) x(AT)™ | 107 /h standard
on off 1=1
A=04x{[( roff)]+3.8 x 10 x [ Tfm)i)x @0-@]}&0-‘}/ h

E - i thermal amplitude variation of the mission profile.

(71' - )I, - i influence factor related to the annual cycles number of thermal
variations seen by the package, with the amplitude AZ; .

Tofr | - time ratio for the capacitor being in storage (or dormant) mode.
YV
: total working time ratio of the capacitor. With: 7 ,,, = 2 T;
i=1
- i™ working time ratio of the capacitor for the i junction temperature of the mission profile.

(71' ¢ )I. - i temperature factor related to the i junction temperature of the capacitor mission profile.

Figure 12. Explanation of how the failure rate A is devised using the models for Tantalum Polymer
Capacitors (the models are provided by the IEC-TR-62380 Standard). The mathematical model and
parameter’s formulae, outlined in green, are depicted as they appear in this standard.

The Standard specifies that the above formula gives field values if the ratio peak
voltage/rated voltage is less than or equal to 0.8 (with peak voltage = continuous voltage
+ peak value of the alternative voltage). In the investigated circuit, the peak voltage was
1.5V and the maximum rated voltage for the capacitors was 6.3 V, so the ratio was equal to
0.238 <0.8.

After performing some preliminary calculations, which we will not reproduce here as
they are irrelevant, it was determined that:

T; = 365 days x duty cycle = 365 x 0.13

7t = 0.9 derived from Figure 11 @ 25 °C

n; =365 and (71,,); = (11;976) x 1.7

Ton =1 and Toff = 0

X(rtn); = nj and X(7t7); = 7I7

AT; = capacitor’s surface temperature—ambient temperature

where AT is derived using the actual temperature of the capacitor’s capsule and 7t from
Figure 13.

Figure 13 shows the temperature factor at an ambient temperature of ~25 °C, at which
the experimental measurements took place. Many details are given in subchapter 8, mission
profiles, within the IEC-TR-62380 standard [13]—hence:

*  Apolimercapa = 0.4 x {[(0.9 x 54.75)/(1 + 0)] + 1.4 x (1073) x [(1.7 x 365%¢) x (36 —

25)0-68]} x (107%)/h = 7215.425 FIT = 7.215425 F /10 h
®  Apolimer capplderated] = 0.4 x {[(0.9 x 54.75)/(1 + 0)] + 1.4 x (1073) x [(1.7 x 365%6) x

(31 — 25)068]} x (10~?)/h = 6821.755 FIT = 6.821755 F/10° h

where FIT stands for Failures in time (1 FIT = one failure in 10° h) and F/10° h stands for
Failures in one million hours.
Consequently, we have:
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®  MTBFpolimer capa = 138,591 h or 15.821 yr
e MTBFlimer capplderated] = 146,589 h or 16.734 yr

The failure rate in FIT (failures per 10° h) and the MTBF in hours for the two investi-
gated capacitors are presented in a suggestive comparative diagram, shown in Figure 14.
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Figure 13. Temperature factor 711 versus ambient temperature for the tantalum polymer capacitor

(graphical derived—orange lines—using a nomogram from the IEC-TR-62380 standard at 25 °C [13]).

Figure 14. Graphical comparison of the MTBF for the two capacitors.

4. Discussion

15.821

MTBEF [years]

16.734
Voltage
Derating CapB
rated 6.3V

Derating the stress levels of electronic components is recognized as a very effective way
of improving the device’s reliability and also for avoiding failures due to overstress. This
paper provides a practical study that refers to a simple way of augmenting the reliability
of the output filter of modern eGan transistor-based DC-DC converters. Experimental
results combined with calculations based on data and models provide by the IEC-TR-62380
reliability prediction standard were validated by performing a voltage derating operation
upon the converter’s output capacitor, resulting in an improvement in the MTBF of about
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7%. This was possible using a 6.3 V-rated polymer tantalum capacitor instead of a 4 V-rated
capacitator on a 1.2 V-output voltage rail.
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