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A Foundation for Fully Electrically Controlled and Microwave-Coupled Quantum Bits : Ultrashallow,
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Heavily Strained Quantum Wells
Yiwen Zhang*"*3, Zonghu Li°, Yuchen Zhou*, Yuhui Ren*?, Jiahan Ke'?, Jiale Su™?, Yanpeng Song®, Jun Deng’,
Yang Liu*, Runze Zhang*, Haiou Li**, Baochuan Wang**, Zhenhua Wu*?, Jun Luo™?, Zhenzhen Kong"?, Gang
Cao**, Guoping Guo®*, Chao Zhao®, Guilei Wang"*°
1. Institute of Microelectronics of the Chinese Academy of Sciences
2. University of Chinese Academy of Sciences
3. Hefei National Laboratory, University of Science and Technology of China
4. CAS Key Laboratory of Quantum Information, University of Science and Technology of China
5. Beijing Superstring Academy of Memory Technology

Ge/SiGe heterostructure quantum well structures, utilizing Ge two-dimensional hole gas, have emerged as a
promising avenue for the development of spin quantum bits, attributable to their low disorder and high mobility.
This study focuses on the epitaxial growth of high-quality virtual substrates on 8-inch silicon wafers using
reduced pressure chemical vapor deposition (RPCVD). By fine-tuning key parameters such as the thickness of the
reverse gradient buffer layer and the Sil—xGex buffer layer, surface roughness was optimized. Strain modulation
of dislocation dynamics enabled the creation of high-quality strained quantum wells, characterized by a density of
stress accumulation points (DSAP) of 0.301/um? and a surface RMS roughness of less than 3 nm. Ultimately, an
ultrashallow, heavily strained, undoped quantum well was achieved, featuring a well depth of 15 nm, in-plane
compressive strain (gl) of —1.19%, and a mobility of 3.382 X 10° cm?*Vs. A novel characterization method for
quantum wells was introduced, based on the defined DSAP. The combination of ultrashallow quantum well depth
and increased compressive strain enhances the effective g factor (up to 8.3), positioning this structure as an ideal
platform for fully electrically controlled and microwave-coupled quantum bits.

D06-07

BRAZMBR: AL
Effect of Ge content in poly SiGe on WER under ADM solution
Weiran Li*, Libin Jia!, Yang Xu®, Jiabao Sun®, Huimin Ren®, Dingting Han*, Chaoyang Guan*, Hongbo Sun*,
Guilei Wang', Chao Zhao*
1. Beijing Superstring Academy of Memory Technology

In this work, the effect of Ge concentration of polycrystalline (poly) SiGe on it’s wet etch rate (WER) under
ADM (20:1 Ammonium hydroxide) solution was investigated. Firstly, An ALD titanium nitride (TiN) film was
deposited on the surface of a P-type wafer as substrate, and poly SiGe(B-doped) was then deposited by a low
pressure chemical vapor deposition process (LPCVD). In this deposition process, silane, germanane and borane
were thermally decomposed at 420 °C to achieve the deposition of poly SiGe films. The Ge content of poly SiGe
can be adjusted by changing the gas flow of germanane. TEM images show that, with the increased amount of Ge,
larger grains has been observed in the film, which is because of the easier decomposition of germane than silane at
420 °C and higher deposition-rate. We also checked the wet etch rate (WER) of poly SiGe film with different Ge
content using 20:1 ADM solution at 65 °C. It was found that the WER under ADM solution decreased gradually
with the raising Ge concentration, and the ADM solution could not etch poly SiGe with Ge content >60% in film.
We also found that the etch rate is inversely proportional to the Ge content in the film. When Ge content is 17.6%,
the etching rate can reach 2.4 nm/min. The WER of poly SiGe can’t reach the WER of undoped poly(about 50
nm/min) even at very low Ge content(2%), which is cause by boron in poly SiGe film and boron will decrease the
WER of poly SiGe under ADM.
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BRAZMAH: AL
Study on the etching method to optimize the Polycrystalline silicon profile smoothing and interlayer
uniformity in lateral cavity with high aspect ratio multilayer structures
Yang Liu*, Zehuan Hei*, Xiaodong L*, Jiao Jin*, Xiao Shang®, Tuo Xin®, Zhonghua Jin!, Chaoyang Guan®,
Baodong Han', Hongbo Sun', Shangbo Yang', Guilei Wang', Chao Zhao*
1. Beijing Superstring Academy of Memory Technology

In the preparation of oxide/ silicon nitride(O/N) stacked Structure for 3D device with high aspect ratio(HAR),
it is necessary to fill the cavity formed by lateral etching with dummy materials. Due to the loading effect, the
filler material is deposited thicker in the top layer and hole bottom, which causes deformation of the profile of the
dummy material remain in the cavity and uniformity worse during the etching process. In this paper, we mainly
investigated the effect of various etching methods on the profile smoothing and interlayer uniformity of the
dummy material in the cavity. Polycrystalline silicon is used to fill 5 tiers of O/N-stack lateral dummy materials
with HAR of 10:1. The O2 oxidized Polycrystalline silicon surface is applied to ensure that the break though step
will open the top and bottom oxidized layer and protect the side wall Polycrystalline silicon. Then, the thick
Polycrystalline silicon at the top and bottom was reduced to the same thickness as the sidewall by anisotropic
etching in punch step. Finally, the Polycrystalline silicon at the top, bottom and sidewall was completely removed
by wet method, and the dummy material in the cavity remained as designed. The etching method ensures the
profile smoothing of Polycrystalline silicon in the cavity, and the uniformity of Polycrystalline silicon remain
between layers is improved to 3%. The results provided a useful method for 3D device structure fabrication.

D06-10
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Vacuum-free, solution-processable high-k-oxide dielectrics are considered to be a key element for emerging
low-cost ffexible electronics. However, they wusually suffer from low breakdown strength and
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frequency-dependent capacitance, which limit their broader applications. Here, we report a universal way to
improve solution-based high-x oxide dielectric properties (e.g., AI203, ZrO2, Ga203, Sc203, Ho0203, and
Sm203) by sulfate incorporation. In-depth characterization shows that sulfate incorporation could reduce
hydrogen and oxygen vacancy-related defects in high-k oxides, thereby improving the dielectric performance. The
optimized S-doped high-x oxides show smooth surface (rms < 0.20 nm), low leakage current ( [10-7 A/en

MV/cm), excellent dielectric breakdown strength (>10 MV/cm), and stable capacitance—frequency characteristics.

Besides, oxide thin-fflm transistors based on these high-k dielectrics exhibit excellent performance (e.g.,

mobility >20 cm2 V —1s-1, onk
and hysteresis of nt0cd2high-qualitythis work pr
solution-based high-«k oxides for transistor circuitry.
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BRAZMAR: ALiRE
Research and fabricate of SiO2/SiN stacked structure with low hydrogen content and low stress
Xin Zhang", Tielu Liu, Chao Tian®, Jiabao Sun®, Zhao Chao® *
1. Beijing Superstring Academy of Memory Technology

The foundation of 1GZO thin film transistor construction is that it requires low single-layer film stress, low
wafer warpage and low hydrogen(H) content in the stacked structure. This work is to deposit SiO2/SiN stacked on
12-inch wafers based on the PECVD deposition machine, the stacked structure scheme of 5tire
SiN(50nm)/SiO2(50nm)+SiN(50nm) was explored to reduce the film stress, wafer warpage and H content of the
film. SiO2/ SiN film layers prepared by 400°C PECVD SiO2 and 550°C PECVD SiN deposition machines, and
the ON stacked structure was built alternately. Compared with the stacked structure constructed by 550°C SiO2/
SiN integrated PECVD deposition machines, The stress of SiN film decreases from 307Mpa to ~250MPa, and the
stress of SiO2 film decreases from -354MPa to -250MPa, and the stress gap between the single-layer films
decreases significantly, making the warping of the layers offset each other. At the same time, the H content in SiN
is reduced from 21% to about 6%, which meets the requirements of IGZO thin film transistors for SiO2/ SiN stack.
800/900/1000°C RTP treatment was applied to the stacked structure deposited by PECVD at 400°C SiO2 and 550°C
SiN, which improved the slight bending of ~20 in the suspended monolayer film after lateral etch, and the uneven
etching between monolayer films due to different deposition temperatures, the difference is ~11nm. By separately
controlling and optimizing the SiO2/SiN thin film lamination structure, the film stress, wafer warpage and H
content of the stacked structure are effectively reduced, and the etch profile is improved by RTP treatment,
providing data support for multi-layer film stacking with low stress and low H content.
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BRAZMAH: BiFiRds
Atomic-level observation of Hf0.5Zr0.502 thin films
Yan Cheng**
1. Key Laboratory of Polar Materials and Devices (Ministry of Education), East China Normal University

HfO2-based ferroelectric (FE) materials have attracted extensive attention in the research of next-generation
nonvolatile memories and logic devices due to their superior scaling property and compatibility with CMOS
process. However, HfO2 system has a variety of phase structures, and the orthorhombic (o-) FE phase is not
thermodynamically stable, which bring many challenges to the mechanism research. For example, atomic layer
deposited Hf0.5Zr0.502 (HZO) thin films need to undergo rapid thermal annealing (RTA) process with clamping
to produce ferroelectricity. Therefore, how does the FE o-phase form, and how its structure evolves with the
electric field operation, are all topics worth discussing.

In this talk, spherical aberration corrected transmission electron microscope (Cs-TEM) as the main research
techniques for unveiling the atomic-level structures of HZO thin films prepared by ALD, and the main content is
as follows:

1. The dynamic process of o-phase emergence during RTA in polycrystalline HZO ferroelectric film (Figure
1) was directly visualized though in-situ Cs-TEM technique.

2. The dynamic atomic scale structural evolution from centrosymmetric tetragonal (t-) phase to FE o-phase
under electric field was visualization.

3. Atomic-scale characterization of lattice dislocation and monoclinic (m-) formation by martensitic-like
transformation of HZO thin films during fatigue.

b_400°C_24s
i o

Figure 1. HRTEM images show the o-phase emergence from t-structure with in-situ RTA in TEM: (a) room
temperature— (b) 4000C—(c) 5000C—(d) 4000C—(e) 3000C—(f) 2000C—(g) 1400C—(h) back to room
temperature. The insets show the FFT patterns of each t- or o-region, clearly demonstrating the t- and o-structures.
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Bar =3 nm.
D06-114

BRAZMAH: BiFiRs
Breaking the Switching Endurance Limits of Phase Change Memory
Xilin Zhou® *
1. State Key Laboratory of Materials for Integrated Circuits, Shanghai Institute of Microsystem and Information
Technology, Chinese Academy of Sciences, 865 Changning Road, Shanghai 200050 China

In the realm of emerging storage technology, phase change memory (PCM) has been regarded as a
prospective next generation solution to transform the established paradigms in traditional storage architecture
owing to its attributes of good scalability, non-volatility, and fast speed. However, the high switching power and
limited cyclic switching endurance remain a critical challenge of PCM technology as storage class memory. In this
work the en- durance performance of the mushroom-type PCM devices adopting a self-confined structure and
carbon-doped GeSbTe (CGST) material is extended to more than 1.1E11 cycles by the mitigation of
over-programming effect. The over-programming of the PCM cell induced by excessive RESET current gives rise
to the recrystallization of the active phase change volume which accelerates the migration of the segregated
carbon atoms toward bottom electrode and leads to the resultant contraction of the switching volume. Moreover,
the cyclic switching operation exacerbates the over-programming effect which intensifies the carbon atom
segregation with denser cluster surrounding the active region and ultimately causes the RESET-stuck failure. The
self-confined structure enables efficient heating by relocating the melt-quench region away from the interface to
the dielectric layer. It is therefore significantly reduces the energy required for RESET switching which,
consequently, mitigating the over-programming effect. The endurance performance of the PCM cell can be further
extended through additional optimization both in device structure and programming scheme. This work paves a
way towards storage class memory employing PCM devices that feature both ultralong cyclability and high
thermal stability without adding the process loading.
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RAZMAR: AkiRE
Effect of High Temperature Furnace Anneal to Element Diffusion in SiO2/Si3N4 Stacks
Huimin Ren®, Libin Jia!, Dingting Han', Hongbo Sun*, Chao Zhao*
1. Beijing Superstring Memory Research Institute

The choice of multilayer stack plays an important role in the 3D DRAM architecture realization. Si-SiGe,
Si02-Si3N4(ON) and other potential stack materials are well known at present. Among them, ON stack is a
relatively ideal stack material because of its simple preparation process and mature application in the field of 3D
NAND.

Recently, we found that after vertical etch 5 tiers of ON stacks and then lateral etch SiO2, the remaining SiO2
layers show a slope profile with wide at top and narrow at bottom. Moreover, the suspended Si3N4 generated after
lateral etch show a slightly bending. Aiming at this phenomenon, we analyze the possible mechanism is that the
different thermal treatment on the upper and lower surfaces of SiO2 during the stack preparation process makes
the element diffusion uneven, resulting in a slope-type profile after lateral etch. The bending of Si3N4 may cause
by the stress release after lateral etch SiO2.

According to this presumption, 600/700/800° C furnace anneal for 30 min in N2 atmosphere of ON stacks
was added before etch, element diffusion and nitride bending after anneal was then explored. Compared with
non-anneal ON stacks, the content of N in SiO2 increases from 7E18 to 1E19, and the distribution of N is more
uniform with temperature increase. Furthermore, H content in the SiO2 layers also decreases from 2E20 to 1.5E20,
which is benefit to channel stability. The same etch process was then performed on the post annealed ON stacks,
slope-type profile was disappeared and the bending of Si3N4 was significantly improved. These results prove the
correctness of the previous inference that the uneven diffusion of N leads to the formation of slope-type profile,
and high temperature anneal can decrease intrinsic stress of film, which is beneficial for the 3D DRAM generation
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in the future.
D06-20

BRAZMBR: ALy
Radical etching of staircase metal line in 3D DRAM
Xiaodong Li', Tuo Xin', Zehuan Hei', Yang Liu, Xiao Shang®, Zhonghua Jin*, Baodong Han®, Hongbo Sun’,
Chao Zhao*
1. Beijing Superstring Academy of Memory Technology

In 3D DRAM, staircase metal line is usually use as the electrical contact between bit line and contact line.
Tranditional plasma etch is unsuitable because of staircase matel line preparation need etch surface and side wall
simultaneously. Matel line atomic layer deposition C(ALD) in staircase pocket can’t avoid seam profile, which will
lead to uncontrolled matel void introduced by wet etching. In this paper, the radical etching of staircase titanium
nitride (TiN) metal line preparation is investigated. For radical etching, the incoming species are neutral radicals.
When etching TiN with CF4, the etching rate (ER) is same in each direction and strongly related to the reaction
area. When the surface TiN is fully removed, the ER of pocket TiN will increase from 14 nm/min to 30 nm/min.
The bias power can cause the secondary ionization of the neutral particle, which can change the ER ratio in
vertical and lateral direction. In the TiN radical etching with SF6, the vertical and lateral ratio of ER can be greater
than 10 by adding bias power, which can reduce TiN loss in staircase pocket. Such process for forming staircase
metal line shows great potential in 3D DRAM fabrication.
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BRAZMAR: ALiRE
High-Precision Characterization of Dislocations in 4H-SiC Wafer Using Synchrotron Radiation X-ray
Topography
Qiugi Mo™*, ZhongLiang Li% Yuan Ma*, Jun Tang’, Tao Yu?, Li Zheng**, Yuehui Yu'
1. Shanghai Institute of Microsystem and Information Technology
2. Shanghai Synchrotron Radiation Facility, Shanghai Advanced Research Institute, Chinese Academy of Sciences
3. School of Physical Science and Technology, ShanghaiTech University
4. CEC compound Semiconductor Co.,Ltd.

High-precision topography of silicon carbide (SiC) wafers has been achieved through the use of
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grazing-incidence topography (GIT), synchrotron radiation X-ray plane-wave topography (SXPWT). These
techniques allow for the observation of the distribution of threading screw dislocations (TSDs), threading mixed
dislocations (TMDs), threading edge dislocations (TEDs), and basal plane dislocations (BPDs), which distribute
from 100 nm to 10 pm under the surface. At the Shanghai Synchrotron Radiation Facility (SSRF) BL09B
beamline, GIT measuring enables the characterization of near-surface dislocations of a 4-inch 4H-SiC wafer
within one minute. By combining SXPWT with rocking curve imaging (RCI), it is possible to quantitatively
measure the lattice distortion Ad/d caused by dislocations with a precision ranging from 1E-7 to 1E-8. Moreover,
section topography combing with step-by-step scanning allows for the reconstruction of a complete
three-dimensional defect distribution map of the SiC wafer.

D06-28

BRAZMBR: ALy
Assessing the impact of defects on performances of Ga203 photodetector via photoinduced current
transient spectroscopy
Rujun Sun® *,Yifan Li*, Ce Wang", Hong Zhou', Jincheng Zhang", Yue Hao"
1. Xidian University

Heteroepitaxy is often used to grow films for solar-blind photodetectors like sputtering, Mist-CVD, and
MOCVD, due to the low cost of substrate and fabrication. Due to low crystalline quality, the films are resistive.
High responsivity and slow response due to persistent photoconductivity are the typical features. Several
compensated defects are suspected to account for the resistive and response feature within the bandgap and can be
reduced by annealing. However, the corresponding defect level, capture cross-section, and physical origin, have
not been revealed yet, which causes high responsivity but a long rise time, hindering the advances of
Ga203-based solar blind detectors.

The technique of monitoring the transient of junction capacitance, namely, deep-level transient spectroscopy
(DLTS), is a powerful tool to characterize deep levels. However, for the application of solar blind photodetector,
highly resistive Ga203 is often used to form Ohmic or Schottky metal-semiconductor-metal (MSM)
photoconductor structure. Here DLTS is not applicable due to small junction capacitance and difficulties in
injecting free carriers by voltage pulse. Alternatively, photo-induced current transient spectroscopy (PICTS) is
used to characterize trap levels in highly resistive semiconductors.

In this work, representative highly resistive Ga203 epilayers were grown on sapphire by metal-organic
chemical vapor deposition. For the photodetector, two interdigital electrodes of Ti/Au were deposited by
electron-beam evaporation, and ohmic contact was formed after annealing under a nitrogen atmosphere. The
representative dark and light I-V curves, spectral response, and I-t response were measured using a Keithley 2450
source meter with a 254 nm LED. The PICTS were carried out in a home-built setup using Zurich Instruments
MFLI lock-in Amplifier. The data analysis of PICTS is still ongoing. This work will provide insight into defect
identification and modulation in the Ga203 solar-blind photodetector field.
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BRAZMAR: ALiRE
Machine learning assisted high-throughput design of high-performance and low-power 2D diamane
short-channel transistors
Penghui L, Lingpeng Dong™ *
1. School of Opto-electronical Engineering, Xi’an Technological University

Two-dimensional semiconductors are regarded as important candidate to replace silicon in the post-Moore
era for high-density integrated circuit (IC) manufacturing, due to their unique electronic properties, excellent gate
control capability, and free of surface dangling bonds. Based on theoretical calculations, this study systematically
evaluates the performance of short-channel field-effect transistors with ultra-wide bandgap semiconductor
two-dimensional (2D) diamane as channel materials at sub-5 nm nodes. In high-performance scenarios, the
on-state current of the transistor at the 5 nm node is as high as 2908 1 A/ 1 m, the subthreshold swing (SS) is
only 70 mV/dec, and the key parameters such as power delay product and energy delay product are far lower than
the requirements of the IRDS2028 standard. The excellent performance is attributed to the ultra-high carrier
mobility and state density at the band edge. To improve the carrier injection efficiency between the metal
electrodes and transistor source/drain regions, a physically interpretable model is established to map the material
parameters of transistor channel and source electrodes to the device parameters such as device tunneling

14



T ERDRER 2 2024 BEEE — Jm th SRR 2 DO6. Sl il v~ 56 1Ak

resistance and longitudinal/lateral Schottky barrier resistance, through constructing ARANet and DARNet
machine learning models, and a low-contact electrode screening process with high accuracy and high efficiency is
developed. To further reduce the power consumption of 2D diamane transistors, high-throughput calculations are
used to screen electrode materials with reduced state density distribution characteristics near the Fermi level, and
a low-power transistor with a subthreshold swing below 60 mV/dec is realized by constructing a cold source
structure. At the same time, the on-state current is much higher than the IRDS2028 standard. These works provide
new methods and ideas for the research and development of 2D semiconductor transistors, and demonstrate their
great potential in the next generation of high-density ICs.

D06-32

BRAZMBR: ALy
Investigation of Silicon Oxide/Tungsten/Titanium Nitride Stack Multi-step Etching
Linjie Hou®, Jiahui Sun, Yagiong Li*, Shangbo Yang®, Jie Luo*, Baodong Han', Hongbo Sun*, Chao Zhao*
1. Beijing Superstring Academy of Memory Technology

Silicon Oxide, Tungsten, Titanium Nitride are common materials in semiconductor device fabrication areas.
Silicon Oxide as dielectric layer, Tungsten as conductive layer, Titanium Nitride as adhesion layer. According to
the characteristics of the material and the pattern requirements, Silicon Oxide, Tungsten, Titanium Nitride need
use different plasma source etching. The periodic stacked film etching is a key enabler of 3D device
manufacturing, such as Silicon Oxide/silicon nitride(ON) periodic stacked film etching, Silicon
Oxide/polycrystalline silicon(OP) periodic stacked film etching. However, few scholars have studied dielectric
material/conductive  material periodic stacked film etching. This paper investigates a silicon
oxide/tungsten/titanium nitride(OWT) periodic stack etching in multiple etching steps. Because of the chemical
reaction mechanism differences for various materials, the profile of the sidewall of the pattern is always some
issue, such as top corner sharp, sidewall angle not vertical enough. This paper adopts O2/C4F6/Ar gases etching
Silicon Oxide, adopts CI2/NF3/Ar gases etching Tungsten and Titanium Nitride, Thus form Silicon Oxide,
Tungsten, Titanium Nitride (OWT) periodic stacked sub-100nm holes. By tailoring the gas ratio, power, pressure,
plasma distribution and ion bombardment strength, formed a smooth sidewall with an excellent vertical profile
greater than 88°. Dielectric material/conductive material periodic stacked film etching sub-100nm holes is a key
process of 3D DRAM vertical transistor manufacturing, can directly form a vertical source drain structure, Further
formation channel all around structure. In this paper, OWT/OWT periodic stacked film etching is studied and an
effective solution is provided.
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BRAZMBR: AL
Polycrystalline silicon removal combining dry etching and wet etching process for 3D multilayer device
fabrication
Zehuan Hei', Ganlin Song", Xiaodong Li*, Tuo Xin', Yang Liu*, Chaoyang Guan*, Zhonghua Jin', Baodong Han®,
Hongbo Sun®, Chao Zhao*
1. Beijing Superstring Academy of Memory Technology

Polycrystalline silicon (Poly Si) is generally regarded as structure material and dummy material in 3D
multilayer structure semiconductor manufacturing. The selective removal of Poly Si is therefore an essential
process for 3D device fabrication, which requires the combination of patterning and deep hole etching. In this
work, we developed a Poly Si removal method combining dry etching and wet etching steps for hole structure in
multilayer device application. The hole was filled with Poly Si surrounded by 5nm SiO2 liner, which cannot be
broken through during the Poly Si removal. The formed structure was then covered by Silicon Oxide (SiO2) and
Silicon Nitride (Si3N4) hard mask layer on the top. It was found that the C & F elements based etching plasma for
hard mask opening would form a Si/O/F blocking layer, preventing HF and ADM wet treatment to remove Poly Si.
Therefore, it was difficult to fully remove Poly Si by dry or wet etching method alone, and a combined process of
dry and wet etching was introduced. First, etching plasma generated from C and F based gas was selected for hard
mask opening, followed by CI2/HBr based plasma to remove a part of Poly Si. It was Proved by TEM result that
the Poly Si surface etched by CI2/HBr based plasma was free of blocking layer. Then O2/H2/N2 plasma and HF
wet treatment to remove etching byproduct and native silicon oxide forming on top of exposed Poly Si, separately.
The dry etching front stopped at 50nm above the SiO2 liner, which was at the bottom of Poly Si, to avoid
substrate damage, and Ammonia Deionized water Mixture (ADM) wet etching was found capable of removing the
remained Poly Si without damaging other material layers.
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BRAZMAR: ALiRE
Research of UV cure effect on PEALD SiN WER in nonplanar structure
Tielu Liu*, Chao Tian', Jiabao Sun', Xin Zhang*, Chao Zhao*
1. Beijing Superstring Academy of Memory Technology

In some semiconductor manufacturing processes, there are strict controls on the thermal budget. With the
high energy excitation of plasma, high-quality films can be deposited by traditional PEALD at lower temperatures.
For example, the SiN film deposited at 350°C by PEALD tool can guarantee a low (<2.2nm/min@30:1 HF)
WER(wet etch rate) in the planar structure even with H2. However, when it is applied to non-planar structures,
due to the directivity of the plasma generation method (especially CCP), induce limited motion in horizontal, it is
difficult to achieve a low HF-based solution etch rate on the premise of ensuring film high conformality
everywhere in the non-planar structures. Through investigation, we found that the concentration of H will directly
affect the etching rate of SiN film in HF-based solution. With the help of low temperature anneal after deposition,
for example, UV cure can reduce the concentration of H in SiN film which can ensure both the thermal budget and
high step coverage, so as to achieve a low HF acid WER. We investigated the effects of different UV cure time 1
min/3min/5min on film shrinkage and @ 30:1 DHF WER. Due to the limited transmission of UV wavelengths,
the effect of UV cure on SiN film weakened as layers increase. With the increase of UV cure time, the shrinkage
of PEALD SiN film showed a little trend up and then saturation, while WER shows trend down and then
saturation. For UV cure 5min, the PEALD SiN film WER can be reduced by 30% on average under the target
structure(ON stack, and SiO recess). And different locations(pocket inner and outer) of the structure, SiN film has
a little different performance which caused by the CCP PEALD deposition. And this result can be potentially used
in the scenario: WET selectively etch SiO and SiN in complex structure with HF-based solution and thermal
budget constrains.

D06-P0O1

BRATZMABR: B
The role of glass forming ability on switch endurance in Sb-Se chalcogenide amorphous
Yuhao Wang', Xiaodan Li*, Sannian Song" *, Zhitang Song
1. Shanghai Institute of Microsystem and Information Technology

Ovonic threshold switching (OTS) selector with the advantage of 4F2 density is crucial for integration with
3D nonvolatile memories. However, the reasons affecting the critical endurance performance of the devices
remain unknown. Here, we screen arsenic-free Sb-Se OTS selectors to explore the correlation between the glass
formation ability (GFA) and fatigue performance of the devices. The screened Sb2Se3 binary alloy consists of the
fastest phase-transitioning elements, antimony and selenium, and offers the strongest glass-forming ability in a
range of combinations, presents excellent OTS performance. The measured leakage current is 5 nA, on-state
current exceeds 1 mA, and operation speed is under 10 ns. The endurance performance is also favorable. These
findings reveal the strong influence of GFA on device performance and help in the design of high-end durable
arsenic-free OTS selectors.

D06-P02
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Revealing the Microscopic Fatigue Mechanism of As2Se3  Ovonic Threshold Switching Selector
Guangjie Shi*?, Yuhao Wang?, Tianjiao Xin'?, Yan Cheng*"?, Sannian Song?, Zhitang Song®
1. East China Normal University, Shanghai, China
2. State Key Laboratory of Materials for Integrated Circuits, Shanghai Institute of Microsystem and Information
Technology (CAS), Shanghai, China

The ovonic threshold switching (OTS) selector is a promising candidate for suppressing leakage currents and
providing driving currents in storage arrays. However, its performance falls short of the strict requirements of
memory devices due to insufficient research on its mechanism, hindering further improvement. In this study, the
traditional binary system As2Se3 is investigated, and electrical and microstructural characterization techniques are
employed to study its operating mechanism. During the cycling process, the off-state leakage current gradually
increases until failure. By examining the microstructure of the devices at different cycling stages, varying degrees
of elemental segregation and TiN diffusion phenomena were observed. These observations provide compelling
evidence for device degradation analysis, suggesting that these phenomena are likely associated with the local
filament melting mechanism of the device at high temperatures.

D06-P03

BRATZMABR: B
Study on the phase transition behavior of Ge2Sb2Te5 alloy by indium doping
Rui Wang', Cheng Liu*, Tianjiao Xin', Guangjie Shi', Yonghui Zheng*', Yan Cheng®
1. East China Normal University

Phase change memory (PCM) is a promising storage technology for the next generation non-volatile
information storage devices, known for its fast read/write speeds, low operating power consumption, and good
CMOS process compatibility. Among which Ge2Sb2Te5 (GST) alloy is the maturest material utilized in PCM,
while the relatively low thermal stability inhibits its further applications. In this study, indium doped GST alloy
with different concentrations were prepared using magnetron co-sputtering method. The phase transition
characteristics at different concentrations were investigated through resistance-temperature (R-T) measurements,
X-ray diffraction (XRD) experiment, transmission electron microscopy (TEM) and thermal field simulation using
COMSOL software. It was found that indium doping with low concentration can promote the thermal stability of
GST alloy, postponed the transition from face-centered cubic (fcc-) to hexagonal (hex-) phase. While a higher
indium doping concentration will result in the phase separation phenomenon during the heating process, and the
formed InTe nanograins leading to a lower maximum temperature under the same current excitation.

D06-P04

BRATZMABR: B
Dielectric and Elastic Properties of t-HfO2 Thin Films from First Principles
Zhe Su*
1. Shanghai University

Hafnium oxide (HfO2) is regarded as a promising material in the integrated circuit industry, primarily due to
its high dielectric constant (k value) and wide bandgap. However, the high-k properties of HfO2 are often present
in metastable tetragonal phase, and the mechanisms influencing its dielectric properties remain unclear. In this
paper, we investigate the impact of material thickness, lattice distortion, and interfacial stress on the dielectric
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properties of t-HfO2 thin films using first-principles calculations. We find that the dielectric constant
of t-HfO2 thin films becomes larger with increasing thickness. Meanwhile, specific range of tensile strain can
enhance the dielectric constant t-HfO2 thin films. Additionally, the thickness-dependent dielectric constant
of t-HfO2 thin films persists under the effect of the interfacial stress from HfO2/ZrO2 interfaces. Finally, we have
also studied the distinctive anisotropic behaviors of t-HfO2 thins. Such atomically thin t-HfO2 films exhibit
potential for high capacitance, and provide an important path for realizing future high-performance DRAM
devices.

D06-P05

BRATZMABR: B
CMP characteristics of High-K material HfOx thin film with a variety of process parameters
Wei Wang*, Ming Zeng®, Libin Jia', Weiran Li*, Hongbo Sun®, Guilei Wang', Chao Zhao*
1. Beijing Superstring Academy of Memory Technology

Hafnium oxide (HfOX) is studied in the field of 3D transistor as a HK material for better insulation and
higher current drive capability to improve the performance of nanoscale transistors. CMP process need be applied
to fully remove surface HfOx in multilayer film stack structure and achieve the purpose of planarization. As we all
know, the CMP characteristics of desired removal rate and within-wafer non-uniformity (WIWNU%) play an
important role in CMP process. In this paper, the variation of the removal rate and the non-uniformity for HfOx
thin film were studied with various process parameters (such as polishing time, slurry flow rate, head pressure,
head and table speed). By the polishing time split test, the result showed that as the polishing time increased, the
remove rate also increased and presented a clear linear correlation(R2=0.91), and WIWNU was relatively good at
the polishing time of 60s. Slurry flow rate (175,230,300ml/min) split test result showed that the remove rate and
the slurry flow rate were strong linear correlation (R2=0.96), and WIWNU got better as the slurry flow rate
increased, which could reach 5.2% at 300ml/min. Besides, for head pressure split test (1,2,3.5psi), the remove rate
and the head pressure were positive correlation (R2=0.99), and WIWNU performance was better at 2psi. Finally,
high head and table speed (100/103rpm) had better WIWNU performance which could improve 34% compared
with low head and table speed (87/93rpm), and the remove rate could improve 23%. In general, the removal rate
and the non-uniformity of HfOx thin film can be tuned by changing CMP process parameters, which can enhance
the confidence about the feasibility of HFOx-CMP in the 3D transistor application of advanced technology.

D06-PO6

BRAZMARR: HER
A comparative study of surface treatment methods for SiN/SiO stacked layers after etching in 3D DRAM
Yuyuan Qiu*, Chao Zhao" *, Jiao Jin', Chaoyang Guan®, Wenjun Chen*, Baodong Han*, Hongbo Sun
1. JERUESZAF A T 7T

In the 3D DRAM process, dry etching is used to create holes in the O/N layer, followed by the formation of a
polysilicon layer at the bottom of each hole and the appearance of a polymer containing O/F on the surface.
Various Asher processes and wet clean processes were employed to assess the removal capability of this polymer
layer, with TEM and EDS utilized for data analysis. Our study revealed that conventional O2/N2 Asher treatment
was unable to completely remove the polymer layer using DSP (Dilute sulfuric acid and hydrogen peroxide),
SPM(sulfuric acid hydrogen peroxide mixture), DHF(dilute HF), APM(ammonium hydroxide hydrogen peroxide
mixture) or other cleaning solutions (under conditions where SiN/OX layer recess<4nm). Comparative analysis
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indicated that the most effective cleaning result was achieved through a combination of DHF+SPM+APM
solutions. This approach resulted in weaker "F" and "O" signals at the bottom of each hole. Based on these
findings, we optimized our asher process by replacing O2/N2 with an H2/H2 mixed gas scheme and implementing
a wet clean method involving DHF_SPM_APM to achieve complete removal of "F" and "O" polymers when
SiN/OX layer recess <2nm. We conducted further research on the cleaning protocol and found that the dry etching
process would form a polymer at the etching interface of SiN/Poly. This polymer could easily prevent high
selectivity isotropic gas etching/wet etching. Based on this discovery, we applied the wet cleaning method to the
pretreatment step of SiN or polysilicon etching processes. Introducing this cleaning protocol improved the blocky
etching caused by polymer residues and enhanced the uniformity of etching, thereby expanding the process
window for gas/wet etching.

D06-P07

RATTIRR: R
WET Lateral etching of Si3N4 in 3D DRAM Structures
Chaoyang Guan®, Mengyuan Zhu', Jiao Jin', Jiabao Sun®, Shaohua Wang", Huimin Ren®, Wenjun Chen®, Jian Liu®,
Baodong Han', Zhonghua Jin', Chao Tian', Libin Jia', Hongbo Sun®, Guilei Wang*, Chao Zhao*
1. Beijing Superstring Academy of Memory Technology

3D DRAM (3D Dynamic Random-Access Memory) is an innovative internal technology that increases
internal capacity and performance by stacking multiple layers of storage units vertically. For multi-layer stacked
structures, the selective definition of film depth cannot be achieved without precise wet lateral etching. The
objects of wet etching mainly include silicon oxide (SiO2), silicon nitride (Si3N4), monocrystalline silicon (Si),
polycrystalline silicon (Poly), metal films, etc. This paper mainly focuses on the wet lateral etching of silicon
nitride, the key parameters of the study mainly include nitride etching length, etching uniformity, etching profile
and SiO2 loss. Hot phosphoric acid (H3PO4) has been typically used for the wet etching of Nitride. In order to
improve the selectivity of Si3N4 to SiO2, SiO2 etching inhibitors can be added in H3POA4. In this study, HPO3
added with different additives was used for wet lateral etching of Si3N4. The lateral etching length, etching
uniformity of Si3N4 and SiO2 loss was analyzed. The loss of additive-A H3PO4 to SiO2 is greater than 3nm, and
the selectivity of Si3N4 to SiO2 is less than 200, which cannot meet the process requirement. The additive-B
H3PO4 has almost no loss to SiO2, the wet lateral etching length reaches 250nm, and the up/down etch uniformity
is less than 1nm, which can meet the initial process requirement. In order to further investigate the stability of 3D
DRAM structure, we extend the H3PO4 process time, and when the wet lateral etching length over 400nm, found
oxide layer bending and parts of the area have collapsed. In order to address structure stability issue, we added a
rapid thermal annealing (RTA) process after Oxide/Nitride stack films dep. Based on the above process conditions,
we did different conditions of wet lateral etching nitride lengths by using additive-B H3PO4. The result showed
that Oxide/Nitride stack films after RTA process, the etching rate of H3PO4 etching Nitride deceased by 35%,
indicating that the density of Nitride films increased. And it was also found that when the Nitride lateral etching
length reaches 500nm, the 3D DRAM structure still remains consistent and no collapse occurs. We suspect the
possible mechanism is that the RTA process can help remove impurities generated during the growth of oxide and
nitride, and after high temperature anneal process, the density of oxide and nitride film quality changes better,
helping to improve the stability of the structure. In this work, the effects of different additives of H3PO4 on the
nitride wet lateral etching length, the etching uniformity and the SiO2 loss were studied, and the effect of RTA
process on the 3D DRAM structure stability was also future studied.

D06-P08
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BRAZMARR: HER
High selectivity wet etching in 3D DRAM fabrication
Mengyuan Zhu', Chaoyang Guan*, Jian Liu®, Wenjun Chen?, Yang Xu®, Yuyuan Qiu’, Jiao Jin!, Baodong Han*,
Hongbo Sun®, Chao Zhao*
1. Beijing Superstring Academy of Memory Technology

3D DRAM is one of the breakthrough methods for overcoming the challenges in DRAM technology and is
an important development direction for the future memory market. In 3D DRAM, stacking more layers of films
(such as Si3N4/SiO2/poly/TiN) is crucial for increasing its storage density. However, as the number of stacked
layers increases and the precise requirements for special film layers become necessary, challenges such as poor
etching uniformity, low selectivity, incomplete etching, and susceptibility to collapse of exposed film layers have
emerged in the wet etching process of 3D DRAM manufacturing, severely affecting electrical performance and
practicality of the device.

This study investigates the effect of different chemical etchants and etching processes on the etching of
SiO2/poly/TiN multilayer films. By changing the type of etchant, etching time, and optimizing the process by
combining wet and dry etching, we achieved excellent etching results in the Si3N4/SiO2/poly/TiN films,
resolving the technical deficiencies in the existing etching processes.

Specifically, for the poly lateral etching, ADM (Ammonia Diw Mixture, 90-100s) can reduce
phosphorus-doped poly by 12nm. Meanwhile, the etching rate of phosphorus-doped poly in wet etching is faster
than that of undoped poly. For the removal of sidewall TiN liner, SPM (Sulfuric acid Peroxide Mixture with
WXC-66 additive) fails to remove the TiSiN compound formed at the interface, while APM (Ammonia Peroxide
Mixture) exhibits superior cleaning capabilities to TiN and TiSiN. For different multilayer film structures, a
combination of wet and dry etching processes effectively solves issues such as residual excess film layers at the
bottom and collapse of exposed film layers, achieving high selectivity etching in multilayer films. These results
will contribute to exploring solutions to the manufacturing challenges of 3D DRAM.

D06-P09

RAZZMABR: B
Experimental Study on the Mechanism of Oxide Regeneration in SiN-SiO Stacked Structure
Yuyuan Qiu*, Chao Zhao" *, Mengyuan Zhu', Chaoyang Guan', Baodong Han*, Hongbo Sun
1. Superstring Academy of Memory Technology Beijing

During the wet etching process of the 3D DRAM's silicon nitride layer, we observed an intriguing
phenomenon: the O/N layer of the first pair of silicon nitride layers at the top of the trench can be etched by hot
phosphoric acid, while starting from the O/N layer of the second pair, a layer of silicon oxide with a thickness
exceeding ten nanometers is generated on the surface layer of silicon nitride. The silicon oxide layer appears to
replace the etched silicon nitride in situ. Our analysis suggests that this deposition occurs due to a thin layer of
polysilicon on the surface of the silicon nitride, which allows for penetration and dissolution by hot phosphoric
acid. Based on the reversible reaction mechanisms between silicate and silica, as well as the reactions between
phosphoric acid and Si3N4, we propose a hypothesis regarding the deposition of silica onto Si3N4 surfaces. It is
suggested that a thin polycrystalline layer exists on the top surface, which is not completely sealed off. The
high-temperature phosphoric acid is capable of dissolving the silicon nitride by penetrating the polycrystalline
silicon layer. The resulting accumulation of silicic acid in the sheath layer, due to the inability to promptly remove
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its by-product from the solution, leads to a heightened concentration and subsequent precipitation of silica.
Characterization of TEM slice morphology and EDS analysis confirmed replacement parts where no nitrogen
element signal was detected; morphology remained consistent with original Si3N4 stack without showing typical
bone-shaped features after silica deposition.

D06-P10

BRATZMABR: B
Oxide lateral gas etching uniformity improve in 3D DRAM structure
Yang Xu**, Chaoyang Guan', Wenjun Chen*, Jiao Jin*, Baodong Han', Hongbo Sun®, Chao Zhao*
1. Beijing Superstring Academy of Memory Technology, Beijing, China

In semiconductor processing, high-temperature thin film deposition can lead to metal gate oxidation,
significantly affecting the electrical performance of devices. To ensure stable device performance in subsequent
processing steps following metal gate formation, it is crucial to strictly control the deposition temperature of thin
films below 500°C. However, reducing the deposition temperature may alter the properties of the oxide film,
posing challenges for the selective etching of oxide and nitride films in traditional wet etching processes.

To address this issue, plasmaless gaseous etching technology has been introduced. Compared to traditional
wet etching methods, gas etching offers a higher selectivity between oxides and nitrides and resolves the issue of
differential etching rates of oxides under varying temperatures, making it widely applicable in many planar
structures.

Nevertheless, achieving uniformity in the lateral etching of deep holes remains a challenge in 3D DRAM
structures. Planar structures typically employ high-temperature, short-duration, and medium-pressure reaction
conditions. But in 3D DRAM structure, short gas exposure times lead to inadequate reaction of the bottom oxide
with the etching gas in deep hole etching. This disparity in etching rates between the top and bottom surfaces
hinders the uniformity required for cross pillar lateral etching.

To tackle this challenge, this study utilized the gaseous etching tool, based on the mechanism of non-plasma
gas etching, by increasing pressure and extending the duration of individual reactions, the top and bottom oxide
films were brought to a saturation threshold, enhancing the lateral etching uniformity of deep holes. Experimental
results demonstrated that the lateral etching uniformity for holes with a depth of 600nm and a width of 45nm was
within £3nm, meeting the current process requirements. The successful application of this method provides an
effective solution for addressing the lateral etching uniformity challenge in 3D DRAM structures.

Overall, the use of non-plasma gas etching technology in semiconductor processing has proven to be a
valuable solution for lateral etching in deep holes, particularly in 3D DRAM structures. By optimizing reaction
conditions and pressure levels, the gaseous etching tool has effectively enhanced the selectivity and uniformity
between oxide and nitride film etching, ensuring stable device performance in subsequent processing steps. This
study highlights the importance of innovative etching techniques in overcoming challenges related to
low-temperature thin film deposition and selective etching processes in semiconductor manufacturing.

D06-P11
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Radical etching characteristic of titanium nitride using NF3 and hydrogen mixtures on 3D multilayer stack
transistor integration
Xiao Shang*, Tuo Xin', Zhonghua Jin', Baodong Han*, Hongbo Sun*, Chao Zhao*
1. Beijing Superstring Academy of Memory Technology

Titanium nitride (TiN), with excellent electrical and physical properties, is widely used for applications in
nanoscale devices, especially for reduce the parasitic capacitance of bit line (BL) and the word line (WL) in
DRAM devices. In achieving high aspect ratios 3D structures, it is common practice to use wet lateral etch for
removing with homogeneous coverage of sidewalls and bottom TiN formed by atomic layer deposition (ALD)
processl,2. However, the unprepared etch profile and worse uniformity directly impact the device performances
and lead to slower transfer speeds. Here, we demonstrate a generic way to uniform lateral etch TiN by mixing
fluorine-based gas (CF4/NF3) in a conventional ICP plasma etch tool3, in which the tuning gas was excited in a
remote plasma source (RPS). The different parameters such as gas flow composition, temperature, bias power and
pressure, which are key factors in the control of the TiN etch rate, was examined. Remarkably, by optimizing the
radical etch process conditions, selectivity of TiN/OX nearly 600:1 without severe metal profile artifacts is
achieved. Our study provides a simple yet approach for TiN lateral etching in high aspect ratio structures, holding
great potential in fabricating diverse 3D nanostructures.

D06-P12

BRATZMABR: B
The feasibility of the radical etching on TiN layers in 3D multilayer stack structure
Tuo Xin, Xiao Shang®, Zhonghua Jin*, Xiaodong Li', Zehuan Hei', Yang Liu*, Baodong Han*, Hongbo Sun®,
Chao Zhao*
1. Beijing Superstring Academy of Memory Technology

In 3D multilayer stack structure, the lateral etching of titanium nitride (TIN) as conductive materials has been
attracted more attention in the recent years. Limited by anisotropic characteristic, traditional dry etching is not
suitable for TIN lateral etching. Wet etching has been regarded as the promising technology for TIN lateral
etching because of its excellent isotropy. However, TIN atomic layer deposition (ALD) has generated the
unexpected seam. Wet chemistry tends to etch TIN along the seam, which leads to the poor profile and further
degrades the performance of device. Radical etching has been a candidate method for TIN lateral etch due to the
high tolerance of seam. In this paper, the radical etching of TIN has been investigated by use of remote plasma.
The radicals which are extremely reactive are generated by filtering charged particles (e.g. electrons, ions) in
plasma. The profile of TIN by radical etching is better than which is by wet etching. The excellent uniformity of
TIN which is TIN etch amount in different layers has been realized by a one-step main etch (ME) step through
increasing chamber pressure (5 mtorr—50 mtorr). The increased pressure leads to more radicals in chamber,
which can improve the reaction between radicals and bottom TIN. In addition, the radical etching performance of
TIN with different critical dimension (CD) has been explored. For the small CD structure (20 nm), the high aspect
ratio makes reactions between radicals and bottom TIN more difficult, which promotes the loading effect of TIN
uniformity. The breakthrough (BT) step with bias power 50W has been introduced for enlarging incoming CD.
The bias power can facilitate the secondary ionization of molecules in chamber, which can generate more ions.
The generated ions bombard the surface of TIN, leading to the increased CD. By combining BT with ME step, the
excellent uniformity of TIN has been realized in a small CD structure. This work provides a new method for TIN
lateral etching in 3D DRAM.
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SILICON OXIDE/TITANIUM NITRIDE/ SILICON OXIDE/TITANIUM NITRIDE STACK ETCHING
Yagiong Li**,Linjie Hou
1. Beijing Superstring Academy of Memory Technology

One of the key technical challenges in 3D device manufacturing is precisely etching holes or trenches in a
stack of layers that are vertically arranged by alternating thin films. This work aims at the etching of silicon
oxide/titanium nitride/ silicon oxide/titanium nitride (ONON) periodic stack etching through a two-step etching
scheme. As is well-known, account of different film layers involving diverse chemical reaction mechanism, the
multi-layer stack materials are prone to encounter the wavy sidewall topography, which will make it difficult to
effectively fill the holes or trenches and worsen the device electrical performance test results. Herein, by adjusting
the cycle mode of RF power, pressure and gas simultaneously, the passivation distribution and ion bombardment
intensity on the surface of different film layers were optimized to achieve smooth morphology etching of vertical
sidewalls.
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BRASTMABR: B
A Study On Lateral SIN with Radical Etching
Zhonghua Jin', Tuo Xin®, Xiaodong Li*, Zehuan He', Xiao Shang®, Jiahui Sun', Baodong Han*, Hongbo Sun*,
Chao Zhao'*
1. Beijing Superstring Academy of Memory Technology

As the traditional planar dynamic random access memory (DRAM) has reached the scaling limit. 3D
DRAM has become one of the most promising storage devices to meet the growing demand for large-capacity
data storage device. In this work, the lateral etching of silicon nitride (SIN) has been realized by a Radical etcher
using NF3/H2/Ar as the etching gases due to the excellent isotropy of radical etching. The etch rate of SIN has
been investigated as a function of RF power, working temperature and H2 ratio. It was found that the higher
power and temperature offer a high etch rate. For H2 ratio, the generated H radicals can react with F radicals
which are the main etchant of SIN. The higher H2 ratio decreases the etch rate of SIN. In this system, Finally
through optimized the process parameters, a smooth surface and sidewall with an excellent profile have been
achieved.
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Identification of different phase structures of hafnium oxide by atomic image simulations
Yilin Xu*, Zhen Yuan®, Yaru Huang', Yunzhe Zheng®, Tianjiao Xin', Yonghui Zheng®, Cheng Yan*
1. East China Normal University

Hafnium oxide ferroelectric memory offers non-volatility, low power consumption, fast read-write speed, <1
nm scalability, and CMOS compatibility, making it a promising next-generation nonvolatile memory device.
However, due to the metastable property of the ferroelectric phase, hafhium oxide thin film prepared by atomic
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layer deposition is polycrystalline and contains several crystallographic phases with similar structures. Besides,
the orthorhombic phase and tetragonal phase are nearly indistinguishable even using synchrotron radiation X-ray
diffraction, challenging its characterization and mechanism study. Therefore, effectively identifying different
phase structures is essential for investigating the microscopic structure and ferroelectric performance. In this work,
the multi-slice algorithm was utilized to simulate scanning transmission electron microscopy images. For the
experimental part, Cs-corrected scanning transmission electron microscopy was employed to acquire high-angle
annular dark-field images and annular bright-field images. Based on the results, we proposed that when utilizing
specific orientation to distinguish various phases, imaging conditions such as spherical aberration coefficient, tilt
angle, film thickness, etc. affect the analysis to some extent. This work lays the foundation for understanding
hafnium-based ferroelectric phase structure.
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