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Abstract 

Flexible electronics is an emerging electronic technology that fabricates electronic 

devices on flexible substrates. Broad applications prospects have been applied in 

fields such as information, energy, healthcare and national defense.  It requires 

operating under a certain range of deformation, including bending, folding, 

twisting, compression and stretching, which puts forward requirements for new 

materials. Atomically thin two-dimensional (2D) materials, such as metallic 

graphene, semiconducting molybdenum disulfide (MoS2) and insulating hexagonal 

boron nitride (hBN), have attract interests because of their high mobility (for 

semiconductors and conductors) and good mechanical properties. In this case, 

developing 2D devices is important for flexible electronics and systems. 

This thesis developed a high-performance MoSe2 field-effect transistors, an 

ultrathin high-κ dielectric materials for 8-in. level MoS2 field-effect transistors, and 

2D ferroelectric field-effect transistors with ferroelectric topological film, which is 

significant for 2D devices towards prolonging Moore’s Law. The study focuses on 

the 2D materials synthesis and devices fabrication for high-performance with high 

on/off ratio, small SS and large on-state current. 

For MoSe2 growth and high-performance transistors fabrication, high-quality 

continuous MoSe2 films with salt as metal sources are successfully synthesized. 

The domain size is around 120 µm, which is larger than that in most litheratures 

and oxide sources. Raman and PL also demonstrate its high-crystalline quality. 

Electrical measurement shows that the MoSe2 film is uniform and transistors coule 

reach a high on/off ratio of 109 and a high on-state current of 12 µA/µm at 1 V 

bias, which is superior than that in reported literatures. 

For ultrathin high-κ HfO2 dielectrics, we utilize an optimized ALD process with 

two-oxidation step to deposit defect-free high-quality 1.3-nm-thick HfO2 high-κ 
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dielectric layers on 8-inch wafers at only 200 °C. Our ultrathin HfO2 film shows an 

extraordinarily small EOT of 0.27 nm, a ultrasmall leakage current of 10-14 A/µm2 

at 1 V bias voltage, and a robust breakdown electric field of approximately 32 

MV/cm. We also fabricate MoS2 transistors and circuits with 1.3-nm-thick HfO2 as 

dielectric layers to demonstrate its practicality and gate controllability. Typical 

transistors exhibit large on-state current density of 250 µA/µm and an impressive 

on/off ratio of 108, accompanied by an ultra-low subthreshold slope of 60 mV/dec. 

Logic gates and memory devices are also fabricated on 8-inch wafers to 

demonstrate its substantial implications for the forthcoming advanced 

semiconductor processes in the angstrom era. 

For topological ferroelectric field-effect transistors, ferroelectric topological 

structures are promising new candidates for high-performance memories with 

excellent stability and low power consumption. Abundant ferroelectric materials and 

topological structures have been found and investigated over the past decade; 

however, integration of them into memory devices has greatly delayed, mostly due 

to the constraint from their substrates. In this work, we demonstrate, for the first time, 

scalable topological ferroelectric field-effect transistors (Fe-FETs) based on large-

scale uniform flux-closure topological ferroelectric films epitaxially grown on 

substrates with sacrificial layers. Unlike the previous coexistence of trivial and 

nontrivial domains, the rigid single flux-closure arrays can stably exist in 

freestanding films and can be erased by increasing temperature over a critical point, 

rather than undergoing a phase transition to ferroelastic domains as previously 

reported. Moreover, the flux-closure capacitors demonstrate exceptional 

performances such as small coercive voltages, negligible leakage currents, a 

remanent polarization reaching 195 μC/cm2, and an endurance of up to 109 cycles. 

Furthermore, CMOS-compatible Fe-FET arrays are fabricated, featuring a large 
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memory window of 7 V, high ON/OFF ratio of 108, good endurance and stability, 

and superior flexibility. Our work paves a way towards the ferroelectric memory 

devices in future semiconductor industries and flexible electronics. 
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Chapter 1. Introduction  

1.1.  Background  

1.1.1. Development of materials for nanoelectronics 

For modern integrated circuits, also known of chips, its complex production 

process embraces UV and electron beam lithography, metal or dielectric 

deposition, etching and annealing. [1-3] Its feature size has been scaled down to 

nanometer scale. These complex processes will produce digital circuits, analog 

circuits and memory made up of tens of billions of transistors. [4-5] The base 

material for these transistors, however, is the semiconductor silicon. N-type silicon 

and P-type silicon form the basis of modern nano-electronic materials. [6-8] 

Silicon-based materials have many significant advantages in modern micro-nano 

electronics processes. First, silicon is the second most abundant element on Earth, 

after oxygen, which makes silicon materials relatively cheap and in plentiful 

supply. [9-12] This richness ensures the sustainability of silicon-based materials in 

mass production. Second, silicon has excellent semiconductor properties and is 

able to maintain stable electrical properties at high temperatures, which makes 

silicon an ideal material for manufacturing transistors and integrated circuits. 

Silicon has a moderate band gap of 1.12 eV and a high electron and hole mobility 

of 1350 cm² V-1 s-1 and cm² V-1 s-1, respectively. [13-16] These characteristics make 

silicon devices have the advantages of high voltage resistance, low reverse leakage 

current, high efficiency, long service life and good reliability. In addition, the 

silicon-based process has been very mature after decades of development, with 

perfect manufacturing and processing technology. This mature process technology 

makes large-scale production and high integration possible, further reducing 

production costs. [17-18] Silicon material also has the characteristics of non-toxic 

and harmless, harmless to the environment and human body, which is one of the 
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important reasons for its wide application. The chemical properties of silicon are 

stable, and it is easy to form a stable thermal oxide film, which is particularly 

important in the manufacturing of planar silicon devices, which can be used to 

achieve the surface passivation and protection of PN junction and can also form a 

metal-oxide-semiconductor structure to manufacture MOS field-effect transistors 

and integrated circuits. (Fig. 1-1) [19-21] 

 

Fig. 1-1. Silicon transistors structures. 

However, as transistor sizes enter the sub-10 nanometer era, silicon-based 

processes face more and more technical challenges and bottlenecks. [22-23] 

Specifically, at extremely small sizes, the electrical properties of silicon materials 

can decrease significantly, resulting in increased leakage current and slower 

switching speed, which negatively affects the performance and energy efficiency 

of devices. Second, silicon has a relatively low thermal conductivity, which can 

lead to heat dissipation problems in high-power and high-density integrated 

circuits. Because heat is difficult to dissipate effectively, the device can overheat, 
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which affects its stability and life. [24-25] In addition, silicon materials also have 

certain limitations in terms of mechanical strength and flexibility, which is 

particularly obvious in some applications requiring high mechanical properties. 

[26] 

1.1.2. Why 2D materials 

Two-dimensional materials with atomically flat surfaces and no hanging bonds can 

be easily synthesized into monolayers due to their weak interlayer vdW forces, 

which are critical in current chip development. [27-29] The thickness of the single 

layer material can not only reduce the chip size, but also impede the short channel 

effect at the limit miniaturization size, including the reduction of threshold voltage 

with the reduction of channel length, the reduction of drain barrier, carrier surface 

scattering, velocity saturation, ionization and hot electron effect. (Fig. 1-2) [30-35] 
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Fig. 1-2. Short-channel effect comparison of 2D InSe FETs and silicon FinFETs. 

[33] 

In addition, the band gap of two-dimensional materials decreases with decreasing 

thickness, which brings rich physical connotation to two-dimensional materials, 

such as excitonic effects, valley properties, superconductivity, charge density wave 

and ferroelectricity. [36-40] Here, we take excitonic effects and ferroelectricity as 

examples. An exciton is a bound state of an electron and an electron hole (a 

position where an electron is missing) that are attracted to each other by the 

Coulomb force. [41-42] It is related to optoelectronic excitations of 

semiconductors. Excitonic states are weak in bulk materials while it is greatly 

enhanced when the thickness reduced to monolayer. In this case, many excitonic 
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effects could be observed, such as enhanced PL and complicated exciton 

structures.  (Fig. 1-3) [43] Ferroelectricity describes materials with spontaneous 

electrical polarization and can be tuned with external electric field. Some 

ferroelectric materials, such as PbTiO3, BiFeO3, have been used in memory devices 

and actuators. 

 

Fig. 1-3. Excitons in 2D materials and heterostructures [43] 

Ferroelectricity arrived from ion migration, polar molecular groups, charge 

redistribution and spin structure. [44-47] When it comes to 2D materials, two types 

of ferroelectric materials attract many interests. The first type is ion or charge 

migration. The typical examples are In2Se3 and CuInP2S6. [48-49] In these two 
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materials, the migration of In atoms and Cu atoms is the main reason of 

ferroelectric properties. Ferroelectric field-effect transistors and ferroelectric 

semiconductor-channel transistors have been reported to fabricate with these two 

materials. The second type of ferroelectric material arising from layer sliding. 

Bilayer 3R-stacking BN, MoS2 and WS2 have been reported recently. [50-54] Fig. 

1-4 shows the structures and mechanisms of 2D CuInP2S6, BA2PbCl4 perovskite 

and 3R-stacking ferroelectric materials. 

 

Fig. 1-4. ferroelectricity in 2D CuInP2S6, BA2PbCl4 perovskite and 3R-stacking 

ferroelectric materials [54] 

In addition to rich physical properties, because the thickness of monolayer two-

dimensional material is only one or a few atomic layers, its mechanical properties 

are also very excellent. [55] It can withstand thousands of bends without greatly 

affecting its mobility and photophysical properties. This is very advantageous in 

emerging flexible circuits and displays. Fig. 1-5 shows that using wafer-scale 

monolayer MoS2 materials, Zhang et al. successfully developed flexible high-

performance transistors and display backplane circuits. [56] 
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Fig. 1-5. Wafer-scale 2D MoS2 transistors and circuits [56] 

1.1.3. 2D Materials for More than Moore 

In recent years, many work have been done in scaling down the size of 2D 

transistors, while endowing 2D devices more functions is also an important 

approach to enrich the complexity of chips. (Fig. 1-6) [57] More than Moore 

involves integrating new functionalities into 2D devices beyond traditional scaling. 

This includes adding capabilities like sensing, communication, memory, 

computing, energy harvesting and integrated functions. [58-59] 
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Fig. 1-6. 2D materials scaling for More Moore and More than Moore. [58] 

In tradition computer structure, the parts of computing unit and memory unit are 

separated. It is called Von Neumann architecture. In this case, most of time and 

energy are used in communication between computing and memory unit, which is 

very energy consuming. [59] In recent years, researchers could combine memory 

devices and computing in 2D devices. Detailly, the conductance of 2D memory 

devices could be tuned continuously with external electrical field, and the results 

could be memorized in the same device at the same time. (Fig. 1-7) [60-62] This 

means that we could realize memory and computing functions in the same device 

(in-memory computing). It could save most of time and energy for whole systems. 

Due to the optoelectrical properties of 2D materials, light and magnetic signals 

could also affect the transport properties of 2D materials. Using these signals as an 

external gate, sensing, computing and memory functions could be realized at the 

same time, which called in-sensor computing or sensing-memory-computing 

integration. [63] 
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Fig. 1-7. Schematic of in-memory computing and in-sensor computing with 2D 

materials and devices. [63] 

1.2. Problem statement 

1.2.1. CVD of high-quality 2D materials 

For chip-level wafer-scale 2D materials, sulfide defects and crystalline boundaries 

are two main factors on the quality, which could induce carrier scattering. To 

acquire high-quality 2D materials, low defect density and high-oriented films are 

wanted. Wei et al. introduce small account oxygen gas during MoS2 monolayer. 

[64] By oxygen doping, the density of sulfide vacancy is greatly reduced. 

Accordingly, the on-state current and mobility are improved. For domain 

orientation control, Zhang group and Wang group have realized single-oriented 
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CVD growth of MoS2 monolayer film via buffer layer and substrate engineering. 

(Fig. 1-8) [65-66] However, except MoS2, the wafer-scale growth of other high-

quality 2D materials with low defect density and controlled orientation is still not 

reported.    

 

Fig. 1-8. Single-oriented MoS2 growth via buffer layer and substrate engineering. 

[65-66] 

1.2.2. Small equivalent-oxide-thickness dielectrics for MoS2 transistors 

HfO2 and Al2O3 are two traditional dielectrics for field-effect transistors. At 

present, the thickness of these materials is still larger than 3 nm, thus the EOT of 

which are large than 1 nm. According to the IRDS 2024, the EOT of 2D materials 

transistors should be scaled down to 0.7 nm. Hence, developing a 2D materials 

compatible wafer-scale insulator film with low leakage current and high dielectric 

constant is emergency.   

1.2.3. High-quality 2D field-effect transistors preparation 

At present, most high-quality 2D materials are epitaxially grown on the sapphire or 

silicon oxide substrate. When fabricating devices, these materials need to be 
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transferred to the target substrate. Dry transfer and wet transferred are two methods 

while the residues are unavoidable. For high-quality 2D field-effect transistors 

preparation, transfer process in an important and critical step. Metal contact is 

another crucial procedure for high-quality 2D devices. The thickness of 2D 

materials is only one or a few atoms. Too high deposition velocity during metal 

contact deposition would break local surface, forming Schottky metal-

semiconductor contact. In this case, the on/off ratio, saturation current and SS of 

2D transistors would be affected. 

1.3.  Research objectives  

In this PhD thesis, I concentrated on the 2D field-effect transistors performance 

from the angle of 2D materials and high-κ dielectrics. I will introduce high-quality 

wafer-scale chemical vapor deposition of MoSe2 film and high-performance MoSe2 

transistors in Chapter 3. An ultrathin HfO2 film with modified oxidation atomic 

layer deposition method is reported in Chapter 4. It shows an ultrasmall EOT of 

0.27 nm, which is the smllest value in litheratures. 

1.4. Methodology 

In this thesis, the 2D materials are grown with chemical vapor deposition. I will 

compare different growth parameters to acquire high-quality MoSe2 film. TEM, 

Raman and PL are used to evaluate the quality and electrical measurement is also 

an important parameter and results. For device fabrication, standard fabrication 

procedures, such as UV lithography, electron beam evaporation and reactive ion 

beam etching, are used.  
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Chapter 2. Literature review 

In this chapter, I will review recent progress of two-dimensional transition metal 

dichalcogenide (TMD) synthesis and dielectric. In the first part, six materials 

synthesis methods are introduced, including mechanical exfoliation, 

electrochemical intercalated exfoliation, molecular beam epitaxy, chemical vapor 

deposition, atomic layer deposition. In the second part, five type of dielectric 

materials are introduced, including conventional oxide, 2D materials, perovskite, 

molecular film and ionic materials. 

2.1. Synthesis of TMD review 

2.1.1. Mechanical exfoliation 

Machine exfoliation is the first and most effective way to prepare 2D materials 

since 2004. [1] Adhesive tape is usually used to stick to the crystal material and 

peel it by using the characteristics of weak van der Waals forces between the layers 

of two-dimensional materials, which are easily destroyed by external forces 

applied. [2] This method can obtain thin layers of materials with close to crystal 

quality, but the yield is extremely low, large-area peeling is limited and very 

uneven [3-4], which will introduce folds and damage in the sample.  

 

Fig. 2-1. Preparation of large-area MoS2 by mechanical exfoliation [5] 
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Fig. 2-2. Gold-template-assisted methods to construct monolayer or multilayer superlattice. [11] 

At present, there are also auxiliary stripping methods that can prepare a large area 

of TMDs material. [5-6] As shown in Fig. 2-1, gold metal (Au) is deposited on the 

substrate surface covered with thin metal titanium (Ti) or chromium (Cr). 

According to the principle that the interaction between sulfur on the surface of Au 

and MoS2 is stronger than the van der Waals interaction force between MoS2 layers 

[7-9], After contact with the crystal, apply slight pressure with the tape, and then 

lift the tape to tear off most of the crystal, leaving a large area of single-layer MoS2 

film on the gold surface [10]. This method can obtain a high-quality single-layer 

material at the maximum millimeter level, but it is limited by the presence of 

metal, and there are certain difficulties in device fabrication. For example, Wu et 

al. reported a gold-template-assisted method to construct monolayer, multilayer or 

superlattices. (Fig. 2-2) [11] This method provides a general platform to exfoliate 
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high-quality and clean 2D materials and study their intrinsic optical and electrical 

transport properties.   

 

Fig. 2-3. Schematic illustration of electrochemical intercalated exfoliation [12] 

2.1.2. Electrochemical intercalated exfoliation 

Electrochemical intercalated exfoliation (Fig. 2-3) takes advantage of the weak van 

der Waals interaction between the layers of TMDs material, which is easy to be 

destroyed. [12] Through the action of surfactants or ions, the bulk material can be 

dispersed into thin layers in solution. This method can quickly prepare a large 

amount of thin TMDs materials while the probability of obtaining a single layer is 
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small, the size is limited, and the organic solvent is usually more toxic [13-15], so 

it is not suitable for practical applications. Fig. 2-4 shows that the ultrasonic 

powder is immersed in N-methylpyrrolidone (NMP) solvent for reaction, and a 

library of 2D nanosheets of different thickness can be prepared. From the optical 

and SEM images, it can be seen that the sample layers obtained by this method are 

not evenly distributed and have different sizes. It is difficult to prepare devices 

uniformly over a large area on the substrate [16]. In addition, there are lithium-ion 

intercalation methods, but it is easy to introduce defects and destroy the crystal 

structure [17]. 

 

Fig. 2-4. Electrochemical intercalated exfoliation of a library of 2D materials with various size. 

[15] 

2.1.3. Molecular beam epitaxy 

Molecular Beam Epitaxy (MBE) is a method for heating and evaporating 

precursors in an ultra-high vacuum environment. The source atoms or atomic 
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clusters of evaporation move in a straight line toward the substrate and are sprayed 

onto the substrate for growth. The temperature and rate of molecular beam 

evaporation can be precisely controlled. The advantage is that the impurities are 

less, and the quality of the crystals grown is higher, but the instrument is 

complicated to operate, and the growth time is long and the cost is high. At 

present, the electrical properties of molybdenum diselenide prepared by MBE 

growth are still not ideal [18-19]. Fig. 2-5 shows the equipment and growth 

principle of MBE. [20] High-quality MoSe2, CrI3 and CrTe2 have been grown with 

MBE, but the film is discontinuous, and the growth rate is very slow, only 1μm 

/min, which is difficult to meet the needs of large-area growth (Fig. 2-6) [21-24]. 

 

Fig. 2-5. Scheme of equipment and growth principle of MBE. [20] 
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Fig. 2-6. STM of MBE-grown CrI3 film [21] 

2.1.4. Chemical vapor deposition 

Chemical Vapor Deposition (CVD) is a commonly used controllable epitaxy 

method to synthesize 2D materials, such as metallic graphene, semiconducting 

MoS2 and insulating hBN. With the advantages of simple equipment construction 

and easy regulation of reaction parameters, it has become a major method for 

epitaxy growth of two-dimensional materials [25-27]. According to the different 

pressure during the reaction, it can be divided into atmospheric pressure CVD 

(APCVD) and low-pressure chemical vapor deposition (LPCVD), under normal 

circumstances, the lower the pressure. (Fig. 2-7) The faster the gas flows in the 

cavity, the more uniform the transmission of the evaporation source, the better the 

deposition result, the lower the concentration of the evaporated precursor, which is 

more conducive to regulation, but requires a higher growth temperature. In the 

growth of large-area TMDs films, LPCVD is commonly used [28-30]. 
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Fig. 2-7. Schematic illustration of APCVD and LPCVD 

The precursor is a gas containing selenium and molybdenum, and the reaction 

mode is metal-organic CVD (MOCVD). Metal-organic precursors can exist stably 

in the cavity and decompose after reaching a certain temperature to provide the 

elements needed for growth. The advantage is that the precise control of the gas 

source can be achieved, the gas flow rate of the input cavity can be controlled, and 

the concentration can be maintained for a long time, which is favorable for the 

controlled growth of a large area continuous film [31-32]. 
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Fig. 2-8. MOCVD grown 200-mm MoS2 monolayer film. [31] 

The choice of substrate is also very important for CVD growth of 2D materials. In 

previous studies, silica [32], mica [33], gold [34], tungsten foil [35] or glass [36] 

were commonly used as substrates for growth. However, in actual growth, 

symmetry matching between material and substrate greatly affects wafer-level 

epitaxial growth [37]. C-plane sapphire has a specific lattice orientation, and the 

surface is smooth and flat after treatment, which can be used as the substrate of 

epitaxial growth TMDs material. In recent literature reports, 2D TMDs materials 

can induce single-oriented grain growth by steps on the sapphire surface [38-40], 

in addition, it has been recently reported that Au substrates can also induce single-
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oriented TMDs films by steps [41], which provides a reference for achieving high-

quality, crystal boundary free single-crystal film epitaxy. In addition, TMDs films 

with different morphologies can be grown depending on the location of substrate 

placement. For example, when the substrate is placed vertically compared with 

horizontally, the area and grain size of the continuous MoS2 film obtained by 

epitaxy on the vertically placed substrate are larger [42]. Vertical placement can 

make the source more evenly dispersed on the substrate. A uniform wafer-scale 

MoSe2 continuous film was obtained [43]. 

2.1.5. Atomic layer deposition 

Atomic layer deposition (ALD) is a CMOS-compatible technology, which could 

operate at low temperature and deposit wafer-scale film. [44] In conventional 2D 

transistors fabrication, ALD is used to deposition insulators as dielectric layer 

while Tan et al. grew monolayer or few-layer MoS2 film using ALD at 300 oC on 

sapphire with MoCl5 and H2S as sources. [45] 

 

Fig. 2-9. Scheme of MoS2 growth with ALD. [45] 

2.2. Dielectric review 
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Dielectrics is an insulator that could be polarized under the external electrical 

fields. [46] When applying an external electrical field, positive and negative 

charges would move from the equilibrium positions to the opposite direction of the 

field direction. [47] As shown in the Fig. 2-10, these charges arise from the 

dipoles, ions and electrons, resulting in electronic, ionic and electrode polarization. 

After removing the external electrical field, these charges will move back to the 

equilibrium positions. [48] 

 

Fig. 2-10. Physical principles of dielectric materials. [48] 

One of the most important application of dielectrics is properly working as a block 

of the field-effect transistors, in which the conductance of the channel 

semiconductor is tuned by gate via dielectric polarization. Since 45 nm node 

silicon transistors were invented in 2000, silicon oxide were replaced by high-κ 

dielectric materials, such as HfO2 and ZrO2, for getting a higher capacitance with a 

thinner dielectrics. [49-50] 

For dielectrics, two intrinsic properties are important:  

(1) The first one is bandgap. A large bandgap is desired for blocking gate leakage 

current, thus lowering the energy consumption of the devices. [51] 
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(2) The second one is relatively large dielectric constant, so as to enhance the gate 

controllability and reduce operation voltage. A dielectric constant of 10-30 is 

desired while too large dielectric constant is not wanted. This is because too high 

dielectric constant brings high dielectric loss, unavoidable hysteresis and source-

induced leakage. [52] 

(3) The third one is the quality of the dielectric film. The less defects in the film, 

the better the dielectric film is. Taking HfO2 film as an example, if too many 

oxygen defects exist in the dielectric film, these defects will trap electrons when 

applying gate voltage, and then a large hysteresis emerges in the transfer curve of 

the transistor. This will induce the increasement of device variation. (Fig. 2-11) In 

addition, large concentration of oxygen defects will enlarge the gate leakage, 

because of the reduction of tunneling barrier comparing with dielectrics with less 

defects. [53] 

 

Fig. 2-11. Scheme of hystersis in 2D transistors. [53] 

2.2.1. Conventional oxide dielectrics for 2D transistors 



30  

Due to the atomic flat and dangling bonds-free surface of 2D materials, traditional 

dielectric, such as HfO2 and Al2O3, cannot deposit directly on 2D materials 

channel. [54] But they are still good candidate for metal gate/high-κ stack back-

gated 2D transistors. Tang et al. reported scalable MoS2 transistors with 10 nm 

HfO2 dielectrics. [55] These transistors show a large one-state current density 

around 750 µA/µm and small SS of 75 mV/dev. The hysteresis is only 11.5 mV, 

which could prove the high quality of HfO2 dielectric film and great carrier 

controllability for MoS2 channel.  

 

Fig. 2-12. MoS2 back-gated transistors with HfO2 dielectrics [55] 

Although the dangling-free surface of 2D materials is not suitable for directly 

deposit oxide high-κ film, some approaches have been applied to make oxide 

dielectrics adapt with 2D materials, such as plasma process and seed layer. Peng et 

al. transferred one-layer MoS2 to the channel MoS2, and then used oxygen plasma 

to oxide the upper layer, so as to create a layer that could be deposited oxide 

directly. [56] 



31  

 

Fig. 2-13. Scheme of top-gated MoS2 transistors fabrication with plasma-treated process. [56] 

Except from the traditional HfO2 dielectrics, some emerging dielectrics designed 

for 2D materials have been reported recently. For example, 2D Bi2SeO5, SrTiO3 

perovskite, Sb2O3 molecular crystals and CaF2 ion crystals. These dielectrics 

provide a platform for high-performance 2D transistors with ideal SS, small EOT 

and zero hysteresis. [58-61] 

2.2.2. 2D dielectrics 

2D materials could be stacked via vdW interaction. This inspires use 2D insulators 

as dielectrics for all-2D transistors. [62-63] hBN is such a 2D insulator with large 

bandgap and a suitable dielectric constant. Wu et al. have fabricated InSe 

transistors and charge-trap memory (flash memory) with hBN as dielectric layer or 

tunneling layer. [64] Because of the layered structure and high crystalline quality, 

thick BN could also act as isolating layer, which could shield interlayer current or 

voltage, so as to realize monolithic 3D stacking. [65] 
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Fig. 2-14. Flash memory based on hBN dielectrics [64] 
 

 

Fig. 2-15. Vertically stacked all 2D transistors with BN as isolating layer and dielectric layer. 

[65] 
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Bi2OSe5 is another 2D insulator. Its dielectric constant is much higher than hBN, 

thus could get ultrasmall equivalent oxide thickness below 5 A. Zhang et al. 

applied in-situ oxidation method to make Bi2SeO5 insulating dielectric from 

Bi2O2Se semiconductor. The single crystalline oxide Bi2SeO5 could reach a high 

dielectric constant of ~22 and a small leakage current of 0.015 A/cm2 at gate 

voltage of 1 V, which reach the requirement of low power limit of IRDS. [66] 

 

Fig. 2-16. In-situ oxidation synthesis of Bi2SeO5 from Bi2O2Se [66] 

2.2.3. Perovskite dielectrics 

Water-soluble Sr3Al2O6 makes PLD-grown single-crystalline perovskite film be 

transferrable and can be integration with 2D materials. [67] Due to the ultrahigh 

dielectric constant of perovskite film, the equivalent oxide thickness of dielectric 

for 2D field-effect transistors could be reduced greatly. Huang et al. prepare free-

standing SrTiO3/Sr3Al2O6 film epitaxially grown on the SrTiO3 (111) substrate 

with pulse laser deposition. [68] The SrTiO3 film shows a large dielectric constant 

of around 300 and small leakage current of 10-2 A/cm2. For MoS2 transistors, a 
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steep subthreshold swing of 70 mV/dev and large on/off ratio of 107. The EOT 

could be shrined down to sub-1-nm, much smaller than traditional HfO2 and Al2O3. 

 

Fig. 2-17. Preparation of free-standing SrTiO3 dielectrics for MoS2 transistors [68] 

2.2.4. Molecular dielectrics 

Antimony trioxide is a type of inorganic molecular crystals and could be deposited 

with CMOS-compatible thermal evaporation deposition. Due to the low 

evaporation temperature around 490 oC, the Sb-O bonds cannot be broken during 

melting or deposition process, thus making Sb2O3 greatly suitable for MoS2 

transistors integration. [69] With Sb2O3 dielectrics, the top-gated and back-gated 

transistors could be fabricated successfully and reach a high on/off ratio of 108 and 

a small SS of 64 mV/dec. However, the dielectric constant is only ~11.5, not much 

high for MoS2 transistors. Xu et al. designed hybrid Sb2O3/HfO2 integration with 

molecular Sb2O3 as buffer layer. The EOT could be scaled down to 0.67 nm and 

the SS approaches the thermionic of 60 mV/dec. [70] 

2.2.5. Ionic dielectrics 
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Fluoride ionic crystals is another type of insulator with high dielectric capability. 

The large ionic radius impedes the fluoride ion migration under gate voltage, 

which reduce the leakage current greatly. LaF3, CaF2, CeF3 have been proved as 

excellent dielectrics for MoS2 transistors with high on/off ratio of 108, an ultralow 

SS around 65 mV/dec and low current leakage below 10-6 A/cm2. [71] 

 

Fig. 2-18. Benchmark for fluoride dielectrics and tradition oxide dielectrics for MoS2 transistors. 

[71] 
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Chapter 3. High-performance MoSe2 transistors 

Two-dimensional semiconductors, especially transition metal dichalcogenides 

(TMDs), have attracted many interests in advanced microfabrication for its 

potential extending Moore’s law beyond silicon. Molybdenum disulfide (MoS2) is 

a typical TMD n-type semiconductor and has been grown on SiO2 or sapphire with 

domain size over a few hundred at wafer scale. [1-3] Compared with MoS2, 

monolayer MoSe2 has more abundant optoelectrical properties due to its narrow 

bandgap (1.6 eV). [4-7] However, the research on the growth mechanism of single-

layer MoSe2 is still not clear, and the prepared films are still dominated by multi-

layer polycrystalline small areas, and the film quality is poor, and the device 

performance needs to be improved. [8] In order to realize the practical application 

of this new semiconductor material, the controllable preparation of high-quality, 

wafer-level continuous MoSe2 films is an important breakthrough direction. [9] In 

this chapter, we will report 2 inch wafer scale MoSe2 growth with vapor-liquid-

solid method with large domain size. The two-dimensional field effect transistors 

with MoSe2 as channel could achieve a high on/off ratio of 109 and a record of 12 

µA/µm. We also have detailed statistics of the electrical properties of the large area 

transistor array, the threshold voltage of the device is concentrated between 1.5-

2.5V, the average threshold voltage (Vth) is 2 V, and the large area device has a 

very stable threshold characteristics. This provides a basis for the realization of 

two-dimensional material large area devices integrated devices and optoelectronic 

devices. 

3.1.  Introduction 

For the past half century, since the invention of the integrated circuit, Moore's Law 

has held that the number of transistors that can fit on a chip double about every two 

years. [10-11] Silicon transistors have been shrinking in size to meet the 
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requirements of Moore's Law. There are now tens of billions of transistors on a 

single chip. [12] However, as conventional silicon transistors enter the technology 

node below 10 nm and approach their physical limits, the leakage current caused 

by short-channel effects limits their scaling, so other materials have to be sought. 

[13] Two-dimensional (2D) semiconductors with atomic thickness and non-

suspended bond planes have attracted great interest. The International Devices and 

Systems Roadmap (IRDS) listed 2D semiconductors as potential channel materials 

in 2017 and predicted that 2D electronic circuits would be commercialized by 

2034. [14-15] Monolayer molybdenum diselenide (MoSe2) is considered one of the 

most promising 2D semiconductor candidates in high-performance electronic 

circuits due to its inherently high mobility, excellent gate controllability, high 

on/off current ratio, and ultra-low standby current. [16] In fact, such single-layer 

TMD devices have been successfully demonstrated to work at a channel length of 

1 nm. [17] 

In order to realize their interesting transport and photoelectric properties in large-

area integrated circuits, the large-area production of repeatable two-dimensional 

layered semiconductors is essential. [18] In recent years, there have been some 

reports on the thermochemical vapor deposition (CVD) of large area single or 

multilayer molybdenum disulfide, including metal-organic chemical vapor 

deposition, physical deposition and chemical synthesis. [19-20] However, large-

scale wafer-level synthesis of MoSe2 thin films is rarely reported, and the field-

effect mobility of transistors is relatively low (usually < 1 cm2 V−1 s−1) compared to 

the stripped MoSe2 monolayer. [21] In particular, since most of the growth grain 

sizes are sub-microns, the presence of large grain boundary densities is usually a 

limiting factor for carrier transport in molybdenum diselenide films prepared by 

the above methods. [22-23] Therefore, the key challenge involves achieving highly 
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crystalline two-dimensional layered semiconductor films over large areas with 

minimal content of structural defects such as grain boundaries. [24] In this way, 

samples with excellent electrical and mechanical properties comparable to those of 

bulk phase glass materials can be obtained. In this chapter, we use the salt-assisted 

chemical vapor deposition to grow 2-inch wafer-scale MoSe2 films. [25] We will 

discuss the differences with salt sources and oxide sources using transmission 

electron microscopy, Raman spectroscopy, photoluminescence spectroscopy, and 

X-ray photoelectron spectroscopy to characterize the quality of the two samples. 

[26] We also made large-area field-effect transistors with samples from both 

sources. The two-dimensional field-effect transistors with MoSe2 as channel could 

achieve a high on/off ratio of 109 and a record of 12 µA/µm. We also have detailed 

statistics of the electrical properties of the large area transistor array, the threshold 

voltage of the device is concentrated between 1.5-2.5V, the average threshold 

voltage (Vth) is 2 V, and the large area device has a very stable threshold 

characteristics. [27] This provides a basis for the realization of two-dimensional 

material large area devices integrated devices and optoelectronic devices. 

3.2.  CVD of MoSe2 film with large domain size 

3.2.1. Substrate preparation 

In this work, we primarily utilized C-plane single crystal sapphire substrates and 

300 nm SiO2/Si substrates. Typically, sapphire substrates grown with oxide sources 

(MoOx) do not require treatment, whereas those grown by salt-sources (Na2MoO3) 

need ultraviolet irradiation to enhance the adhesion of spin-coated solutions. The 

annealed sapphire substrates used in the experiments were prepared using a tube 

furnace with a flow of 10 sccm O2 and 300 sccm Ar, annealed at 1000°C for 4 

hours. For the SiO2 substrates, a sequential ultrasonic cleaning process was 

employed using deionized water, alcohol, acetone, and isopropanol for 5-10 
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minutes each, followed by drying with a nitrogen gas gun to remove any residual 

liquids and dust.  

3.2.2. MoSe2 grown with oxide sources 

The detailed steps for growth with oxide sources are as follows. Use ethanol-

soaked lint-free paper to clean both ends of the quartz tube, sealing plates, and all 

necessary accessories such as quartz bowls, small quartz tubes, and quartz plates. 

Accurately weigh the selenium powder using weighing paper and place it into a 

small quartz bowl. Similarly, weigh the molybdenum pellets and place them into 

the slots of a small quartz tube. Place the quartz bowl containing selenium powder 

in the first temperature zone of the quartz chamber. Seal the small quartz tube 

containing molybdenum pellets with an upstream sealing plate using a rubber ring, 

ensuring the molybdenum source is positioned in the second temperature zone. 

Arrange the growth substrates sequentially on a quartz plate in the third 

temperature zone. Seal the quartz tube connections and connect the exhaust to a 

mechanical pump. Gently turn on the pump to avoid blowing away the 

molybdenum pellets, reducing the system vacuum to below 3*10-3 torr. Control the 

flow meters to introduce argon gas into the chamber through three separate routes, 

each at 100 sccm, maintaining the pressure around 1 torr. The heating tape is set to 

280°C for 5 minutes. The first temperature zone is heated to 550°C over 18 

minutes, the second zone to 700°C over 20 minutes, and the third zone to 930°C 

over 38 minutes. The heating times are controlled to ensure the first and third 

zones reach their set temperatures simultaneously. The selenium source’s heating 

tape zone reaches its set temperature first, initiating growth for 25 minutes. 

Hydrogen is gradually introduced during the heating process. These steps ensure 

precise control over the whole growth process, enhancing the quality and 

consistency of the resulting materials. 
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3.2.3. MoSe2 grown with salt sources 

the detailed steps for growth with salt sources are as follows: Sodium molybdate 

solutions of varying concentrations were prepared using deionized water. After 

ultraviolet irradiation, 1 ml of the solution was dropped onto the sapphire surface 

and spin-coated at 5000 r/min for 60 seconds. The substrate was then baked on a 

hot plate at 80°C for 1 minute to quickly evaporate the deionized water, resulting 

in a spin-coated molybdenum source substrate. The quartz bowl containing 

selenium powder was placed in the first temperature zone of the quartz chamber, 

while the spin-coated substrate and growth substrate were placed in the third 

temperature zone. The first temperature zone was heated to 270°C over 5 minutes, 

the second zone to 600°C over 30 minutes, and the third zone to 900°C over 37 

minutes. The remaining steps were the same as those for growth with oxide 

sources. 

3.2.4. Growth results 

By controlling the concentration of molybdenum source, growth temperature and 

hydrogen flow, the main influencing factors can be controlled, molybdenum source 

concentration and evaporation amount, and then improve the grain size, and is 

about 20 times the grain size of molybdenum oxide growth, the maximum size is 

about 120 μm, and can achieve 2 inches of homogeneous nucleated single layer 

molybdenum diselenide grain. Fig. 3-1 shows a sapphire wafer with monolayer 

molybdenum diselenide. The darker color of the outer ring of the wafer is due to 

the higher coverage of molybdenum diselenide at the edge. Fig. 3-2 shows the 

grain nucleation in different regions, and molybdenum diselenide with a larger 

grain size is formed within a relatively uniform range of 2 inches. 
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Fig. 3-1. Photos of 2 in. MoSe2 wafer. 

 

Fig. 3-2. Optical images of MoSe2 domains. 

After extended time, molybdenum diselenide continuous film can also be obtained, 

but limited to the quartz drawer placed during growth to reduce the source entry, it 

is currently possible to achieve a large area of cm level film, about 2 cm x 4 cm, 

and subsequently can be improved quartz accessories to achieve wafer level films. 



49  

As shown in Fig. 3-3a when the growth time is close to film formation, it is 

observed that the grains are gradually spliced into a single continuous film without 

any impurities and thick layers. Fig. 3-3b displays the observed single-layer 

molybdenum diselenide continuous film formation, which is continuous, uniform, 

and free of impurities over a large range. 

Fig. 3-3. Optical images of MoSe2 continuous film after prolonging the growth time. 

After adjusting the growth pattern, Fig. 3-4 is the AFM characterization of MoSe2 

grown with salt sources. [28] It can be directly observed that the molybdenum 

diselenide grains growing on the sapphire surface are of uniform height and flat 

surface, with a height of 0.6 nm. The roughness of the surface of the sample in Fig. 

3-4 can be measured. The result indicates that the arithmetic mean deviation Ra of 

the height roughness of the sample is 0.0809 nm, and the Rq of the root mean 

square deviation relative to the contour mean line is 0.105 nm, which is a very 

small result, confirming the uniformity of the surface sample.  
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Fig. 3-4. AFM image of MoSe2 domain on sapphire. 

3.3. Optical properties of MoSe2 film 

In order to obtain the optical properties of molybdenum diselenide, the grain and 

film forming samples were measured by Raman and fluorescence spectra using fast 

confocal Raman imaging. During the measurement, the 532 nm laser and 600 

grating are used to clearly observe the sample and focus the light spot on the 

corresponding measurement position of the sample under the 100 times objective 

lens. The light spot size is about 2 µm and the laser power is 3.2%, so as to avoid 

the sample perforation due to too high laser power and too long irradiation time, 

affecting the accuracy of the measurement results. [29] 

Raman spectroscopy was performed on the MoSe2 monolayer with oxide sources 

firstly. [30] As shown in the Fig. 3-5a, the peak position of A1g peak corresponding 

to the out-of-plane vibration mode of the sample is 240 cm-1, where the peak signal 

is the strongest and is not affected by stray peaks, which is usually the main 

characteristic peak of MoSe2 Raman signal. The E2g peak corresponding to the in-

plane vibration mode is 287 cm-1. Fig. 3-5b shows the MoSe2 fluorescence 

spectrum of monolayer film formation, showing a strong fluorescence peak at 800 
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nm, corresponding to the direct transition optical band gap of monolayer 

molybdenum diselenide. After Lorentz fitting, it can be obtained that the half-peak 

full width (FWHM) of this sample is 78.4 meV, which indicates that the sample 

has poor crystallinity. In addition, the peak appearing near 1.79 eV is a 

characteristic peak of the sapphire substrate. Therefore, by measuring Raman and 

fluorescence spectra, it can be confirmed that the sample with oxide sources is 

monolayer molybdenum diselenide, but the sample quality is average. 

 

Fig. 3-5. Raman and PL spectra of MoSe2 film with oxide and salt sources 

Next, the molybdenum diselenide monolayer grown with salt sources was 

characterized by Raman spectroscopy with the same laser power and test time. Fig. 
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3-5c shows the MoSe2 Raman spectra of monolayers grown in this way. The two 

main characteristic peaks of the sample Raman signal, A1g peak, are 240 cm-1 and 

E2g peak is 286 cm-1. Fig. 3-5d shows the MoSe2 fluorescence spectrum of this 

sample, showing a strong fluorescence peak at 801 nm and a half-peak full width 

(FWHM) of 47.6meV, which is much smaller than that of MoSe2 grown with salt 

sources, indicating higher quality and crystallinity and excellent optical properties. 

Therefore, it can be confirmed that the sample is monolayer molybdenum 

diselenide, and the optical properties of the sample are better. 

 

Fig. 3-6. XPS spectra of MoSe2 film. 

In order to confirm the elemental composition of MoSe2 samples grown with salt 

sources, the samples grown by CVD were characterized by X-ray photoelectron 

spectroscopy to facilitate the analysis of elemental composition and valence states 

on the surface. Select the MoSe2 film sample grown on sapphire, it can be found 

that the two peaks at the binding energy of 54.6 eV and 55.3 eV in Fig. 3-6 

correspond to the absorption peaks of 3d5/2 and 3d3/2, respectively, at the two 

energy levels of Se element, where Se is -2 valence. The two peaks at the binding 

energy of 232.2 eV and 229.1 eV correspond to the absorption peaks of the two 

energy levels 3d5/2 and 3d3/2 of Mo element, respectively, where Mo is +4 

valence, indicating that Mo6+ in sodium molybdate is reduced to Mo4+, 

corresponding to Mo4+ in MoSe2. Interestingly, there also exists two peaks with 
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binding energies of 232.8 eV and 235.9 eV, corresponding to the two energy levels 

of Mo6+, 3d5/2 and 3d3/2, which are the unreduced Mo6+ in sodium molybdate. 

The absorption peak of Na in the sample was measured. As shown in Fig. 3-6c, the 

absorption peak of 1s level of Na element appeared at 1072 eV. These indicate that 

Mo6+ and Na+ peaks in the energy spectrum indicate that sodium molybdate 

remains in the sample or substrate. 

 

Fig. 3-7. Transmission electron microscope images of MoSe2 films with oxide sources and salt 

sources 

The high angle ring dark field (HAADF) image of a single layer of molybdenum 

diselenide is shown in Fig. 3-7. It can be seen from the image that molybdenum 

diselenide is arranged in a six-membered ring structure. According to the statistics 

within the range, the number of Se atoms missing is clearly observed as high as 13. 

The defect density is 9.02x1011 cm-2, and the number of defects is large, mainly the 

vacancy of selenium, of which 4 are empty of the upper and lower layers of Se 

atoms, and 9 are empty of one Se atom. The main causes of defects are the grain 

splicing of TMDs with different orientations leads to the formation of grain 

boundaries, damage to the sample during the transfer process, and insufficient 
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supply of precursors during the growth process, etc. Defects in TMDs materials 

will reduce the mobility of carriers between the conduction and valence bands, and 

then affect the electrical properties of the subsequent processing devices. At 

present, the number of defects this samples are large and the crystallinity is not 

great. The HAADF image of monolayer molybdenum selenide grown with salt 

sources is shown in Fig. 3-7b. The complete six-membered ring structure of 

molybdenum disselenide can be seen, with atoms parallel to each other or showing 

a 60° Angle and uniform distribution. According to the high resolution image, the 

brightness of the image is proportional to the square of the atomic number, so the 

larger the original number, the higher the brightness of the atoms in the image, 

where the bright atom is the Se atom (atomic number 34 x 2), corresponding to the 

purple atom in the Fig., and the dark atom is the Mo atom (atomic number 42), 

corresponding to the blue atom in the Fig.. It can be intuitively seen that the 

number ratio of molybdenum atoms and selenium atoms is 1:1, and three 

molybdenum atoms are adjacent to selenium atoms to form a six-membered ring, 

which shows the 1H phase crystal structure of molybdenum diselenide sample. The 

distances (d) are 0.160 nm and 0.277 nm, respectively, corresponding to the 

(112 ̅0) and (101 ̅0) planes of monolayer MoSe2. In Fig. 3-7, The central region has 

a set of six regular diffraction spots. The sample is hexagonal crystal system, 

indicating that the region is a single crystal with a crystal face spacing of 0.31 nm. 

Since the micro-gate used is not supported by carbon film, the edge of a single 

layer of molybdenum diselenide will be damaged at the cavity position, so the 

middle position of the sample is selected for detailed atomic phase diagram 

characterization. There is no obvious selenium defect compared with the sample 

grown with oxide sources. Therefore, the sample grown with salt sources has fewer 

defects, higher crystallinity and higher quality. 
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3.4.  Electrical performance of MoSe2 field-effect transistors 

This section mainly uses molybdenum diselenide film with oxide sources to 

prepare a three-ended FET device. HfO2 is used as the gate, and the oxide layer 

thickness is 5 nm. It is deposited on the surface of silicon oxide substrate by ALD, 

and continuous MoSe2 film with a grain size of 5 µm is used as the channel 

material for device preparation. 

 

Fig. 3-8. Electrical measurement of transfer curve and output curve of MoSe2 film 

After the preparation of molybdenum diselenide large area effect transistor device, 

the electrical properties of the device were investigated. The probe station 

connected to the semiconductor parameter analyzer was used for measurement. 

The test was carried out at room temperature and low pressure, and the light was 

shielded to avoid affecting the performance of the device. The test uses the source 

and grid as voltage access terminals, and the drain is grounded. The electrical 

curves of molybdenum diselenide FET devices are shown in Fig. 3-8, where Fig. 

3-8a is the output characteristic curve and Fig. 3-8b and 3-8c are the transfer 

characteristic curve under different coordinate systems. The different gate voltages 

in the output characteristic curve (Id-Vd) correspond to the gradual increase in bias, 

and the channel current increases accordingly, showing a linear relationship, 

indicating that the electrode of the device and molybdenum diselenide are in ohmic 
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contact. In the case of constant source-drain voltage, with the increase of gate 

voltage, the carrier concentration of molybdenum diselenide increases, so the 

current increases, because the positive gate voltage electrode will increase the 

Fermi surface of molybdenum diselenide and reduce the barrier height. The N-type 

conductive behavior of molybdenum diselenide can be seen in the device transfer 

curve (Id-Vg). Id presents a switching state with the change of gate voltage Vg, and 

the ratio of the maximum current of the device to the minimum current is the 

switching ratio. The on-state current (Ion) of the device at a bias voltage (Vd) of 

0.25 V is 0.318 µA/µm. The switching ratio of the device is 106. In addition, 

carrier mobility is also a way to judge the electrical performance of the device, and 

the mobility is calculated by measuring the actual effective field mobility of the 

device. The formula for calculating the field effect mobility μ is below. 

μ=L/W∙1/Cox ∙1/Vd ∙(dId)/(dVg) 

Where L and W are the length and width of the channel respectively, and Cox is the 

unit area capacitance of the grid dielectric layer. Vd, Id and Vg are the source-drain 

bias, channel current and gate voltage of the device respectively. The mobility 

calculated according to the above formula is 1.4 cm2 V−1s−1 for MoSe2 grown with 

oxide sources. 

Then molybdenum diselenide obtained by VLS growth mode was used to prepare 

FET devices, and the electrical properties of the films grown by the two methods 

were further compared. The FET was prepared by using silicon oxide and alumina 

substrates with high dielectric constant as gate dielectric layers, and single grain 

samples of 20-120µm molybdenum diselenide and film forming samples obtained 

by VLS growth mode as channel materials. 
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Fig. 3-9. Electrical measurement of MoSe2 film with salt sources. 

At the same time, in order to characterize the electrical properties of molybdenum 

diselenide film samples grown with salt sources, a large area field effect transistor 

(FET) was prepared. The film samples were transferred to an alumina oxide 

substrate, which was prepared with an alumina base gate prepared by ALD in 

advance, and field-effect devices with different aspect ratios were integrated. Fig. 

3-9 shows the electrical curve of a batch of typical backgate FET prepared. Fig. 3-

9a  tests the device transfer characteristic curve with a channel length of 3 µm. It 

can be seen that under a relatively small bias voltage of 1 V, the on-state current 

can reach (Ion) 12 µA/µm, and the low on-state current (Ioff) can reach as low as 10 

fA. With a switch ratio of up to 109 and an extremely low leakage current, higher 

current density and higher switch ratio compared to previous device test results are 

seen. Fig. 3-9b shows that the device has good ohmic contact and maintains a good 

linear output as the bias increases. Fig. 3-9c shows the measurement structure of a 

large area molybdenum diselenide transistor array, and the transfer characteristic 

curves of 45 devices are counted and normalized. During the period, the on-state 

current is stable at about 10 µA/µm, and the threshold voltage is also concentrated, 

showing excellent electrical uniformity. 
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Fig. 3-10. The statistic data of 45-MoSe2 FET with salt sources 

The following detailed statistics of the electrical properties of the large-area 

transistor array can be seen from Fig. 3-10a that the threshold voltage of the device 

is concentrated in the range of 1.5-2.5V, and the average threshold voltage (Vth) is 

2 V. The large-area device has a very stable threshold characteristic. Then, the 

switch ratio and current density of the device are further analyzed and counted in 

Fig. 3-10b. The current density is stable at about 10 µA/µm;, and the maximum 

can be achieved at 12 µA/µm; the switch ratio is stable between 108-109, and the 

maximum can be achieved at 109. Fig. 3-10c compares the switching ratio and 

equivalent current (I*L/W), as well as the product of the on-state current and 

channel length/width ratio of field-effect transistor devices prepared by 

molybdenum diselenide in recent years. By analyzing the performance of the 

device prepared by molybdenum diselenide grown with salt sources in this paper 

and that in previous literature, it is indicated that our MoSe2 samples have very 

high electrical quality, and have great advantages in the equivalent current and 

switching ratio of MoSe2 FET devices, with an equivalent current of up to 45 µA 

and a switching ratio of 109. It has great advantages in the uniformity of large area 

devices, which provides a basis for the realization of two-dimensional material 

large area devices integrated devices. 
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3.5. Summary and outlook 

In conclusion, high-quality continuous MoSe2 films with salt sources are 

successfully synthesized. The domain size is around 120 µm, which is larger than 

that in most litheratures and oxide sources. Electrical measurement shows that the 

MoSe2 film is uniform and FET reach a high on/off ratio of 109 and a high on-state 

current of 12 µA/µm at 1 V bias. 
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Chapter 4. Sub-3-Å EOT High-κ dielectrics for Advanced Transistors 

Scaling down the size on different directions in electronic devices is imperative for 

advanced semiconductor nodes, leading to compact, high-speed, energy-efficient 

integrated circuits. The shrinkage of equivalent oxide thickness (EOT) of dielectric 

layers stands as a pivotal element for silicon-based metal-oxide-semiconductor 

field-effect transistors, oxide thin-film transistors, and emerging two-dimensional 

transistors. Emerging materials, such as crystalline perovskite SrTiO3, ionic 

crystals CaF2, molecular crystals Sb2O3 and 2D materials Bi2SeO5 and Bi2SiO5 

show a small EOT of sub-1-nm, but limited to the scalability, compatibility with 

Si-based process, poor gate controllability. Here, we report a defect-free high-

quality 1.3-nm-thick hafnium oxide (HfO2) high-κ dielectric layers on 8-inch 

wafers through optimized atomic layer deposition process with two-oxidation step 

at only 200 °C. Our ultrathin HfO2 film shows an extraordinarily small EOT of 

0.27 nm, a ultrasmall leakage current of 10-14 A/µm2 at 1 V bias voltage, and a 

robust breakdown electric field of approximately 32 MV/cm. We also fabricate 

MoS2 transistors and circuits with 1.3-nm-thick HfO2 as dielectric layers to 

demonstrate its practicality and gate controllability. Typical transistors exhibit large 

on-state current density of 250 µA/µm and an impressive on/off ratio of 108, 

accompanied by an ultra-low subthreshold slope of 60 mV/dec. Logic gates and 

memory devices are also fabricated on 8-inch wafers to demonstrate its substantial 

implications for the forthcoming advanced semiconductor processes in the 

angstrom era. 

4.1.  Introduction 

In the rapidly evolving landscape of semiconductor devices and circuits, scaling 

down from all directions enables higher integration, faster speed, reduced power 

consumption, and increased functionality, shaping the future of electronics[1-
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3] .The scaling of equivalent oxide thickness (EOT) in dielectric layers stands as a 

cornerstone trend, profoundly impacting silicon-based metal-oxide-semiconductor 

(MOS) field-effect transistors (FETs), oxide thin-film transistors (TFTs), and 

emerging two-dimensional (2D) FETs [4-6]. EOT shrinkage not only enables 

higher integration density, vital for the contemporary demand for compact and 

energy-efficient electronic devices, but also plays a crucial role in rapid signal 

transmission and switching in in cutting-edge processors and communication 

devices [7]. Additionally, decreasing EOT allows equivalent functionality at lower 

voltages, thereby boosting energy efficiency and extending battery life of whole 

electronic systems [8].  

EOT is defined as the thickness of a silicon oxide (SiO2) layer that would yield 

electronic performance equivalent to that of a high-κ dielectric layer in use, which 

can be calculated using the following formula: EOT=3.9 tox/εox, where 3.9 and εox 

are dielectric constant of SiO2 and high-κ film, respectively and tox is the thickness 

of the high-κ film [9,10].  Hafnium oxide (HfO2), aluminium oxide (Al2O3) and 

zirconium oxide (ZrO2) grown by Atomic layer deposition (ALD) have been 

integrated with Si-based and 2D FETs [11-13].  Even if the EOT was reduced to 

aggressive 0.7 nm in 7 nm node of MOSFET, the gate leakage current reached up 

to 1 A/cm2 [14]. The high-power consumption caused by such significant leakage 

current is challenging to be accepted in advanced semiconductor node. Another 

attractive approach is to adopt new dielectric materials, such as crystalline 

perovskite (SrTiO3), ionic crystals (CaF2), molecular crystals (Sb2O3) and 2D 

materials (Bi2SeO5 and Bi2SiO5) to reduce EOT and maintain low gate leakage 

current and high gate controllability at the same time [15-20]. These emerging 

dielectrics achieve a small EOT (sub-1 nm) and a low leakage current. (<10-3 

A/cm2), highlighting their remarkable capabilities and promising application in the 
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Angstrom Era.  Nevertheless, the scalability of these materials poses a significant 

challenge [21,22]. Most of these materials can only be synthesized in small pieces, 

making them incompatible with the industrial standard of at least 8-inch wafers. 

Additionally, the high growth temperatures (> 800 °C) required for these materials 

far exceed the limitations of Si CMOS back-end-of-line (BEOL) processes (< 

400 °C). This necessitates an extra transfer step, potentially introducing unwanted 

impurities into the devices [23].  

In this part, we utilize an optimized ALD process with two-oxidation step to 

synthesize defect-free high-quality 1.3-nm-thick HfO2 high-κ dielectric layers on 

8-inch wafers. The ultrathin HfO2 films are fabricated at a remarkably low 

temperature of 200 °C, rendering them compatible not only with back-end-of-line 

(BEOL) integration of Si CMOS technology but also with oxide TFTs and even 2D 

FETs. The outstanding uniformity observed across the 8-inch wafers lays the 

foundation for future large-scale fabrication processes within semiconductor 

facilities. The exceptional achievement of an extraordinarily small EOT of 0.27 

nm, the most diminutive reported in the current literature, can be attributed to its 

impressive dielectric constant of 18.8 and ultrathin thickness of 1.3 nm. 

Additionally, the HfO2 film exhibited an exceedingly low leakage current, 

measuring less than 10-14 A/µm2 at 1 V bias voltage, and showcased a robust 

breakdown electric field of approximately 32 MV/cm. To evaluate its practicality 

and efficacy in gate control, we seamlessly integrated the 1.3-nm-thick HfO2 film 

as the dielectric layer in cutting-edge 2D monolayer MoS2 transistors. Remarkably, 

in devices featuring a 100 nm-long channel, the on-state current density soared to 

250 µA/µm and an impressive on/off ratio of 108, accompanied by an ultra-low 

subthreshold slope (SS) of 60 mV/dec. Employing the same dielectric layer, µm-

scale MoS2 transistors exhibited stellar performance, underscoring its versatility 
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and potential in various transistor applications. Furthermore, leveraging the 8-inch 

1.3 nm HfO2 films and 8-inch monolayer MoS2, we successfully fabricated logic 

gates and memory devices, such as inverter, AND, NAND, NOR and SRAM. Our 

HfO2 thin film not only fulfils the requirements specified by International 

Roadmap for Devices and Systems (IRDS) 2022 but also holds substantial 

implications for the forthcoming advanced semiconductor processes in the 

angstrom era. 

 

Fig. 4-1. Formation and structure characterization of the ultrathin HfO2 film. (a) Schematic 

illustration of HfO2 with and without Ov. (b) The XPS spectrum of O 1s in HfO2 with and 

without Ov. (c) Cross-sectional STEM-HAADF image of the Gate/HfO2/MoS2 structure. (d) 

Enlarged STEM-HAADF image of Gate/HfO2/MoS2 stacking layer. (e) STEM-EDS elemental 

mapping of S, Hf, Ti, respectively, acquired from the same area in (d). (f) AFM images of the 

metal gate and after depositing HfO2 without Ov. (g) Height histograms for the surfaces of 

samples in (f). 

4.2.  Deposition of ultrathin HfO2 film with sub-3-Å EOT 



67  

We fabricate the ultrathin HfO2 film with an optimized hybrid ALD process with a 

two-oxidation step using ozone (O3) and oxygen plasma (O2 plasma) as oxygen 

sources, respectively. (For standard HfO2 dielectric film preparation, only one 

oxidation step was applied, which would induce oxygen vacancies (Ov, Fig. 4-1a). 

With an extra oxidation step with O2 plasma, the Ov could be repaired and HfO2 

film quality was significantly improved. The X-ray Photoelectron Spectroscopy 

(XPS) spectrum of O 1s in Fig. 4-1B confirmed the process [24, 25]. An extra 

oxidation step reduces the Ov from 25.7% to almost zero.  

 

Fig. 4-2. The (a) top, (b) side and (c) perspective views of HfO2 slab model. 

We find that to achieve a continuous film deposition of the HfO2 ultrathin film, a 

minimum of 10 cycles is necessary. To further confirm the physical thickness and 

analyze the quality of 10 cycles HfO2 film, we show a cross-sectional scanning 

transmission electron microscopy (CS-STEM) image with a Gate/HfO2/MoS2 
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stacking structure, demonstrating the continuity and uniformity of the ultrathin 

HfO2 film in an intermediate-scale observation range of 600 nm (Fig. 4-1c).  

 

Fig. 4-3. The optimized structures of HfO2 slabs with different vacancy concentrations. (a) 

2.2%, (b) 4.4%, (c) 7.2%, (d)10% and (e) 15.6%.  
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In the enlarged area, two stacking layers of bilayer MoS2 and HfO2 were visible 

clearly and the thickness of the HfO2 film is found to be approximately equivalent 

to that of the bilayer MoS2, measuring 1.3 nm (Fig. 4-1D and Fig. 4-2). Moreover, 

a 0.3 nm gap is observed between HfO2 film and MoS2 layer, indicating the clean 

van der Waals contact interface [26]. The elementary mapping of S, Hf and Ti 

confirmed the stacking structure of Gate/HfO2/MoS2 (Fig. 4-1e). We apply atomic 

force microscopy (AFM) to verify the uniformity in a larger scale (30 µm).[27] 

Both the Gate and Gate/HfO2 exhibit a homogenous and dense surface without any 

holes (Fig. 4-1f). The mean roughness of Gate and Gate/HfO2 are 241 and 239 pm, 

respectively, as shown in the height histogram (Fig. 4-1g).  

 

Fig. 4-4. The density of states of HfO2 slabs with different O vacancy concentrations.  For each 

vacancy concentration, five different random structures are considered. The energy is aligned by 

setting the vacuum level Evac of each system at zero. 
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Fig. 4-5. Cross-sectional STEM image of 1.3 nm HfO2 film in two different areas in Fig. 4-1c. 

Scanning capacitance microscopy (SCM) characterization is performed to measure 

the equivalent oxide thickness (EOT) and effective dielectric constant (εeff) at high 

frequency of GHz level. We first investigated the SCM voltage signals of SiO2 

standard samples with gradient thickness (Fig. 4-3). Since the SCM voltage signals 

increase linearly with the increasement of sample capacitance, according to the 

formula C=A εeff ε0/d, we will get a linear relationship between SCM voltage 

signals and 1/dSiO2 (Fig. 4-4). Here, the dSiO2 is equal to EOT of samples according 

to the definition of EOT. This means the EOT of samples could be calculated 

directly according to the measured SCM signals of samples (Fig. 4-5 and Fig. 4-

9a). The SCM voltage signals of ultrathin HfO2 films with various thickness were 

measured, and corresponding EOT could be calculated. (Fig. 5-9b) The EOT show 

a linear relationship with the physical thickness of ultrathin HfO2 film. When the 

physical thickness of HfO2 film below than 5 nm, the EOT is accordingly smaller 

than 0.9 nm, meeting the technology target of IRDS 2022 (EOT < 0.9 nm before 

2037). The smallest EOT of 0.27 nm is calculated in 1.3 nm HfO2 film, which is 

the first reported materials with EOT < 0.3 nm. Based on the formular EOT=3.9 

tox/εox, the dielectric constant is calculated around 22 when the physical thickness 
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was larger than 3 nm, while a little decrease of dielectric constant is obtained in the 

extreme small physical thickness of ultrathin HfO2 film.  

 

Fig. 4-6. The standard SiO2 sample for SCM measurement. The schematic view of height (A) 

and capacitance (B) in SiO2 standard samples. (C) AFM height diagram of the standard SiO2 

samples. (D) the height profile of four SiO2 layers with decreased thickness. The origin thickness 

of the SiO2 is 300 nm. (E) The SCM voltage signal diagram of the standard SiO2 samples. 
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Fig. 4-7. The linear relationship between SCM voltage signals and capacitance of SiO2 standard 

samples 
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Fig. 4-8. SCM measurement of ultrathin HfO2 films from 1.3 nm to 5.2 nm. 

 

Fig. 4-9. Dielectric properties of the ultrathin HfO2 films. (A) SCM voltage histogram of 

ultrathin HfO2 films with various thickness. The insert shows the operation mechanism of SCM 

measurement based on AFM. (B) EOT and dielectric constant of ultrathin HfO2 films with 

thickness from 1.3 nm to 5.2 nm. (C) bias-voltage-dependent leakage current density in 

Au/Ti/HfO2/Au stacking structure with HfO2 thickness from 1.3 nm to 3.9 nm. (D) The 

breakdown field versus EOT of dielectric materials, comparison with that reported recently, such 

as normal ALD oxide, perovskite, organic and oxide buffer layer/HfO2 and 2D materials. (E) 

εeff/t versus physical thickness of dielectric materials. 
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Fig. 4-10 (A). The optical image of HfO2 MIM devices, (B) Electrical capacitance measurement 

of HfO2 films with 3.9 nm, 4.6 nm and 5.2 nm, whose capacitance is coincident with SCM 

measurement. 

The electrical characterization of ultrathin HfO2 film is evaluated in sandwiched 

Metal-Insulator-Metal devices (Fig. 4-9c and Fig. 4-6). Three ultrathin HfO2 films 

with thickness of 1.3 nm, 2.6 nm and 3.9 nm are measured. The breakdown voltage 

increases with the increase of film physical thickness. The leakage current of all 

samples remains consistently below the low-power limit of 0.015 A/cm2 until they 

reach the point of breakdown. This observation underscores the robust 

performance and reliability of the samples under low-power conditions, 

highlighting their suitability for various applications. For the thinnest 1.3 nm HfO2 

film, the current leakage below 10-8 µA/µm2 at bias voltage of 1 V, much lower 

than the dynamic random-access memory (DRAM) limit. Small current leakage 

ensures the transistor proper operation with small power consumption and good 

reliability when utilizing the 1.3 nm HfO2 as dielectric layer. The current-time 

curves in Fig S6 also demonstrate the electrical stability of 1.3 nm HfO2 film. The 

hard breakdown voltage was 4.2 V, equal to the electrical breakdown field of 32 

MV/cm (Fig. 4-8). It is important to note that when compared with the optimized 

ALD process involving two oxidation steps, the 1.3 nm HfO2 film synthesized 

using the standard ALD process (which includes only one oxidation step) exhibits 

direct breakdown under bias voltage (Fig. 4-10). We benchmark the HfO2 film 

performance with the state-of-the-art sub-3-nm EOT dielectrics, such as normal-

ALD HfO2 film, crystalline perovskite SrTiO3, ion crystals CaF2 and 2D Bi2SiO5 

(Fig. 4-9d). It is noteworthy that our ultrathin HfO2 films exhibit the recording 

smallest EOT and highest electrical breakdown field at the same level, 

demonstrating its promising application in advanced low-power and high-

performance field-effect transistors [28,29]. The parameter εeff/t represents the gate 
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controllability of dielectric films when integrated into transistors. Here, we plot the 

εeff/t against the physical thickness of dielectric films to compare the gate 

controllability with various dielectrics to make a comparative analysis of gate 

controllability across various dielectrics (Fig. 4-9e) [30]. The results indicate that 

the superiority of our ultrathin HfO2 film over all previously reported dielectrics. 

This suggests that transistors employing our ultrathin HfO2 film as dielectrics can 

achieve a high carrier density under the same effective gate voltage, while 

simultaneously maintaining minimal current leakage. It was noted that Bi2OSe5 

also exhibited high εeff/t value with small physical thickness, while its current 

leakage up to 1 µA/ µm2 [14,15,17-20,31-35]. 

 

Fig. 4-11. Breakdown mechanism of F-N tunneling in 1.3 nm (black), 2.6 nm (red) and 3.9 nm 

(blue) HfO2 film 
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Fig. 4-12. The electrical measurement of ALD HfO2 with normal one-oxidation step and 

MOALD with co-oxidation step 

 

Fig. 4-13.  The electrical stability of 2.7-Å-EOT HfO2 film under 0.8 V (A) and 1.0 V (B). 
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Fig. 4-14. Optical images of µm-length MoS2 devices 

4.3. Scalable MoS2 field-effect transistors with ultrathin HfO2 film 

We integrate 1.3 nm HfO2 dielectric films into 100 nm channel-length monolayer 

MoS2 FETs. Fig. 4-15a show a typical transfer curve of transistors, validating the 

functional stability of 1.3 nm HfO2 in transistors. The gate leakage is below 10-5 

µA/µm at gate voltage of 1 V. The transfer curve also shows a small SS of 60 

mV/dec and a large on-off ratio of 108. An ultrasmall hysteresis of 7 mV indicates 

the small trap density of 1.3 nm HfO2 film and HfO2/MoS2 interfaces, which is 

partly attributed to the vdW contact of HfO2 and MoS2 (Fig. 4-15b). The on-state 

current density goes beyond 250 µA/µm at a gate voltage of 1 V and a source-drain 

voltage of 0.5 V, attributed to good gate controllability of HfO2 dielectrics and high 

carrier density of MoS2 film (Fig. 4-15c). Note that if semimetal Sb used as contact 

materials and short-channel (such as sub-10 nm channel length) is fabricated, the 

on-state current maybe further improves to a magnitude of mA/µm [36] µm-length 

MoS2 devices (2 µm length and 5 µm width) are also fabricated to confirm the 
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effectiveness of HfO2 dielectric film in a larger area (Fig. 4-15d and Fig. 4-11). A 

large on/off ratio and high on-state current (up to 120 µA) are maintained.  

 

Fig. 4-15. 100 nm channel-length MoS2 FET performance with 1.3 nm HfO2 film as dielectric 

layer. (A) Bidirectional transfer curve and gate leakage of the MoS2 FET with 1.3 nm HfO2 

dielectrics. The insert is SEM image of the device. (B) Enlarged area in (A), showing the 

hysteresis of the transfer curve. (C) Output curve of the MoS2 FET with 1.3 nm HfO2 dielectrics. 

(D) 2 µm channel-length MoS2 FET with 1.3 nm, 2.6 nm, and 3.9 nm HfO2 dielectrics. (E) 

Transfer curves of 60 FET devices with 1.3 nm HfO2 dielectrics and (F) their statistical 
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As the thickness of HfO2 decreases, the SS of the devices become smaller, 

indicating the gate controllability increasement, which is consistent with the results 

in Fig. 4-9. Fig. 4-15e present the transfer curves of 60 MoS2 FET devices with 

100 nm-length channels. The corresponding SS, on/off ratio and hysteresis were 

analyzed in Fig. 4-15f. A number of devices shows a small SS of 62 mV/dec, a 

high on/off ratio of 2.51×108, and a small hysteresis of 10 mV.  We summarize the 

on-state current, on/off ratio and SS values achieved from the two-dimensional 

FETs with sub-3.5-nm EOT dielectrics. Our devices exhibit superior performance 

than other FETs. 
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Fig. 4-16. 8-inch wafer of MoS2 FET and circuits realization integrated with 1.3 nm HfO2 film 

and monolayer MoS2. (A) Ellipsometer height mapping of 8-inch wafer of 1.3 nm HfO2 film. (B) 

A radar comparison between our work and other dielectric growth methods in terms of small 

EOT, small current leakage, breakdown field, scalability and CMOS compatibility. (C) Photos of 

8-inch wafer of MoS2 FET and circuits. (D) Optical images of logic Inverter, AND, NAND, 

NOR and SRAM devices. (E) Voltage transfer curve and gain of a logic inverter with Vdd = 0.2 

V. (F) Output curves of logic AND, NAND, NOR and SRAM devices as a function of input 

voltage pulse of Vdd = 0.2 V. 

4.4.  8-inch wafer scale MoS2 circuits with ultrathin HfO2 film  

To confirm the scalability of the ultrathin HfO2 film, we first deposit the 1.3 nm 

HfO2 film on 8-inch wafer of SiO2/Si substrate and measure its thickness using 

ellipsometer (Fig. 4-16a). This wafer-scale thin film demonstrates exceptional 

uniformity, boasting an average thickness of 1.3 nm with a margin of error of just 

200 pm. Compared with reported sub-1-nm EOT materials, such as crystalline 

perovskite SrTiO3, 2D Bi2SeO5 and Bi2SiO5, molecular crystals Sb2O3, ionic 

crystals CaF2, and standard ALD PTCDA/HfO2 film, our defect-free ultrathin HfO2 

film, prepared through a two-step oxidation process, indicates an unparalleled 

characteristics and superiority (Fig. 4-16b). For instance, its remarkably low 

growth temperature of just 200 °C enables seamless integration with silicon CMOS 

processes, making it ideal for applications in systems combining 2D materials with 

silicon. It can also be effectively utilized in Si-based and oxide thin-film transistor 

devices, a capability that sets it apart from both perovskite materials (1000 °C) and 

2D materials (750 °C). Moreover, we have successfully developed a transistor 

dielectric layer on an 8-inch wafer, a milestone that significantly surpasses the 

limitations of other sub-1-nm materials (4-inch maximum). The ultrathin HfO2 film 

also boasts remarkable gate control capability, an exceptionally high breakdown 
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electric field, and minimal leakage current, despite its incredibly physical thickness 

of only 1.3 nm and an EOT of 0.27 nm. 

We further fabricated 8-inch monolayer MoS2 FET and circuits with 1.3 nm HfO2 

film as dielectric layer (Fig. 4-16c and Fig. 4-17). As the logic gate and memory 

are the basic units of integrated circuits, we make inverters, AND, NAND, NOR 

logic gates and SRAM devices in a single die. (Fig. 4-16d) The voltage transfer 

curve of the inverter showed typical characteristics and gain of 5.2 with an 

ultralow supply voltage of 0.2 V (Fig. 4-16e). The power supply is significantly 

smaller than that of FETs made with other sub-1-nm EOT dielectric layers, owing 

to its ultra-thin thickness and exceptional gate control capabilities. The AND, 

NAND, NOR logic gates and SRAM could also be driven with 0.2 V. This 

significantly contributes to the reduction of the power consumption in the very 

large-scale circuits. (Fig. 4-16f) 

4.5. Summary 

In conclusion, we utilize an optimized ALD process with two-oxidation step to 

deposit defect-free high-quality 1.3-nm-thick HfO2 high-κ dielectric layers on 8-

inch wafers at only 200 °C. Our ultrathin HfO2 film shows an extraordinarily small 

EOT of 0.27 nm, a ultrasmall leakage current of 10-14 A/µm2 at 1 V bias voltage, 

and a robust breakdown electric field of approximately 32 MV/cm. We also 

fabricate MoS2 transistors and circuits with 1.3-nm-thick HfO2 as dielectric layers 

to demonstrate its practicality and gate controllability. Typical transistors exhibit 

large on-state current density of 250 µA/µm and an impressive on/off ratio of 108, 

accompanied by an ultra-low subthreshold slope of 60 mV/dec. Logic gates and 

memory devices are also fabricated on 8-inch wafers to demonstrate its substantial 

implications for the forthcoming advanced semiconductor processes in the 

angstrom era. 
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Fig. 4-17. The characterization of 8-inch MoS2 samples. Each measurement was tested from 7 

different point. (a) Optical images 8-inch MoS2 wafers. (b) AFM, (c) PL and (d) Raman spectra 

of 7 points marked in (a). 
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Chapter 5. Topological flux-closure ferroelectric transistor arrays 

Ferroelectric topological structures are promising new candidates for high-

performance memories with excellent stability and low power consumption. 

Abundant ferroelectric materials and topological structures have been found and 

investigated over the past decade; however, integration of them into memory devices 

has greatly delayed, mostly due to the constraint from their substrates. In this work, 

we demonstrate, for the first time, scalable topological ferroelectric field-effect 

transistors (Fe-FETs) based on large-scale uniform flux-closure topological 

ferroelectric films epitaxially grown on substrates with sacrificial layers. Unlike the 

previous coexistence of trivial and nontrivial domains, the rigid single flux-closure 

arrays can stably exist in freestanding films and can be erased by increasing 

temperature over a critical point, rather than undergoing a phase transition to 

ferroelastic domains as previously reported. Moreover, the flux-closure capacitors 

demonstrate exceptional performances such as small coercive voltages, negligible 

leakage currents, a remanent polarization reaching 195 μC/cm2, and an endurance of 

up to 109 cycles. Furthermore, CMOS-compatible Fe-FET arrays are fabricated, 

featuring a large memory window of 7 V, high ON/OFF ratio of 108, good endurance 

and stability, and superior flexibility. Our work paves a way towards the ferroelectric 

memory devices in future semiconductor industries and flexible electronics. 

5.1. Introduction 

Modern memory technology usually requires a combination of multiple advanced 

properties, such as non-volatility, high speed (~ps), low power consumption (~fJ), 

and non-destructive detection of the memory state [1-3]. As highlighted in the 

International Roadmap for Devices and Systems (IRDS) 2023, ferroelectric 

memories are pivotal in the semiconductor industry [4], having these advanced 

properties. Over the past two decades, various ferroelectric materials, such as 
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doped hafnium oxide, PZT and AlScN, have been investigated and integrated with 

silicon-based complementary metal-oxide-semiconductor (CMOS) technology, 

while challenges remain for their applications in cutting-edge memory devices for 

the relatively large leakage currents, slow switching speeds, fatigue over time, low 

polarizations and unshrinkable domain sizes [5,6]. Therefore, it is extremely urgent 

to develop CMOS-compatible ferroelectric devices with excellent performances 

[7,8]. 
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Fig. 5-1. Experiment flowchart. (a) Schematic showing detailed samples information. 

Multilayer films [SAO/(STO7/PTO30)2/STO7] grown on TbScO3 (110)o substrate. (b) Spin-

coating PMMA on the sample surface. Sample with spin-coated PMMA adhered using PDMS. 

(c) Spin-coated PMMA sample in deionized water for SAO layer dissolution. (d) PMMA-

supported film lifted with a holey carbon TEM grid, dried, and immersed in acetone to dissolve 

PMMA. (e) Transfer the PMMA-supported film onto the wafer, dry it, and immerse it in acetone 

to dissolve the PMMA. (f and g) Transfer the PMMA-supported film onto the wafer with 

deposited bottom electrodes, immerse it in acetone to dissolve the PMMA, and use plasma to 

clean residual PMMA from the sample surface. (h) Transfer MoS₂ onto a clean sample surface. 

Here, omission of MoS2 film growth and transfer details. (i) Following the schematic diagram 

(G), deposition of top electrodes on the sample surface to fabricate capacitors. (j) Following the 

schematic diagram (H), transfer the sample into the acetone to dissolve the PMMA, and use 

plasma to clean residual PMMA from the sample surface. (k) Thermal treatment of the sample. 

(l) Channel fabrication. (m) Photolithography and electrode deposition. 

Topological ferroelectrics (TFs), distinct from the conventional ferroelectric 

materials, possess topological protection of the ferroelectric states thus are resistant 

to the external disturbances, offering, in principle, an exceptional stability in 

topological electronic devices. TFs also exhibit regular spontaneous polarization 

(Ps), allowing the polarization state to be retained even after the external electric 

field is removed, thereby enabling the data storage without continuous power 

supply and significantly reducing the energy consumption. Since the discovery of 

periodic flux-closures in 2015 [9], a series of novel topological ferroelectric 

structures have been discovered and systematically studied, mostly in flux-closures 

and vortices [10-25]. To date, flux-closures in PbTiO3/SrTiO3 (PTO/STO) 

multilayers have been observed under a wide range of conditions. Known for their 

versatility, such flux-closures can appear at both insulating and conducting 

boundaries, exist in both multilayer and single-layer films, and can be modulated 

from both out-of-plane and in-plane ferroelectric topologies [9,26-28]. Previous 
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research suggests that flux-closures can form spontaneously as well as be 

artificially engineered, garnering considerable research interest. At present, the 

topological ferroelectric structures and physical properties have been investigated 

intensively, however, none of topological ferroelectric memory devices have been 

demonstrated. Main challenges include that: 1) the formation of topological 

structures is often constrained by their substrate, limiting the integration of 

ferroelectric topological structures into devices; 2) such nontrivial ferroelectric 

topological structures often coexist with their trivial structures, causing difficulties 

on achieving pure topological ferroelectric devices.  

 

Fig. 5-2. (a) The cross-sectional DF image for SAO/(STO7/PTO30)2/STO7 multilayer films 

grown on TSO (110)o substrates. The sacrificial SAO layer is dissolved in deionized water to 

release the top films. The top right inset shows the “V”, “H” and “I” type flux-closures. The 

white arrows indicate the directions of Ps. (b) The Ps distribution map extracted from the red 

dashed box in (a). 

In this work, we demonstrate, for the first time, scalable topological ferroelectric 

field-effect transistors (Fe-FETs) based on large-scale and pure flux-closure 

topological ferroelectric films. Topological ferroelectric STO/PTO/STO 

multilayers are epitaxially grown on substrates with sacrificial layers (water-

soluble Sr3Al2O6 (SAO) layer, Fig. S1, Materials and Methods). Such sacrificial 

layers are employed to aid the transfer of such films from their substrates [29-31]. 
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After releasing a STO/PTO/STO multilayer from the substrate, we observe that 

pure flux-closure domains exist in the freestanding films without any a/c or a1/a2 

phase impurities. By transfer of such STO/PTO/STO multilayers on top of 

monolayer MoS2, a typical 2D semiconductor, we fabricated arrayed Fe-FETs 

which show excellent low-power characteristics of ferroelectric topological 

structures, including low leakage current, high remanent polarization, and long-

term stability. 

 

Fig. 5-3. Structural characterization of SAO/(STO7/PTO30)2/STO7 multilayer films. (a) 

Low-magnification HAADF-STEM image of the cross-sectional of SAO/(STO7/PTO30)2/STO7 

multilayer films grown on TSO (110)o substrate. (b) Enlarged HAADF-STEM image showing 

“H” and “I” type flux-closure structures. The yellow and red circles denote the position of Pb2+ 

and Ti4+ columns, respectively. The red arrow denotes the direction of Ti-displacement (δTi) 

vectors, which is the reversed spontaneous polarization direction (Ps). The polarization 

distribution map extracted based on (B) is located in main text fig. 1B. (c) In-plane lattice 
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spacing map (Lattice X). (d) Out-of-plane lattice spacing map (Lattice Z). (e) c/a map (Lattice Z 

/ Lattice X). (f) In-plane ion displacement (Shift X). The in-plane component of ionic 

displacement. (g) Out-of-plane ion displacement (Shift Z). (h) High-resolution Omega-2Theta 

symmetric scans for the SAO/(STO7/PTO30)2/STO7 multilayer films grown on TSO (110)o 

substrate. 

5.2. Materials and Methods 

5.2.1. Materials 

We have grown a series of films under different thicknesses and strain conditions 

TSO/SAO/(STO7/PTO30)2/STO7  

TSO/SAO/STO7/PTO30/STO7  

DSO/SAO/PTO70  

TSO/SAO/STO14/PTO30  

TSO/SAO/PTO44 

Subscript indicates the number of unit cells. All sacrificial SAO layers have the 

chemical formula Sr3Al2O6. The TEM, STEM and freestanding experiments were 

completed using (STO7/PTO30)2/STO7 films deposited on TSO substrates. The 2-

terminal capacitor and 3-terminal transistor experiments were completed using 

STO7/PTO30/STO7 films deposited on TSO substrates. TSO and DSO substrates 

have an orthogonal structure, which can be analyzed as a pseudo-cubic structure. 

The PTO films directly grown on DSO substrates tend to form ferroelastic 

domains. 

5.2.2. Methods 

Multilayer films growth 
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The different films were deposited on multiple substrates by PLD, using the 

Coherent ComPex Pro 201 F KrF excimer laser with a wavelength of λ = 248 nm. 

A sintered ceramic SAO target with standard stoichiometric ratio was used for 

SAO layer deposition. A single crystal STO target was used for STO layer 

deposition. A sintered ceramic PTO target with standard stoichiometric ratio was 

used for PTO layer deposition. Prior to deposition, the SAO, STO and PTO targets 

were pre-sputtered for 3000 laser shots. The substrate was pre-heated to 850 °C to 

clean its surface, maintained at 850 ℃ for the growth of SAO, and then cooled 

down to 700 °C for the growth of STO and PTO. During deposition, the target-

substrate distance was 40 mm, the environment was ultra-high vacuum for SAO 

growth, the oxygen pressure was 75 mTorr for STO and PTO growth, the laser 

energy was 300 mJ, and the repetition rate was 4 Hz. After deposition, these 

samples were annealed at 700 °C for 5 min and then cooled down to 200 °C with a 

cooling rate at 5 °C·min−1 in ultra-high vacuum. In this work, the growth of the 

multilayer films was carried out using the software’s built-in program. 

Fabrication of freestanding multilayer films 

In the initial stage, PMMA was spin-coated onto the surface of the as-grown 

sample, such as TSO/SAO/(STO7/PTO30)/STO7/PMMA, and the sample was then 

placed on a heating stage and heated at 70 °C for 10 min to cure. After curing, the 

sample was immersed in deionized water until the SAO layer was completely 

dissolved, leaving the (STO7/PTO30)/STO7/PMMA film suspended on the surface 

of the deionized water. The suspended film was then carefully collected using a 

TEM grid and allowed to air dry. Finally, the PMMA was dissolved in acetone. In 

the meantime, to prepare cross-sectional samples, the suspended film was 

transferred onto a Si/SiO2 wafer and allowed to air dry. The sample was then 
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immersed in acetone to remove PMMA on the surface. More details of the 

experimental process can be found in Fig. 5-1. 

Synchrotron X-ray diffraction 

The RSM experiments were conducted at the BL02U2 beamline of the Shanghai 

Synchrotron Radiation Facility, leveraging a Huber 6-circle diffractometer 

equipped with an Eiger 500K area detector, renowned for its exceptional precision. 

These highly accurate RSMs were employed to study the reciprocal superstructure 

satellite peaks in freestanding films. For clarity in presentation, we illustrate the 

reciprocal space plane from a front-view perspective. To explore the symmetry of 

the samples, the in-plane angles (Phi) were fixed at 0 and 90 degrees during data 

acquisition. Theta scans were performed near the SrTiO3 [0 0 0.95] position, 

utilizing the Eiger area detector for image collection. This approach enabled the 

construction of a comprehensive reciprocal space distribution through data splicing 

and transformation. The conversion from real space to reciprocal space was carried 

out using a custom MATLAB code developed by our team. During the 

experiments, the incident light energy was approximately 10.405 kev, with the 

horizontal and vertical FWHM of the light spot measuring 160 × 80 micrometers. 

The sample dimensions were 10 × 10 mm, ensuring compatibility with the 

beamline's precision capabilities. 

TEM sample preparation and experiments 

The high-quality carbon (C) and tungsten (W) layers were deposited onto the 

surfaces of sample, capacitor, and transistor to prevent damage during focused ion 

beam (FIB) processing. In addition, the C and W layers also possess electrical 

conductivity to meet the requirements for imaging in FIB processing. Cross-

sectional samples were prepared using the FIB technique with the ThermoFisher 
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Helios 5UX system. Thinning of the cross-sectional samples was conducted using 

a gallium ion beam operated at an accelerating voltage of 30 kV. As the sample 

thickness decreased, the beam current was progressively reduced from 0.44 nA to 

0.26 nA and subsequently to 90 pA. This was followed by gentle milling with a 

gallium ion beam at an accelerating voltage of 5 kV and a beam current of 21 pA to 

mitigate the formation of a surface amorphous layer induced by ion implantation 

damage. DF and BF images of both cross-sectional and plan-view samples were 

acquired on a JEOL JEM-F200 TEM at 200 kV. SAED patterns were also collected 

from a flat area of the samples, which were transferred to holey carbon films. 

Atomic-resolved HAADF-STEM images and Super-EDS data were obtained on a 

double spherical aberration-corrected ThermoFisher Spectra 300 at 300 kV, 

equipped with a field emission gun. 

In-situ study 

In-situ experiment was carried out using a Tecnai G2 F30 TEM. The real-time DF 

and BF TEM images were recorded using a double-tilt holder with heating 

function. 

Peak finding 

To distinguish between A-site (Pb and Sr) and B-site (Ti) atoms based on atomic 

column intensity in HAADF-STEM images, the whole image brightness and 

contrast were adjusted. The positions of atomic columns were accurately 

determined using 2D Gaussian fitting, performed with Matlab software [65,66]. 

The lattice spacing, c/a and Ti⁴⁺ shift (δTi) were then calculated. 

Large scale strain analysis by geometric phase analysis (GPA) 
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The GPA was carried out using the open-source software Strain++, which can be 

accessed at the website https://jjppeters.github.io/Strainpp/. Strain++ is maintained 

by J. J. P. Peters. The GPA is a highly effective method for assessing crystal lattice 

variations over large image areas, demonstrating significant potential for mapping 

strains. In addition, strain analysis and peak finding share similarities in terms of 

lattice rotation angles. 

Piezoelectric force microscopy (PFM) 

The hysteresis loops were measured using the Dual AC Resonance Tracking 

(DART) mode under ambient conditions at room temperature (Cypher, Asylum 

Research). 

Film transfer for device 

The STO7/PTO30/STO7 film grown on 1 cm2 substrate was cut to 25 mm2 size. 

PMMA was first coated onto the STO7/PTO30/STO7 film at 2000 r.p.m. (round / per 

minute) for 120 s. After soaking the sample in room-temperature pure water 

overnight, the STO7/PTO30/STO7 film detached from the grown substrate. Next, 

target substrates, such as SiO2 or a flexible substrate, were used to pick up the 

STO7/PTO30/STO7 film. Acetone was then used to remove the PMMA after 

soaking for 3 hours. Finally, oxygen plasma at 100 W was applied to remove 

polymer residues from the STO7/PTO30/STO7 film. 

Au/STO7/PTO30/STO7/Au capacitor fabrication 

Metal-FE-Metal (MFM) structure devices (Au/STO7/PTO30/STO7/Au capacitors) 

were fabricated for electrical behavior and macroscopic ferroelectricity 

measurement. UV lithography and electron beam evaporation were used to define 

the pattern and deposit the Au bottom electrode. Next, STO7/PTO30/STO7 film was 

https://jjppeters.github.io/Strainpp/
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transferred onto the Au bottom electrode via PMMA-assisted method. Au top 

electrodes were defined and deposited using the same process as the bottom 

electrode. 

P-E loop measurement 

P-E loop measurements of Au/STO7/PTO30/STO7/Au capacitors were performed 

using TF Analyzer 3000. The standard bipolar voltage profile was employed, 

where the voltage was linearly increased from zero to the peak voltage Vmax, then 

uniformly reduced to –Vmax, and finally restored to zero. The measurement 

frequency was 10 kHz. The corresponding current-voltage curve was extracted 

from the P-E loop by dividing the change in polarization by the time intervals. 

STO7/PTO30/STO7/MoS2 Fe-FETs fabrication 

Firstly, Ti/Au gate metal was defined and deposited using UV lithography and 

electron beam evaporation. The STO7/PTO30/STO7 film was then transferred on the 

Au gate metal as ferroelectric layer via the PMMA-assisted method. Next, CVD-

grown MoS2 was transferred onto the STO7/PTO30/STO7 film using the same 

method described earlier [67-69]. To define the MoS2 channel, oxygen plasma at 

150 W was used to etch the redundant MoS2 region. Finally, antimony (Sb) metal 

was employed as the contact metal in the Fe-FETs. Note that the vacuum was 

maintained at 10-7 torr during Sb metal deposition. M-F-S 

(Au/STO7/PTO30/STO7/MoS2) Fe-FETs were obtained. 

Electrical measurement of STO7/PTO30/STO7/MoS2 Fe-FETs 

All electrical measurements were performed at vacuum of 10-5 torr and at room 

temperature in a Lake Shore probe station using a Keysight B1530 semiconductor 
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analyzer system. A source measurement unit was used to measure the DC (direct 

current) I-V characteristics of all Fe-FETs. 

 

Fig. 5-4. Sr3Al2O6 sacrificial layer. SAO is very sensitive to electron beam. Prior to image 

scanning, a section of the SAO region experienced a transition into an amorphous state. 

6.3. Stable flux-closure in oxide multilayers epitaxially grown on SAO buffer 

layer 

Fig. 5-2a shows a cross-sectional transmission electron microscopy (TEM) dark-

field (DF) image of (STO7/PTO30)2/STO7 multilayer films, providing an overview 

of the periodic array of flux-closures in two 12 nm PTO layers. The inset at the 

top-right corner of Fig. 5-2a presents a schematic illustration of the “V”, “H”, and 

“I” type flux-closure configurations. These flux-closure configurations coexist 

within the same PTO layer, driven by its coupling to the SAO layer with larger 

lattice constants. A low-magnification, high-resolution high-angle annular dark-

field (HAADF) scanning TEM (STEM) image of multilayer films reveals uniform 

contrast in each PTO layer, indicating chemically homogeneous compositions (Fig. 

5-3a), while slight contrast variations suggest the existence of domain walls. 
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Distinct wavy STO/PTO interfaces are observed in Fig. 5-3a, suggesting a 

significant disclination strain at presence. In Fig. 5-2b, the “H” and “I” type flux-

closure patterns, characterized by closed head-to-tail Ps (dipole moments), are 

determined by reversed Ti displacement vectors relative to their nearest Pb atoms 

(Fig. 5-3b). At the core of the “H” type flux-closure, the lattice constant, c/a ration, 

and ionic displacement (δTi) show significant increases, originating from the 

substantial disclination strain that disrupts the tetragonal structure at the flux-

closure core (Fig. 5-3c-g). Furthermore, the θ−2θ symmetric XRD patterns confirm 

that these multilayers exhibit good epitaxy quality, e.g., atomic scale flat surface 

(Fig. 5-3h). In addition, the SAO structure, which is easily dissolved in water, is 

highly susceptible to transformation from crystalline to amorphous under electron 

beam irradiation (Fig. 5-4). 

 

Fig. 5-5. (a) The low-magnification plan-view HAADF-STEM image of (STO7/PTO30)2/STO7 

films transferred to a holey carbon TEM grid. An enlarged single electron diffraction spot was 

inserted to the top right of the HAADF-STEM image. (b) Plan-view DF under-focus STEM 

imaging of freestanding (STO7/PTO30)2/STO7 films showing the widespread occurrence of flux-

closure along the [100] and [010] directions. (c) The DPC image showing the opposite electric 

field directions for the adjacent flux-closure tubes. 

6.4. Preserving single flux-closure ferroelectrics in freestanding films 
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After removing the substrates to facilitate the device fabrications, it is challenging 

if such flux-closures persist in plan-view freestanding multilayer films. To address 

this issue, the multilayer films were transferred onto a holey carbon TEM grid after 

removing sacrificial SAO films. Fig. 5-5a and Fig. 5-6a show low-magnification 

HAADF-STEM image and bright-field (BF) image of the freestanding multilayer 

films, respectively. The inset in the top-right corner of Fig. 5-5a is a magnified 

image of a single diffraction spot from the selected area electron diffraction 

(SAED) pattern in Fig. 5-6b and c, confirming the presence of topological domains 

distributed along the [100] and [010] directions. The interference fringes in Fig. 5-

6a reveal the freestanding multilayer film of undulation, as height variations are 

presented. Subsequently, under-focused HAADF-STEM images of the freestanding 

films (Fig. 5-5b), flux-closure tubes align along the [010] and [100] directions can 

be observed which is consistent with the information inferred from the satellite 

peaks of a single diffraction spot (Fig. 5-5a). Interestingly, the tubular flux-closures 

along the [100] direction and those along the [010] direction remain independent at 

the junction, indicating that the flux-closure possess rigid characteristics. 

Differential phase contrast (DPC) images further indicate that the electric field 

directions of adjacent flux-closure tubes are opposite (Fig. 5-5c). As the electric 

field direction is opposite to the polarization direction, this also demonstrates that 

the polarization directions of the periodic flux-closure array in the cross-sectional 

view alternate between clockwise and counterclockwise. Similarly, diffraction 

contrast analysis corroborates that the flux-closure tubes are aligned along the 

[100] and [010] directions (Fig. 5-6d-g). Atomic-resolution HAADF-STEM 

images clearly reveal the subtle tubular features of flux-closure (Fig. 5-6h). 

Notably, the flux-closure tubes are observed to be stable near sample edges or 

cracks without disappearing or undergoing structural evolution (Fig. 5-6i). 
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In previous studies, nontrivial flux-closure structures often coexist with trivial a/c 

and a1/a2 domains [10,15,25], and that the flux-closure arrays are typically 

constrained by the substrate, which significantly hinders their integration into 

devices. As shown above, the flux-closure arrays are stable in freestanding 

multilayer films. For devices fabrication, such multilayer films are required to be 

transferred to target substrates and a concern is that if the flux-closure arrays are 

still stable. Fig. 5-7a is an optical micrograph of transferred multilayer films on 

PMMA/PDMS. Surfaces of the transferred multilayer films are smooth with no 

obvious cracks. Note that, when the freestanding multilayer film was directly 

transferred onto PDMS without spin-coating a PMMA layer on its surface, cracks 

and wrinkles would appear (Fig. 5-8). Fig. 5-7b and c show synchrotron radiation 

reciprocal space maps (RSMs) of multilayer films supported by flexible PDMS. 

The flux-closure satellites and finite size oscillations along the out-of-plane 

direction (Qz) suggest that the flux-closure arrays are coherent throughout the 

entire multilayer film thickness. A butterfly-shaped intensity modulation, 

reminiscent of classical a/c trivial domains with alternating in-plane and out-of-

plane polarization, is observed [26]. Here, we clarify that the nontrivial flux-

closure structure is also composed of a pair of a domains with horizontal 

polarization distribution and a pair of c domains with vertical polarization 

distribution. In terms of morphology, crystallographic orientation, reciprocal space, 

and functional properties, nontrivial flux-closure and trivial a/c, a1/a2 domains are 

completely different. In comparison with previous synchrotron radiation 

experimental results [10,15,25,26], the RSMs in Fig. 5-7b and c lack diffraction 

information from the substrate, single a/c and a1/a2 domains, and only display 

diffraction peaks from the exclusive flux-closure arrays. The findings reveal that 

the multilayer films on PMMA/PDMS exclusively comprise homogeneous flux-

closure arrays. 
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Fig. 5-6. Freestanding homogeneous flux-closure topological structures. (a) The low-

magnification plan-view BF image of (STO7/PTO30)2/STO7 films transferred to a holey carbon 

TEM grid. The interference fringes in (A) indicate that the freestanding film is in a fluctuating 

state. (b) SAED pattern of the freestanding multilayer films. It is note that when the camera 

length is small, the satellite diffraction spots formed by the topological structures are obscured. 

(c) A localized SAED pattern acquired with a camera length of 2000 mm. An enlarged single 

electron diffraction spot was inserted to the top right of the image (c) and fig. 1(c). (d to f) 

Diffraction contrast analysis of large-scale homogeneous flux-closure. Note that the DF images 

taken by g = 2̅00, g = 020, g = 1̅10, respectively. (g) Plan-view DF under-focus STEM imaging 
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of freestanding (STO7/PTO30)2/STO7 films, showing the widespread occurrence of flux-closure 

along the [100] and [010] directions. (h) The atomic-resolved HAADF-STEM image revealing 

faint flux-closure contrast features. (i) The HAADF-STEM image of the cracked edge of the 

freestanding multilayer films. 

 

Fig. 5-7. (a) Optical microscopic image of the released multilayer films with the mechanical 

support of PDMS. The size of the released multilayer films in the illustration is 10 mm × 10 mm. 

(b and c) 001 RSM obtained before and after rotating the released multilayer films by 90°. 
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Fig. 5-8 Comparison of film quality transferred with and without PMMA. (a and b) Optical 

microscopic images of the released multilayer films with the mechanical support of PDMS. (c 

and d) Optical microscopic images of the released multilayer films with the mechanical support 

of PMMA/PDMS. Spin-coat a layer of PMMA, which is soluble in acetone, onto the prepared 

sample surface. Subsequently, cover the PMMA layer with PDMS. Immerse the resulting sample 

structure [TSO/SAO/(STO7/PTO30)2/STO7/PMMA/PDMS] in deionized water for further 

processing. Therefore, we find that the quality of films transferred using PMMA is superior to 

those transferred without PMMA. 

6.5. Abnormal topological phase transition path and strain-enhanced 

behavior 

In order to evaluate the thermal stability of flux-closure structures, in-situ heating 

and cooling experiments are performed on these freestanding multilayer films. Fig. 

5-9a and Fig. 5-10 show a series of DF and BF images, respectively, illustrating 

the evolution behavior of freestanding flux-closures at various temperatures. The 

flux-closure structure remains stable even by heating from 298 to 623 K. At 673 K, 

some residual contrast of the flux-closure structure is still observable. As the 

temperature rises to 698 K, only faint remnants of the flux-closure structure are 

visible. Due to the significant lattice mismatch between SAO and STO, 

dislocations inevitably form during multilayer film growth. These dislocations 

persist in the freestanding multilayer film following transfer. These dislocations 

most likely play a pinning role in the transition of flux-closure structure, delaying 

its disappearance. At 723 K, the flux-closure morphology vanish completely in the 

freestanding multilayer films. During the cooling process, the flux-closure 

structure reappears, and the temperature-induced transition of the flux-closure 

structure is reversible. Previous studies on in-situ stimulation of the flux-closure 

structure (such as force, electric, electron beam, temperature etc.) suggest that the 

flux-closure structure first transitions into a/c or a1/a2 domains, and evolves 
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ultimately into a single-domain state under substrate constraints [25]. An important 

behavior is that, in freestanding multilayer films, the flux-closure structure does 

not transition into trivial domains as the temperature increases; instead, it directly 

disappears. This abnormal behavior represents a distinct sing phase transition 

pathway which is expected to be beneficial for data addressing. 

 

Fig. 5-9. Plan-view TEM images of flux-closure acquired in time series under different 

temperatures. With the increase of temperatures, flux-closure contrast gradually disappears. 
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Fig. 5-10. Real-time reversible topological phase transitions of freestanding uniform flux-

closure multilayer. (a) Chronological plan-view TEM image of freestanding flux-closure as the 

temperature gradually increases. When the temperature reaches 623 K, the flux-closure remains 

stable. However, at 673 K, subtle indications of flux-closure instability begin to emerge. (b) 

Chronological plan-view TEM image of freestanding flux-closure as the temperature gradually 

decreases. Here, it is necessary to clarify that during the heating or cooling process, freestanding 

films are highly susceptible to warping or fluctuations. This instability renders the initially 

tracked region unsuitable for flux-closure imaging, necessitating the relocation to alternative 

regions and the re-tilting of the sample to acquire images. 
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Fig. 5-11a is an optical micrograph of the multilayer film transferred onto Si/SiO2, 

featuring flux-closure array. The optical micrograph demonstrates the high quality 

of multilayer films, with no cracks during the transfer process. The natural air-

drying process effectively smooths out any fluctuations and undulations of 

STO/PTO multilayer films on the Si/SiO2 surface. Fig. 5-11b shows the cross-

sectional TEM BF image of (STO7/PTO30)2/STO7 multilayer films on Si/SiO2, 

providing an overview of the periodic array of “V” type flux-closures in PTO 

layers. Although the film experiences fluctuations during the transfer process, 

accompanied by changes in the state of strain, the flux-closure structure remains 

preserved without any transformation or evolution. Additionally, atomic-resolution 

X-ray energy dispersive spectroscopy (EDS) was conducted to analyze the 

elemental distribution in the multilayer films, as shown in Fig. 5-11c. The results 

reveal that both interfaces are sharp, with no evidence of inter-diffusion. Later, we 

compared the strain states of the “V” type flux-closure arrays in the initial growth 

samples [TSO/SAO/(STO7/PTO30)2/STO7] and those transferred onto Si/SiO2 

[Si/SiO2/(STO7/PTO30)2/STO7] (Fig. 5-12). The strain of the “V” type flux-closure 

arrays in the multilayer film transferred to Si/SiO2 shows a significant increase in 

terms of εxx, εyy, and εxy, which arises from the fluctuations of the freestanding 

multilayer film during the transfer process. Additionally, the large strain state 

suggests the presence of significant macroscopic polarization, which will be further 

confirmed in subsequent studies. 

6.6. Characterization of the ferroelectric properties in transferred flux-

closure films 

Piezoresponse force microscopy (PFM) was used to confirm the ferroelectricity of 

the flux-closure in STO7/PTO30/STO7 film after transfer onto Si/SiO2 substrate 

(Materials and Methods). As shown in the amplitude-voltage butterfly loops and 
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phase-voltage hysteresis loops in Fig. 5-13, the freestanding flux-closure film 

exhibits obvious polarization reversal properties under an external electrical field, 

demonstrating strong ferroelectricity on Si/SiO2. Compared to the PTO film grown 

on the DyScO3 (DSO) substrates, the freestanding flux-closure film shows a higher 

piezoelectric response and a smaller coercive voltage of 8 V. 

 

Fig. 5-11. (a) Optical microscopic image of the transferred multilayer films onto Si/SiO2. (b) 

Cross-sectional BF image for (STO7/PTO30)2/STO7 multilayered films integrated onto Si/SiO2 

wafer. The red dashed box is enlarged to show the “V” type flux-closure patterns. Multiple 

interfaces are marked by white arrows. (c) Atomic-resolved super-EDS mapping showing the 

sharp interfaces of PTO/STO. 
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Fig. 5-12. GPA and comparison of uniform flux-closure before (a) and after (b) transfer (In-

plane strain, εxx; out-of-plane strain, εyy; shear strain, εxy). Note the very inhomogeneous 

distribution of the strains. 

A metal-ferroelectric-metal (MFM) capacitor structure was also fabricated to 

measure the electrical behavior and macroscopic ferroelectricity, where 

STO/PTO/STO film serving as ferroelectric layer and gold (Au) metal acting as 

both the bottom and top electrodes (Fig. 5-14a). Here, a crossbar array architecture 

is designed to increase the devices density for applications such as ferroelectric 

random-access memory and ferroelectric tunnel junction (Fig. 5-15). Fig. 5-14b 

and c show the cross-sectional HAADF-STEM and DPC images of 

Au/STO/PTO/STO/Au capacitors, respectively. The atomic-resolution DPC image 

(Fig. 5-14C) and geometric phase analysis (GPA) maps confirm the existence of 

topological flux-closure in the fabricated capacitors. Note that the high-

temperature electrode deposition process is less harmful to the flux-closure 

structure and the homogenous flux-closure structure can stably exist within the 

capacitor array. 

 

Fig. 5-13. PFM amplitude-voltage butterfly loop (a) and phase-voltage hysteresis loop of 

different films (b). For example, for (DSO)Si/SiO2/PTO sample, the SAO/PTO film was initially 
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grown on an DSO substrate (cyan line). Characterization of loop behaviour after all the films 

were integrated onto Si/SiO2. 

 

Fig. 5-14 The device structure diagram of 2-terminal capacitor. (a) The cross-sectional 

HAADF-STEM image for the Au/STO7/PTO30/STO7/(Au/Ti/Au) capacitor integrated onto 

Si/SiO2. The C and W layers on the surface were deposited during the FIB sample preparation 

process to protect the film from damage caused by ion and electron beams. (b and c) GPA of 

STO7/PTO30/STO7 films from the yellow dashed line box area in (a). 

Based on the fabricated ferroelectric capacitor arrays, we further conducted 

electrical performance tests for leakage currents, polarization, fatigue 

characteristics, and other related properties. As shown in Fig. 5-16a, 

STO/PTO/STO film exhibits a high breakdown field of 11 MV/cm, while pure 

PTO and PTO/STO films show significantly lower breakdown fields, despite all 
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three films having a thickness of 16 nm. Hence, the robust electrical behavior 

could be attributed to the intrinsic topological flux-closure domain. Endurance 

measurements shown in Fig. 5-17 also reveal negligible leakage current under bias 

voltage for a long time. A typical P-E loop curve is shown in Fig. 5-16b, where the 

Pr is ~ 195 μC/cm2 and the polarized voltage is ~ 2 V, outperforming all other 

reported perovskites type ferroelectric films previously investigated (Fig. 5-16c). 

Despite the high Pr of 236 μC/cm2 in the PTO and PbO mixed films with a 

thickness of 129 nm [32-37], our STO/PTO/STO film, which is only 16 nm thick 

and contains only the topological flux-closure structure, exhibits a significant 

increase in strain after being transferred as a freestanding film (Fig.5-16b and c). 

This means that the flux-closure structure will display a large Pr. Furthermore, it is 

noteworthy that the thickness of the STO layer in the STO/PTO/STO film is 

approximately 7 u.c.. Although STO serves as a dielectric layer, the large 

disclination strain and polarization effects in the PTO typically will penetrate 

through the STO layer, causing noticeable ion displacement in the STO layer, 

indicating the presence of ferroelectric characteristics. Endurance and device-to-

device variations confirm their stability and uniformity (Fig. 5-16d and e), making 

them suitable for large-scale applications. In Fig. 5-16f we summarize and 

compare the performance of our flux-closure films with others in terms of Pr and 

Ec [38-51], and it is clear that our films exhibit the best overall performances. 

6.7. Fabrication of STO/PTO/STO/MoS2 Fe-FET arrays 

Based on the abnormal direct phase transition path, homogenous flux-closure 

domains and robust ferroelectric properties, metal-ferroelectric-semiconductor-

metal FETs (MFSFETs) were fabricated to explore the applicability of uniform 

topological flux-closure ferroelectric films in the advanced memory technology. 

Here, STO/PTO/STO films and two-dimensional (2D) monolayer MoS2 films 
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serve as the ferroelectric layers and channel layers, respectively (Fig. 5-18a). The 

detailed fabrication process is illustrated in Fig. 5-1f-m. Optical images (Fig. 5-

18a, Fig. 5-19 and Fig. 5-20) show the as-fabricated large-scale Fe-FET arrays. 

 

Fig. 5-15. Optical image of the Au/STO7/PTO30/STO7/Au capacitor 

Cross-sectional HAADF-STEM images confirmed the preservation of the 

topological flux-closure domains in the Fe-FET (Fig. 5-21). In Fig. 5-18b, transfer 

curve of Fe-FETs with STO/PTO/STO films exhibited a significant anticlockwise 

hysteresis, contrasting with the hysteresis-free behavior of HfO2/MoS2 FETs, 

which is typical characteristic of Fe-FETs. As shown in Fig. 5-18c, the linear 

output curve also validated the effective Sb metal contact with MoS2. Under higher 

drain voltages, a negative differential conductance phenomenon is observed, 

indicating the ferroelectric properties in STO/PTO/STO/MoS2 devices (Fig. 5-22). 

The STO/PTO/STO/MoS2 Fe-FETs demonstrate exceptional memory 

performances, with a high on/off ratio of 108 and a wide memory window of 7 V 

with an ultrathin 16 nm STO/PTO/STO film (0.43 V/nm). Besides, negligible 

leakage current provided precondition for the stable operation of these 

STO/PTO/STO/MoS2 Fe-FETs, as shown in Fig. 5-23a and b. 
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A comprehensive evaluation of all transistor arrays are shown in Fig. 5-24a in 

which 150 devices are included for statistical analysis. As shown in Fig. 5-24b, 

these devices show narrow variations in threshold voltages (Vth), memory windows 

(MW) and on/off ratios, superior much when compared to other 2D Fe-FETs [52-

64]. The normalized memory window and on/off ratios of different material 

systems are summarized in Fig. 5-25 [52-64]. We can see that our Fe-FETs with a 

flux-closure structure exhibit excellent memory windows and large switching 

ratios. Compared to other material systems, Fe-FETs with a flux-closure structure 

show advantages in information memory applications. Finally, we have also 

completed the integration of flexible Fe-FETs with flux-closure multilayer films, 

expanding the application scenarios of freestanding multilayer films (Fig. 5-26). 

Our device demonstrations suggest a bright future of scalable ferroelectric memory 

with topological ferroelectric STO/PTO/STO films. 

 

Fig. 5-16. (a) Leakage current and breakdown field for Au/STO7/PTO30/STO7/Au capacitor, 

Au/STO14/PTO30/Au capacitor and Au/PTO44/Au capacitor. (b) P-E curves of the 
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Au/STO7/PTO30/STO7/Au capacitor with PUND measurements. (c) Comparison of single 

polarization of the present flux-closure capacitor with the previously experimentally measured Pr 

in films, from left to right: Bi3.25La0.75Ti3O12 [32], BaTiO3 [33], BiFeO3 [34], PbZr0.2Ti0.8O3 [35], 

PbVO3 [36], BiCoO3 [36], PbTiO3 and PbO [37]. (d) Endurance properties of the 

Au/STO7/PTO30/STO7/Au capacitor. (e) Device-to-device variation of Ec and Pr for 20 devices. 

(f) Benchmark of Ec and Pr comparing with other ferroelectric film. AlScN [38-40], moleculars 

[41-42], HZO [43-46], Doped HZO [45,47-51]. 

 

Fig. 5-17. Endurance measurement of leakage current when applying 6 V bias. 

 

Fig. 5-18. (a) Optical images of Fe-FETs with MoS2 as channel and STO7/PTO30/STO7 as 

ferroelectric layer. Transfer (b) and output (c) curves of the STO7/PTO30/STO7/MoS2 Fe-FETs. 
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Fig. 5-19 Optical images in the Fe-FET fabrication process. (s to f) Photos and optical images 

of STO7/PTO30/STO7 film transferred onto Ti/Au gate. (e) Optical image of STO7/PTO30/STO7 

film/MoS2 on Ti/Au gate. 
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Fig. 5-20. Optical images of STO7/PTO30/STO7/MoS2 Fe-FETs. 

 



116  

Fig. 5-21. The localized device structure diagram of Fe-FETs. (a) The cross-sectional 

HAADF-STEM image for the STO7/PTO30/STO7/MoS2 3-terminal transistor integrated onto 

Si/SiO2. (b) GPA of STO7/PTO30/STO7 films from the (a). (c) The atomic-resolved HAADF-

STEM image of MoS2 layer. 

 

Fig. 5-22. Negative differential conductance phenomenon in STO7/PTO30/STO7/MoS2 Fe-FETs. 

 

Fig. 5-23. Retention (a) and endurance (b) of STO7/PTO30/STO7/MoS2 Fe-FETs 
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Fig. 5-24. (a) Statistics for 150 STO7/PTO30/STO7/MoS2 Fe-FETs devices. (b) Threshold 

voltages distribution, memory windows and on/off ratio distribution from (a). 

 

Fig. 5-25. Benchmark of normalized memory windows and on/off ratio compared with other Fe-

FETs. HAO [52], HZO [53,54], AlScN [55], CuInP2S6 [56-59], In2Se2 [60], Bi4Ti3O12 [61], PZT 

[62], P(VDF-TrFE) [63,64]. 
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Fig. 5-26. Photos of flexible STO7/PTO30/STO7/MoS2 Fe-FETs. 

6.8. Conclusions 

Large-scale homogenous STO/PTO/STO topological flux-closures are epitaxially 

grown on sacrificial SAO layers. In freestanding multilayer films, a single rigid 

flux-closure structure exists, contrary to the previously believed coexistence of 

flux-closure structures and ferroelastic domains. These flux-closure structures in 

freestanding films, equivalently distributed along the [100] and [010] directions, 

exhibit a simple transformation pathway from topologically nontrivial to single 

domain. Moreover, we fabricated large-scale topological ferroelectric transistor 

arrays, inheriting the excellent stability and low power characteristics of 

ferroelectric topological structures. The flux-closure array capacitors demonstrate 

exceptional performance, with no detectable leakage current below 10 V, a 

remanent polarization (Pr) reaching 195 μC/cm2, and a cycle endurance of up to 

109 at 1 MHz. Notably, the Ec/Eb (coercive field/breakdown field) is as low as 0.15. 

The CMOS-compatible Fe-FETs show a large memory window of ~ 0.43 V/nm, 

high on/off ratio of 108, stable retention for up to 10 years, superior uniformity and 

flexible applications. This work moves a significant step towards the ultimate 
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ambition of realizing ferroelectric devices in future semiconductor industries and 

flexible electronic products. 
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Chapter 6. Conclusion and future research 

6.1.  Conclusion 

In conclusion, this thesis developed a high-performance MoSe2 field-effect 

transistors and an ultrathin high-κ dielectric materials for 8-in. level MoS2 field-

effect transistors, which is significant for 2D devices towards prolonging Moore’s 

Law. The study focuses on the materials synthesis and devices fabrication for high-

performance with high on/off ratio, small SS and large on-state current. 

For MoSe2 growth and high-performance transistors fabrication, high-quality 

continuous MoSe2 films with salt as metal sources are successfully synthesized. 

The domain size is around 120 µm, which is larger than that in most litheratures 

and oxide sources. Raman and PL also demonstrate its high-crystalline quality. 

Electrical measurement shows that the MoSe2 film is uniform and transistors coule 

reach a high on/off ratio of 109 and a high on-state current of 12 µA/µm at 1 V 

bias, which is superior than that in reported literatures. 

For ultrathin high-κ HfO2 dielectrics, we utilize an optimized ALD process with 

two-oxidation step to deposit defect-free high-quality 1.3-nm-thick HfO2 high-κ 

dielectric layers on 8-inch wafers at only 200 °C. Our ultrathin HfO2 film shows an 

extraordinarily small EOT of 0.27 nm, a ultrasmall leakage current of 10-14 A/µm2 

at 1 V bias voltage, and a robust breakdown electric field of approximately 32 

MV/cm. We also fabricate MoS2 transistors and circuits with 1.3-nm-thick HfO2 as 

dielectric layers to demonstrate its practicality and gate controllability. Typical 

transistors exhibit large on-state current density of 250 µA/µm and an impressive 

on/off ratio of 108, accompanied by an ultra-low subthreshold slope of 60 mV/dec. 

Logic gates and memory devices are also fabricated on 8-inch wafers to 

demonstrate its substantial implications for the forthcoming advanced 

semiconductor processes in the Angstrom Era. 
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Large-scale homogenous STO/PTO/STO topological flux-closures are epitaxially 

grown on sacrificial SAO layers. In freestanding multilayer films, a single rigid 

flux-closure structure exists, contrary to the previously believed coexistence of 

flux-closure structures and ferroelastic domains. These flux-closure structures in 

freestanding films, equivalently distributed along the [100] and [010] directions, 

exhibit a simple transformation pathway from topologically nontrivial to single 

domain. Moreover, we fabricated large-scale topological ferroelectric transistor 

arrays, inheriting the excellent stability and low power characteristics of 

ferroelectric topological structures. The flux-closure array capacitors demonstrate 

exceptional performance, with no detectable leakage current below 10 V, a 

remanent polarization (Pr) reaching 195 μC/cm2, and a cycle endurance of up to 

109 at 1 MHz. Notably, the Ec/Eb (coercive field/breakdown field) is as low as 0.15. 

The CMOS-compatible Fe-FETs show a large memory window of ~ 0.43 V/nm, 

high on/off ratio of 108, stable retention for up to 10 years, superior uniformity and 

flexible applications. This work moves a significant step towards the ultimate 

ambition of realizing ferroelectric devices in future semiconductor industries and 

flexible electronic products. 

6.2. Future research 

Two-dimensional materials and field-effect transistors have been the research 

focus for replacing silicon-based devices. According to the IRDS 2024, 2D 

materials and devices would be commercial before 2037. So, developing more 

functions and higher performance for 2D devices is important and urgent. 

For MoSe2 film, in this thesis, we measured its electrical performance. It is known 

that bandgap of MoSe2 is smaller than that of MoS2, so, the optical and 

optoelectronic performance of MoSe2 should also be researched in the future. It is 

worth noting that constructing MoS2/MoSe2 heterostructure would prepare a 
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platform for research on layer exciton and moire exciton, which maybe helpful in 

future photodetectors and photovoltaic devices. High-quality wafer-scale MoSe2 

film also make these heterostructure devices be and industrial and commercial one 

day. 

Ultrathin HfO2 film with 1.3-nm thickness is important for low-power electronics 

in the 2D transistors and circuits. In this thesis, I fabricated back-gated transistors 

while in the industrial, top-gated and gate-all-around are more common. So, in the 

next step, I would like to make gate-all-around transistors to expand the application 

of ultrathin HfO2 film. Maybe a higher carrier density of MoS2 be foreseen. Except 

MoS2 transistors, graphene, WSe2 and other 2D materials could also work as 

channel materials and ultrathin HfO2 works as high-κ dielectrics. More single 

devices and complementary circuits, such as inverter, should be demoed with such 

thin dielectric film.  

In summary, using wafer-scale 2D materials and compatible high-κ dielectric film, 

more functional devices and high-performance devices should be prepared to make 

the 2D nanoelectronics be realized in the future. 




