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Abstract 

 

The increasing computational demands of artificial intelligence (AI) technology are 

driving advancements in semiconductor research, focusing on developing higher 

computational efficiency through innovative architectures, novel device operation 

mechanisms, and new materials exploration. Advanced memory technology with in-

memory computing (IMC) unlocks extraneous potential for computational capability 

and energy efficiency. The integration of non-volatile memory (NVM) technology 

demonstrates significant promise for realizing IMC and storage class memory (SCM). 

Within the development of NVM technology, ferroelectric materials have been 

drawing much attention thanks to their unique charge storage nature. The newly 

discovered wurtzite III-N ferroelectrics exhibit fascinating properties such as 

extraordinarily high remanent polarization (Pr) of over 100 μC/cm2, low dielectric 

constant (ε) of 11-20, and good compatibility to CMOS technology. The ferroelectricity 

of binary III-N compounds is enabled by foreign dopants such as Sc atom, leading to 

the formation of aluminum scandium nitride (AlScN). The polarization switching 

mechanism of AlScN is facilitated by Sc content and governed by the translation of N 

atoms in its wurtzite crystal structure. Despite AlScN thin films feature tunable 

ferroelectricity by varying Sc doping concentration, less-than-ideal endurance 

performance (~105 cycles) and large leakage are urgent issues that should be dealt 

with. In this research, fabrication, characterization, and analysis are implemented for 

AlScN films to further improve the endurance performance by two orders and achieve 

below 5 V operation. 

For capacitor fabrication, this research focuses on in-situ reactive sputtering of 

TiN/AlScN/TiN metal-ferroelectric-metal (MFM) capacitors and dedicates to exploring 

the deposition conditions for better film quality. Herein, the dependence of sputtering 

conditions such as Sc content of the AlSc alloy target, process pressure, and target-

substrate (T/S) distance are examined. It is found that low Sc content film is more 

favorable over high Sc film due to wider bandgap (Eg), suppressed leakage, lower ε, 

higher Pr, and enhanced breakdown field (EBD). Plus, with the assistance of lower 

process pressure, the sputtered films demonstrate lower leakage and boosted EBD, 

along with reduced εi and increased Pr. Additionally, a suitable T/S distance could also 

enhance the overall ferroelectricity and EBD. However, a trade-off relationship is found 
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between the coercive field (Ec) and EBD. These results not only paved the way for 

improved endurance performance but also created the opportunity for thickness 

downscaling. 

In order to tackle the high Ec characteristics of AlScN, defect engineering via 

oxygen incorporation is applied, and the role of oxygen-related complex defects is 

analyzed and understood. Intentionally incorporating O2 gas flux into the Ar/N2 

sputtering ambient results in AlScON films with complex defects that allow c-axis 

shrinkage. Accordingly, Ec decreases along with higher ε. Moreover, this technique 

breaks the aforementioned trade-off as EBD is improved in AlScON films. Note that the 

incorporated O atoms distributed nonuniformly inside the film, which allows for partial 

polarization at low bias, resulting in a comparatively linear Pr gain over a wider range 

of E. Such performance is feasible and can be harnessed as multi-level operation in 

analog circuits for AI applications. Besides, with defect engineering and TiN serving as 

electrodes, this research highlights the demonstration of aggressive thickness scaling 

down to 9 nm of AlScN with under 5 V operation. Nevertheless, severe fatigue effect 

in endurance is found due to trapping/de-trapping incidents at Sc-O bonds. Decreasing 

the Sc content in the film could be helpful to mitigate the fatigue effect. Furthermore, 

oxygen profiling of multi-layer AlSc(O)N ferroelectrics shows that multi-interfaces in 

the ferroelectric stack could also help inhibit the leakage path and increase the 

breakdown strength. 

In this research, it is identified that considerably high oxygen concentration exists 

at the ferroelectric/bottom electrode interface, which could greatly affect the 

endurance performance with non-negligible fatigue effect. Hence, oxygen depletion at 

the interface is conducted through sputter deposition in reducing ambient, with H2 gas 

flux blending into the Ar/N2 sputtering ambient to lower the partial pressure of 

residual oxygen. Though incorporating H2 gas flow could deteriorate the c-axis 

crystallinity, AlScN films exhibit excellent robustness against reducing ambient as the 

ferroelectricity sustained up to over 10% of H2 flux. The decreasing ε serves as a 

corroborating indicator of the lower oxygen content in the deposited films. It is worth 

mentioning that with oxygen depletion the leakage is suppressed along with enhanced 

EBD. This implies a different mechanism that can be explained as Eg broadening. Most 

importantly, the wake-up and fatigue effects are mitigated by oxygen depletion, 
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showing the effectiveness of oxygen level lowering at the interface. A record high 

endurance cycle of 2 × 107 switching cycles is achieved, pushing the endurance limits 

of AlScN thin films. 

The originality of this research is to improve the reliability and scalability features 

of AlScN films through several consecutive steps: (1) sputtering condition exploration, 

(2) defect engineering via oxygen incorporation, and (3) interface oxygen depletion by 

reducing ambient deposition. Based on the results, guidelines which describe exquisite 

combinations of Sc and O content profiling to multi-layered ferroelectric stack are 

proposed for future high endurance and low-voltage operation. In summation, this 

research provides insight into enhancing the reliability and scalability of AlScN thin 

films and hopefully contributes to the development of ferroelectric AlScN for future 

advanced NVM technology. 
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Chapter 1:  Introduction 

 

1.1. Advanced Memory Technology 

 

Since antiquity, people had long been observing electricity from natural phenomenon 

such as lightning and electrified objects. As civilization thrives, human brilliance and 

endeavor trigger the attempt to manipulate and utilize electricity to improve our living. 

Going back a few centuries from now, series of hard work and experiments, that were 

conducted by pioneers like Sir Isaac Newton and Benjamin Franklin, laid the 

foundation for electrical and electronic engineering. With Michael Faraday’s electric 

generator marking the milestone, electricity has become a necessary element in 

various areas such as infrastructure, scientific research, and technology evolvement. 

Especially, the invention of transistors not only revolutionized the society, but also 

enables the opening of digital era [1], [2], [3]. Semiconductor IC technology has been 

prospering since then [4]. Driven by this force, massive attention and effort have been 

paid to the development of memory technology. 

Human brains are natural and functional storage devices that can retain and recall 

information, according to neuropsychology. However, as we have already entered the 

stage of data explosion, it is impossible for human beings to remember everything. 

Fortunately, thanks to the progress of contemporary memory technology, we no 

longer need to specifically rely on old-fashioned ways to memorize. 

 
Figure 1.1: Worldwide data growth for the past 15 years [5]. (Source: IDC) 
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AI technology has been the most powerful engine of flourishing development in 

data science and engineering, creating hot research in various fields such as LLMs, 

cloud computing, edge AI gadgets, IoT systems, AI robotics, etc. Figure 1.1 illustrates 

the data volume created and duplicated in the past 15 years, and an exponential 

increasing trend can be expected for the near future [5]. With this tendency, it is 

obvious that data storage and processing are urgent tasks in hand. Figure 1.2 shows 

that the required data storage gains over time [5], posing challenges to the memory 

technology. 

 
Figure 1.2: Capacity for data storage in recent years [5]. (Source: IDC) 

 

However, addressing the technological challenges for memory requires a 

comprehensive approach that extends beyond storage capacity, encompassing critical 

dimensions such as energy efficiency, processing latency, physical size, and cost. An 

ideal memory should have infinite capacity, zero delay time, and no power 

consumption. However, realistically, there is no such technology yet, leaving us the 

opportunity to improve and generate great impact to the current memory technology. 

In general, the data storage should be distinguished into two types, permanent and 

temporary, whose requirements of performance are different. For instance, DRAM and 

SRAM, commonly seen in modern PC systems, are categorized as volatile memory, 

since they store temporary data solely. Upon removal of the power supply, the 

retained data of volatile memory is lost. On the other hand, NAND flash, NOR flash and 

HDD are sorted to be non-volatile memory since the data retention is long and 

irrelevant to power supply. From the power consumption perspective, non-volatile 

memory is naturally more desirable than volatile memory, as no standby power is 

necessary. Nevertheless, the processing latency gap and physical size hinders the 
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replacement of volatile type to non-volatile type. Figure 1.3 depicts the relationship of 

access time and integration density of memory technologies [6]. It is obvious that a 

huge gap exists between volatile and non-volatile types, and SCM technologies are 

targeted to fill in it. The red box highlighted several contenders such as PCRAM, RRAM, 

MRAM, FeRAM, etc. These candidates, also called emerging NVM, are in pursuit of 

faster processing speed close to DRAM, good storage capacity as NAND flash, and non-

volatile features for high energy efficiency. Details of emerging NVM technology will 

be introduced in section 1.2. 

 

Figure 1.3: Process latency versus integration density of volatile and non-

volatile memory technologies [6]. 

 

Traditionally, contemporary computational systems utilize the von Neumann 

architecture in which the CPU and memory blocks are separated [7]. Data transfer back 

and forth is mandatory to perform computational tasks, as displayed in Figure 1.4(a) 

[8]. This not only results in high process latency but also large power consumption 

issues. As AI technology continuously exploits the benefits of big data and intensive 

computation, the quantities of processing data are increasing unrelentingly, leaving 

the issues more critical. The performance could hit a “memory wall”, or in other words, 

the von Neumann bottleneck [9]. Luckily, near-memory computing and in-memory 

computing are viewed as possible solutions, as they demonstrate potential to alleviate 

the process latency and enhance the energy efficiency [10]. Schematic in Figure 1.4(b) 

illustrates the concept of IMC [8]. The amount of transferred data 

(input/output/instruction) can be reduced since the computation can be done in the 

memory, giving rise to minimized processing latency and power consumption. Besides, 
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embedding NVM technology to NMC and IMC unlocks extraneous potential for 

computational efficiency, and these architectures can be found in Figure 1.5(a), (b), 

and (c) [11]. Wang et al. proposed that SRAM can serve as the cache memory while 

embedded NVM handles the data storage for NMC [12], as Figure 1.5(a) shows. Mittal 

et al. then further analyzed the method of utilizing SRAM directly as the computing 

engine for IMC [13], which is displayed in Figure 1.5(b). Eventually, the most advanced 

architecture should evolve to Figure 1.4(b) or Figure 1.5(c), as embedded NVM 

technology functions for all purposes. 

 
Figure 1.4: Schematics of (a) conventional von Neumann architecture and (b) 

in-memory computing for computational systems [8]. 

 

 

Figure 1.5: Schematic architectures of (a) NMC, (b) SRAM-based IMC, and (c) 

NVM-based IMC [11]. 

 

(a) 

(b) 

(a) (b) (c) 
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1.2. Next Generation Non-Volatile Memory Technology 

 

The awareness of adopting innovative architectures and emerging NVM technology 

for next generation computation has been raised in recent years [8], [14]. Analog IMC 

with neuromorphic accelerators for ANNs and SNNs has been explored to overcome 

the von Neumann bottleneck. NVM with a crossbar-based design, featuring high 

energy efficiency and alleviated processing latency, stands out among the candidates 

[15]. Figure 1.6(a) to (d) illustrates some of the popular device structure for emerging 

NVM research currently [16]. 

 

Figure 1.6: Device structure of (a) RRAM, (b) PCRAM, (c) STT-MRAM, and (d) 

FeRAM for emerging NVM technology. (e) to (h) shows the operation principle 

of each device [16]. 

 

Plenty of research regarding PCRAM has been conducted over the years, as it 

contains a chalcogenide glass layer for phase transformation, as shown in Figure 1.6(b). 

Figure 1.6(f) displays that via imposing Joule heating or cooling, the material could 

change its structure between amorphous and crystalline states, which allows the 

detection of high and low resistivity possible. Good endurance performance and high 

on/off ratio are strengths in PCRAM. 

RRAM features a dielectric layer with capability of switching between conducting 

and insulating states, as shown in Figure 1.6(a). Depending on the direction of applied 

field, thin conducting filament can be formed or dissolved, inducing LRS and HRS 

conditions, as Figure 1.6(e) depicts. RRAM demonstrates feasible traits such as low 

(a) (b) (c) (d) 

(e) (f) (g) (h) 
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PRG/ERS energy and high switching speed, which are attractive to NVM technology. 

Current research mainly focus on the formation of filament as the alignment of 

metallic ions or VO is the origin of filamentary resistive switching. However, the 

stochastic nature makes universal variation among RRAM devices unavoidable, 

limiting the endurance to 106–109 cycles. 

MRAM is another attractive option for emerging NVM devices, since they are able 

to achieve excellent endurance cycle over 1015 and low latency. In Figure 1.6(c), the 

magnetic tunnel junction consists of a tunnel oxide and two ferromagnetic layers. The 

polarization direction in two ferromagnetic layers can be either parallel or antiparallel, 

which generates HRS and LRS in the junction owing to tunnel magnetoresistive effect, 

as demonstrated in Figure 1.6(g). STT-MRAM and SOT-MRAM are improved versions 

of MRAM, as they show better scalability and lower power consumption. 

FeRAM is a strong and promising candidate for future NVM devices. As illustrated 

in Figure 1.6(d), a ferroelectric material is sandwiched between two electrodes, 

forming the MFM capacitor structure. Figure 1.6(h) reveals that the ferroelectric 

polarization can be reversed by electric field application, yielding two stable Pr states 

in the capacitor. Commonly, perovskite-based Pb(Zr,Ti)O3 (PZT) is used as the 

ferroelectric material, which features nice endurance performance over 1014 cycles, 

high switching speed, and high energy efficiency. HfO2-based ferroelectrics are hot 

topics in the field since they could offer greater scalability, better PRG/ERS latency, and 

even lower power consumption [17]. It is noteworthy that the emerging NVM 

counterparts of FeRAM are FeFET and FTJ, which will be introduced in section 1.4. 

TABLE 1.1 

BENCHMARK OF EMERGING NVM TECHNOLOGY [11] 
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Table 1.1 presents the benchmark of various emerging NVM technology [11]. 

 

1.3. Ferroelectric Materials 

 

In Figure 1.3, it is shown that various emerging NVM technologies are suitable for SCM. 

Interestingly, ferroelectric-related devices, e.g., FeRAM, FeFET take several places 

among all. This fact implies that ferroelectric materials possess great potential for 

realizing NVM technology because of their charge storage nature [18]. In fact, 

numerous research has been conducted to better understand the material property 

and the mechanism of polarization reversal. Therefore, it is especially crucial to take a 

look into the basics and development of ferroelectric materials before integrating 

them into advanced memory technology. 

1.3.1. History and Development of Ferroelectric Materials 

    

Figure 1.7: (a) Image of a Rochelle salt which is the first ferroelectric material 

to be discovered [19]. Different domains are visible under polarized light. (b) 

The first observation of ferroelectricity in Rochelle salt in 1921 [20]. 

 

History of ferroelectrics can be traced back to 1921 when Joseph Valasek discovered 

remanent polarization and hysteretic switching behavior in potassium sodium tartrate 

tetrahydrate, which is also named as Rochelle salt [20]. Since then, the interests for 

ferroelectric research have extended to other materials such as potassium dihydrogen 

phosphate and BaTiO3 (BTO) [21], [22]. In 1952, Shirane et al. published several papers 

about PZT, the most commonly used ferroelectric material now, which open the gate 

(a) (b) 
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for intensive research on ferroelectrics [23], [24]. Details of perovskite ferroelectrics 

will be discussed in section 1.3.4. Despite the concept of FeFET had been proposed in 

1957 [25], the commercialization of ferroelectric memory did not occur until 1990s 

[26], owing to non-ideal factors such as short retention time and leakage [27]. 

Thankfully, with the efforts dedicated by scientists and engineers for decades, the 

current society enjoys the conveniences brought by perovskite-based FeRAM 

technology [28]. For example, Sony Corp. developed the FeliCa technology using the 

embedded FeRAM technology for RFID applications. Other than memory technology, 

ferroelectric materials can also be utilized in various fields, e.g., energy harvesting and 

ultrasonic [29]. 

Recently, the discovery of ferroelectricity in HfO2-based and III-N materials has 

encouraged more and more researches about ferroelectric memory, as plotted in 

Figure 1.8 [30]. In 2011, Böscke et al. demonstrated the ferroelectric properties by 

doping Si into HfO2 crystal [31]. Besides, Fichtner et al. experimentally presented 

ferroelectricity in Sc-doped wurtzite AlN in 2019 [32]. These astonishing discoveries 

have paved the way for the investigation for novel ferroelectrics [33], [34]. Details of 

fluorite and wurtzite ferroelectrics will be discussed in section 1.3.5 and chapter 2, 

respectively. 

 

Figure 1.8: Publications related to ferroelectric memories over the years [30]. 

 

1.3.2. The Physical Origin of Ferroelectricity 

In general, the origin of ferroelectricity is the net dipole moment inside the material. 
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Simply speaking, in a molecule, dipoles could exist if positive and negative charges are 

separated due to different electronegativity among various atoms. Therefore, the 

quantity of dipole moment can be described by the multiplication of charge q and 

separated distance d. Plus, the direction of dipole moment is defined as negative 

charge pointing toward positive charge. Considering the simplest case, Figure 1.9 

displays a diagram for a set of separated point charges, where dipole moment μ can 

be calculated as the following equation shows. 

𝜇 =  𝑞 ∙ 𝑑 

 

Figure 1.9: Separated point charges q with a distance d. 

 

As materials are composed of dozens of molecules, dipole moment can be 

summed or compensated to zero, according to the vector of dipoles. Accumulation of 

dipoles at a certain volume gives the electric polarization P, as described in the 

following equation, where N is the total number of dipoles per unit volume. 

𝑃 =  𝑁 ∙ 𝜇 

 

Figure 1.10: (a) When no external bias is applied, dipoles inside the dielectric 

are randomly distributed. (b) When external bias exists, dipoles can be induced 

and aligned according to the direction of electric field [35]. 

 

It is easy to observe the presence of dipoles in dielectric materials since they are 

typically insulating. Let us consider a simple capacitor with a dielectric material 

(a) (b) 



10 

 

sandwiched between electrodes. If there is no external voltage bias applied to the 

capacitor, dipoles tend to randomly distribute inside the dielectric layer, as Figure 

1.10(a) shows [35]. On the other hand, when an external voltage bias is applied, 

polarization is induced and the dipoles align parallelly to the direction of the E, as 

depicted in Figure 1.10(b) [35]. In other words, polarization can be understood as the 

total charge induced per unit volume inside the dielectric under E. In some materials, 

net polarization could exist and pointing toward a specific direction without any 

external field, and it is named as spontaneous polarization. Once the direction of 

spontaneous polarization of a dielectric can be switched by external field, the 

dielectric is perceived as a ferroelectric material. Note that Pr refers to remanent 

polarization after ferroelectric switching, and Ec represents the coercive field required 

for polarization inversion. 

 

Figure 1.11: Classification of crystalline dielectric materials [35]. 

 

In fact, as Figure 1.11 displays, all crystalline materials are divided into 32 crystal 

classes and can be categorized as centrosymmetric and non-centrosymmetric 

materials. For centrosymmetric materials, the net dipole moment is naturally 

compensated to zero due to the crystal structure. Among all 21 non-centrosymmetric 

materials classes, since net dipole moment could be non-zero, 20 of them can exhibit 

piezoelectric effect. Furthermore, only 10 classes with piezoelectric characteristics can 

possess pyroelectric effect, and ferroelectric materials lay under these classes. Note 
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that the schematic pie chart in Figure 1.12 illustrates the effect of piezoelectric, 

pyroelectric, and ferroelectric [36]. For piezoelectric materials, the polarization 

quantity could be altered by external mechanical force, either compressive or tensile 

stress. The polarization change can be monitored by the induced electrical signals from 

the dielectric. For pyroelectric materials, temperature variation serves as the 

stimulating force to change the polarization quantity. Naturally, ferroelectric materials 

could exhibit piezoelectric and pyroelectric effects, which makes them fascinating for 

research and suitable for various practical applications. 

 

Figure 1.12: Diagram of piezoelectric, pyroelectric and ferroelectric effects [36]. 

 

1.3.3. Phase Transition in Ferroelectric Materials 

In previous sections, it is stated that polarization state of ferroelectric materials can be 

switched by external field. Figure 1.13 shows the energy landscape of normal dielectric 

and ferroelectric materials [37]. For dielectrics without spontaneous polarization, 

since the lowest energy is favorable, the polarization state should be zero when no 

voltage is applied. To induce polarization in the dielectric, application of E is required. 

However, removing E sets the polarization back to zero. As for dielectrics with 

spontaneous polarization, the polarization state can be non-zero at steady-state. If the 

applied E overcomes the energy barrier between two states, polarization reversal is 
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realized as revealed in Figure 1.14 [38]. Therefore, ferroelectric materials generally 

possess energy barriers that are low enough to overcome to achieve polarization 

reversal. In addition, during transient switching between two steady-states, negative-

capacitance effect could happen. Nevertheless, this is out of the scope of this research. 

 
Figure 1.13: Energy landscape with respect to polarization of ferroelectric, 

dielectric, and stacked materials [37]. 

 

 

Figure 1.14: The dependence of energy profile during ferroelectric switching 

from one polarized state to another [38]. 

 

In thermodynamics, potential barrier could be temperature-dependent. 

Consequently, it is important to discuss the influence of temperature for ferroelectric 

switching. Figure 1.15 demonstrates the change of energy profile and the 

stable/metastable states at different temperature conditions [39]. At temperature 

below T0, two stable polarized states are energetically stable and switching is 
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manipulated by external E. When T0<T<Tc, a metastable non-polarized state could 

form, and the distance between two stable polarized states is shortened. When 

Tc<T<T1, the stable state becomes non-polarized, and polarized states are metastable. 

When T1<T<T2, the polarized states are still achievable by high E application. When 

T2<T, the material completely loses the ability to switch. 

 

Figure 1.15: Free energy landscape and deduced P-E S curves of ferroelectrics 

at different temperatures [39]. 

 

1.3.4. Perovskite-based Ferroelectrics 

 

Figure 1.16: Two polarization states of perovskite-based ferroelectrics [40]. 

 

The perovskite-based materials have been dominating the ferroelectric research for a 

long time. The most commonly seen are PZT, BTO, BiFeO3 (BFO), SrBi2Ta2O9 (SBT), 

KNbO3, etc. These materials typically feature perovskite ABO3 structure, as illustrated 

in Figure 1.16 [40]. With atom A occupying the corner sites and O atoms residing at 

the face-centered sites, the polarization reversal is determined by the movement of 
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the center atom B. Early research has resolved the fatigue issue in PZT by utilizing IrO2 

as electrodes [41]. However, the incompatibility to CMOS process along with restricted 

scalability of PZT is the limiting factor for advanced memory technology [42]. 

1.3.5. Fluorite-based Ferroelectrics 

HfO2, a crucial dielectric material since 45 nm CMOS HKMG technology [43], is 

discovered to possess ferroelectricity by incorporating dopants such as Si, Zr, Y, Al, La, 

Gd, etc. [31], [33], [44], [45], [46], [47]. For bulk HfO2, the stable phase after synthesis 

is typically monoclinic up to 2000K, which contains no ferroelectricity nor 

antiferroelectricity. Increasing the temperature beyond could transform the crystal 

structure to tetragonal or cubic phases. As these three phases are centrosymmetric, 

ferroelectricity is impossible to present. Fortunately, through specialized process and 

growth conditions, ferroelectric orthorhombic phase HfO2 is achievable. Figure 1.17 

discloses the crystal and corresponding ferroelectricity of HfO2 at different phases [48]. 

 
Figure 1.17: Crystal structure and corresponding ferroelectric responses [48]. 

By tuning the process parameters above, ferroelectric orthorhombic phase is 

achievable. Note that monoclinic and tetragonal phases demonstrate 

paraelectric and antiferroelectric properties, respectively. 

 

The role of dopant is important as they help stabilize the formation of 

ferroelectric phase [49]. Müller et al. demonstrated the effect of Zr doping, which then 
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became the most popular dopant for HfO2 [33]. Figure 1.18(a) and (b) demonstrate 

the effectiveness of Y and Al doping with different concentrations, respectively [44], 

[45]. Besides, the mechanical stress provided from capping electrode is also decisive 

for the ferroelectricity since it can help suppress non-ferroelectric phase [31], [44]. 

Figure 1.19(a) and (b) compares the ferroelectricity of films that underwent PDA and 

PMA, respectively [50]. It is apparent that the latter shows better results, indicating 

the effectiveness of capping electrode. Therefore, a PMA process is generally more 

feasible than PDA. Moreover, in Figure 1.19(c) and Figure 1.20, HZO films usually 

present inferior Pr at larger thickness due to insufficient ferroelectric grains [50], [51]. 

 

Figure 1.18: (a) HYO and (b) HAO films with different doping concentrations 

[44], [45]. 

 

 
Figure 1.19: P-E hysteresis of HZO films after (a) PDA and (b) PMA process. (c) 

Comparison of different film thickness [50]. 

 

(a) (b) 
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Figure 1.20: P-E hysteresis of HZO films with various thickness [51]. 

 

As briefly mentioned above, RTA process is required to obtain the ferroelectric 

orthorhombic phase in doped HfO2 thin films. The phase transition during RTA is 

illustrated in Figure 1.21 [52]. At the heating stage, tetragonal phase begins to nucleate 

and completely crystallize the film. When cooling or quenching initiates, monoclinic 

and orthorhombic phases could start forming. However, monoclinic is naturally more 

stable than orthorhombic phase. Thankfully, with the assistance from electrode-

induced stress, the amount of orthorhombic phase could be increased, generating 

better ferroelectricity in the film. 

 

Figure 1.21: The formation of ferroelectric phase for doped HfO2 during RTA 

process [52]. 

 

(a) 
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1.4. Ferroelectric Memories 

 

 

Figure 1.22: Development of ferroelectric materials and memory technology 

[53]. 

 

 
Figure 1.23: Schematics and operation principles of (a) FeRAM, (b) FeFET, and 

(c) FTJ [39]. 

 

As introduced previously, ferroelectric memories show great potential for emerging 

NVM technology. Figure 1.22 shows the timeline of the development of ferroelectric 

materials and memory technology [53]. For the past two decades, with new 

discoveries of novel ferroelectrics, the research on memory applications have been 

thriving. In this journey, FeRAM, FeFET, and FTJ are devices that have drawn massive 
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attention, and their structures are depicted in Figure 1.23 [39]. FeRAM and FeFET are 

three terminal devices that the operation is controlled by word, bit, and plate lines, 

whereas FTJ only features two terminals. 

FeRAM features combinations of MFM capacitors and transistors. Data could be 

stored in the capacitors, whereas the transistors execute read/write operations. The 

advantages of FeRAM were described in section 1.2. Current researches mainly focus 

on 1T1C architecture since it provides the best scalability and simple operation [54]. 

One of the drawbacks of FeRAM is the destructive read-out which could be influential 

to power consumption and endurance performance [55]. Regarding the read 

operation, sense amplifier in the peripheral circuit detects the bit line voltage level 

which depends on “0” or “1” polarization states in the capacitor. According to IRDS 

roadmap for More Moore applications in 2023, current PZT-based FeRAMs utilize 65 

nm CMOS technology with 1T1C cell structure and 20F2 (0.22 μm2) of cell size [56]. The 

operation voltage is 1 V and the minimum required switching polarization is 18.1 

μC/cm2. Additionally, the endurance and retention performance are excellent with the 

over 1014-1015 cycles and over 10 years, respectively [57]. 

FeFET is a promising device that directly integrates ferroelectric material as the 

gate dielectric in a FET. Electrical charges induced by the polarization can influence the 

ID-VG characteristics. Once Vth difference between forward and reverse sweeps is 

presented, memory window can be defined. Different from FeRAM, read operation of 

FeFET is non-destructive, and as HfO2-based ferroelectrics feature high downscaling 

capability, plenty of researches have been conducted [58]. Compared to FeRAM, FeFET 

could benefit from its 1T cell structure with 4F2 size [56]. Nevertheless, since high-κ 

materials generally have intrinsic defects and non-ideal interfaces to Si, Ge, or III-V 

channels [59], [60], [61], it is unavoidable to insert an additional dielectric interlayer 

[62], [63], as shown in Figure 1.23(b). Due to the degradation of ferroelectric/channel 

interface, HfO2-based FeFETs typically show 105-109 cycles of endurance [64]. Tan et 

al. proposed a HZO FeFET featuring record high endurance over 1010 cycles by 

improving the interface quality [65]. 

FTJ possess a natural advantage for crossbar-based design circuits owing to its 

two terminals. The structure of FTJ devices could be MFM, MFIM, or MFIS, as long as 

the tunneling electroresistance can be induced. Write operation is conducted by 
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applying E that is larger than Ec, switching the polarization state in the ferroelectric 

layer. Read operation can be done by an external E smaller than Ec, and the current 

level responses according to its HRS or LRS states which are depending on the 

polarization states. One issue of FTJ devices is that low read current requires 

amplification to obtain fast sensing. The endurance usually exhibits about 107-109 

cycles [66], [67]. 

 

1.5. Chapter Overview 

 

 

Figure 1.24: Schematic flow chart of content in chapters in this thesis. 

 

In this thesis, the content is arranged as Figure 1.24 shows. Chapter 1 introduces and 

reviews the advanced technology for future memory applications. Ferroelectricity, 

ferroelectric materials and memories are discussed in detail. Chapter 2 specifically 

elucidates the ferroelectricity in novel III-N materials, as it is the key material of this 

work. The purpose of this research is emphasized at the end of chapter 2. After that, 

information regarding the fabrication process and the electrical characterizations of 

AlScN ferroelectric thin films are given in chapter 3. Then, chapter 4 describes the 
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exploration of deposition conditions to realize scalable and reliable AlScN films. 

Subsequently, chapter 5 demonstrates the influence of defect engineering in AlScN 

thin films by doping oxygen to tune the ferroelectricity. Additionally, chapter 6 covers 

the concept of oxygen profiling for multi-layered AlScN films. Chapter 7 shows the 

effectiveness of interface oxygen depletion by H2 flux involved reactive sputtering for 

significant endurance improvement. Chapter 8 summarizes all the acquired results and 

proposed guidelines for reliable and scalable AlScN MFM capacitors. Finally, chapter 9 

concludes the contribution of this research and provides future perspectives. 
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Chapter 2:  Ferroelectricity in Nitride Materials 

 

2.1. Theoretical and Experimental Demonstration of Ferroelectricity 

 

 
Figure 2.1: Nitride materials showing various properties for various applications 

[68]. 

 

Nitride materials have been demonstrating potential in various fields, as displayed in 

Figure 2.1 [68]. Conventional III-N materials such as AlN, GaN, and InN possess wurtzite 

crystal structure along with spontaneous polarization. Binary or ternary III-N materials 

also possess direct bandgaps, allowing themselves to be applied in various fields like 

blue light LED [69], [70], [71], DUV LED [72], photodetectors [73], lasers [74], etc. 

Moreover, 2DEG has been discovered in III-V-based heterostructures [75], leading to 

prosperity in HEMTs for high power and high frequency applications [76], [77], [78], 

[79], [80], [81], [82]. 

AlN has been receiving attention with regards to piezoelectric applications [83], 

[84]. Predictions of ferroelectricity were also proposed in the early 2010s [85], [86]. 

However, not until 2019, the ferroelectricity in III-N materials has been experimentally 

demonstrated [32]. The wurtzite-type ferroelectrics are capable of retaining high Pr 

and have garnered interest in the semiconductor society since then. For conventional 

III-N compounds, though spontaneous polarization exists in the forms of metal-polar 

or N-polar [87], switching event is difficult to realize due to high potential barrier 

between two polar states. Applying excessive E to the dielectric could lead to electrical 

breakdown before the polarization reversal. Fortunately, by including dopants such as 
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Sc, B, and Y atoms that reduces polarization switching barrier in binary AlN or GaN 

[88], [89], ferroelectricity can be achieved in AlScN, AlBN, AlYN, GaScN, and AlScGaN 

[32], [34], [90], [91], [92]. Figure 2.2 unveiled the energy landscape of pure AlN and 

Sc-doped AlN [53]. Obviously, N-atom displacement along the c-axis, corresponding to 

metal-polar or N-polar in wurtzite crystals, enables polarization reversal [93], [94], 

[95]. Therefore, the polarization magnitude and switching barrier are highly related to 

the structural factors in AlN. Basically, with Sc atoms joining the wurtzite lattice, the 

basal plane receives tensile stress, which decreases Ec and realizes the polarization 

switching. The details about wurtzite structure will be discussed in section 2.2.1. 

 

Figure 2.2: Energy landscape of pure AlN and AlScN [53]. 

 

 

Figure 2.3: The first experimental demonstration of P-E hysteresis in wurtzite 

materials. Pr and Ec are tunable by changing the Sc content in Al1-xScxN [32]. 
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  Figure 2.3 reveals the ferroelectric P-E hysteresis in Al1-xScxN films [32]. The box-

like ferroelectricity draws massive attention, and Pr and Ec are shown to be tunable by 

changing the Sc content. With more Sc atoms involved, the polarization magnitude 

and the potential barrier decreases. Dielectric and ferroelectric properties will be 

elucidated in section 2.3. 

Table 2.1 compares the properties of ferroelectrics, including PZT, SBT, BFO, HZO, 

and AlScN [53]. It is shown AlScN demonstrates extraordinarily high Pr and Ec values. 

Low ε is another advantage for mitigating the RC delay in electrical circuits. High Tc 

implies good retention and thermal stability in critical environments [96]. In addition, 

AlScN are free of heavy metal atoms like Pb and the process temperature are lower 

than 400oC, or even at RT [97], [98], which benefits itself for CMOS BEOL integration. 

TABLE 2.1 

COMPARISON OF FERROELECTRIC MATERIALS [53] 

 

 

However, two primary challenges in the development of Al1-xScxN ferroelectrics 

must be addressed: (1) the large Ec approaching the EBD, compromises endurance 

performance [53]; and (2) high leakage through the film impairs the ferroelectric 

properties [99]. Thickness scaling for the sub-50-nm region is also constrained because 

of further increases in Ec and leakage [100], [101]. Consequently, minimizing Ec and 

suppressing leakage in Al1-xScxN films are crucial for enhancing their compatibility with 

future nanoelectronics. 

 

2.2. Crystal Growth and Deposition Methods 

 

This section discusses the crystal growth and deposition methods of AlScN thin films. 

Section 2.2.1. will show the crystal structure of AlScN and its relationship with Sc 



24 

 

concentration. The growth of Al1-xScxN ferroelectric films has mainly been 

accomplished by sputtering and MBE [32], [102]. Even MOCVD grown AlScN showed 

ferroelectricity recently [103]. Section 2.2.2. will focus on sputtered AlScN films, and 

epitaxial growth will be described in section 2.2.3. 

2.2.1. Wurtzite Crystal Structure 

 

Figure 2.4: Wurtzite crystal is energetically stable only if the Sc content is lower 

than 32% in Al1-xScxN [104]. 

 

Before introducing the wurtzite crystal structure for ferroelectric AlScN, the influence 

of Sc doping to the crystal structures should be understood. Figure 2.4 reveals that at 

Sc concentration below 32%, the wurtzite structure is stable in Al1-xScxN [104]. 

However, when more Sc atoms are incorporated, the crystal structure change to 

rocksalt is more favorable, which could lose the ferroelectricity [105]. With different 

calculation methods, the border between wurtzite and rocksalt generally falls into the 

region of 30-50% [104], [106], [107]. 

Figure 2.5 depicts the wurtzite crystal structure of AlScN [108]. Wurtzite is a 

structure based on hexagonal in which the lattice constants a and c are used. Note that 

spontaneous polarization does not exist in layered hexagonal structures, as the dipole 

moments are compensated. Plus, u is another parameter to show the deviation status 

of wurtzite comparing to layered hexagonal. The calculation of u is shown in the 

following equation. 
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𝑢 =  
𝑎2

3𝑐2
+  

1

4
 

 

Figure 2.5: Wurtzite crystal structure of AlScN [108]. Tetrahedron structures are 

found among adjacent metal and N atoms. 

 

  

   

Figure 2.6: (a) Average calculated bond length of first neighbor Al/Sc atoms and 

N atoms that are orientated either in the basal plane or along c-axis [109]. 

Average metal-N bond length (b) along c-axis and (c) in the basal plane for AlScN 

with respect to Sc concentration [108]. 

 

(a) 

(b) (c) 
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To understand the origin of polarization reversal in AlScN, it is worth investigating 

the wurtzite crystal structure change with Sc doping. Figure 2.6(a) delineates the 

calculated bond length of first neighbor Al-N and Sc-N bonds along the c-axis and in 

the basal plane for AlScN [109]. Apparently, Sc-N bonds have larger length than Al-N 

bonds. When more Sc atoms are incorporated into the wurtzite lattice, average metal-

N bond length increases accordingly, as Figure 2.6(b) and (c) show [108]. Since 

tetrahedrons are formed by metal and N atoms, as depicted in Figure 2.5, it is also 

necessary to consider the bond angles. In other words, the variation of geometric 

dimensions in tetrahedrons is the key factor to the ferroelectricity of AlScN. Figure 2.7 

illustrates the relationship between geometric dimensions of tetrahedrons and Sc 

doping content [108]. When Sc concentration increases, the basal plane is relaxed by 

tensile strain and the distance of N atom to the basal plane (hN(x)) declines. This 

indicates that the translation of N atoms through tetrahedron basal planes becomes 

easier with external field application and thereby achieving polarization inversion. 

 

Figure 2.7: Calculated geometric dimensions of tetrahedrons in wurtzite 

crystals of AlScN [108]. h(x) represents the distance between the apex to the 

basal plane. hN(x) is the distance of the N atom to the basal plane. b(x) is the 

bisector of the basal plane. 

 

Naturally, the change of Sc content would vary the lattice constants and 

parameters in wurtzite crystals. Figure 2.8(a), (b), and (c) delineate the relationship of 
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Sc concentration with lattice constants, c/a, and u parameters, respectively [110]. 

When Sc is included below 40%, lattice constant c shows a very slightly declining trend 

whereas lattice constant a gains linearly. This results in a linear decline of c/a ratio, 

which reduces the energy barrier for ferroelectric switching. Moreover, a gradual 

increasing trend is spotted in the dependence of u at low Sc content region. In 

addition, due to the increasing amount of Sc-N bonds in the crystal, the average bond 

ionicity is increasing monotonically with Sc content, as depicted in Figure 2.8(d) [110]. 

 

  

Figure 2.8: Dependence of Sc content with (a) lattice constants a and c, (b) c/a, 

and (c) u parameter [110]. (d) The average bond ionicity in Al1-xScxN [110]. 

 

 

(d) 
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Figure 2.9: Two polarization states in ferroelectric wurtzite materials [111]. 

 

As briefly mentioned in the previous section 2.1., wurtzite crystals have two polar 

states, metal-polar and N-polar which are illustrated in Figure 2.9 [111]. The confusion 

of polarization direction in wurtzite crystals was clarified by literature [112]. In this 

research, metal-polar is assigned with upward polarization direction, and N-polar is 

assigned to negative. 

2.2.2. Physical Vapor Deposition: Sputtering 

Sputtering is one of the most common ways to deposit AlN films [113], [114]. As the 

deposition techniques of AlN have been researched for a long time, wide choices are 

available for AlScN films. Including pure N2 or mixed Ar/N2 gas ambient, DC or RF power 

supply, single or dual targets, etc. Akiyama et al. presented the influence of Sc content 

on crystallinity for piezoelectric applications [115], [116]. As displayed in Figure 

2.10(a), the XRD peak for AlScN 002 phase is the most prominent at Sc content of 40%. 

Note that the peak positions are shifted due to lattice parameter changes. The c-axis 

crystallinity is also enhanced at 40% of Sc, as Figure 2.10(b) shows. 

 

Figure 2.10: (a) XRD profile and (b) FWHM of sputtered Al1-xScxN films [116]. 

 

Yasuoka et al. investigated the impact of deposition temperature for ferroelectric 

AlScN films [98]. In Figure 2.11(a), films deposited at temperatures above 300oC show 

distinct 002 peaks, indicating the presence of c-axis oriented grains. Results of PUND 

measurement are plotted in Figure 2.11(b) which shows that 400oC is the most suitable 

(a) (b) 
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deposition temperature for sharp Pr-E slope and highest Pr values. Deposition below 

200oC leads to low Pr and unsaturated performance. Moreover, Ec tends to exhibit an 

increasing trend when temperature increases, as shown in Figure 2.11(c). It can be 

concluded that 400oC is the most optimal temperature for the best ferroelectricity in 

AlScN. Additionally, another work from Yasuoka et al. demonstrated that both pure N2 

or mixed Ar/N2 gas ambient can be used during sputter deposition, as depicted in 

Figure 2.12(a) and (b) [117]. 

 
Figure 2.11: (a) XRD profiles of the sputtered films deposited at different 

temperatures. (b) Pr-E relationship obtained from PUND measurement. (c) 

Comparison of ferroelectricity [98]. 

 

Figure 2.12: P-E hysteresis of sputtered AlScN film using (a) only N2 gas and (b) 

(a) 

(b) 

(c) 
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mixed Ar/N2 gases during deposition [117]. 

 

Although low-temperature deposition below 400oC could be achieved by 

sputtering, contaminants such as oxygen coming from the vacuum chamber were 

found inside the prepared AlN film [118], [119]. Both sputtered AlN and ScN films have 

reported resistivity degradation on account of oxygen contamination [118], [120]. The 

source of oxygen is found to be the residual O2 and H2O inside the chamber and the 

oxidized targets [121], [122]. Since Ti, Al, and Sc atoms possess strong affinity toward 

oxygen than nitrogen [123], residual oxygen deteriorates the purity of nitride films, 

posing threats to mechanical, electrical, optical properties. In addition, as listed in 

Table A1.1, the dissociation energy of cation-O bonds is typically higher than cation-N 

bonds. Long-time pumping to high vacuum level could help to decrease the residual 

O2, but residual H2O attached to the chamber wall is hardly removed. This can be 

solved by chamber baking, which vaporizes the water, making it easy to be evacuated 

by the pumping system. High temperature or high power plasma deposition offers 

another way to decrease the incorporated oxygen in the sputtered films [124], [125]. 

2.2.3. Epitaxial Growth: MBE and MOCVD 

 

Figure 2.13: (a) P-E hysteresis of MBE deposited AlScN films. (b) Comparison of 

ferroelectricity among sputtered and MBE grown films [102]. 

 

The epitaxial growth of AlScN films are mainly conducted on GaN templates as they 

also possess wurtzite crystal structure. Wang et al. demonstrated MBE growth of 

ferroelectric AlScN with various Sc concentrations, as depicted in Figure 2.13(a) [102]. 

Figure 2.13(b) shows that the ferroelectricity of MBE films is close to the results of 

(a) (b) 
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sputter cases. However, the origin of leakage current in both cases might be different, 

which will be detailed in section 2.3.1. Wolff et al. presented ferroelectric AlScN using 

MOCVD growth [103]. In Figure 2.14(a), ferroelectric switching is demonstrated by 

current response. Figure 2.14(b) additionally provides the STEM image for switched 

and unswitched areas. After switching, the film shows cone-like domains. 

 

Figure 2.14: (a) Current density in relation to E. (b) STEM image for switched 

and unswitched areas [103]. 

 

 

2.3. Ferroelectric and Dielectric Properties of Aluminum Scandium 

Nitride 

 

The ferroelectric properties of III-N materials such as Al1-xScxN, Ga1-xScxN, and Al1-xBxN 

can be tuned by changing the chemical composition [32], [34], [90], [117], [126], [127]. 

This section discusses the influence of Sc content on material properties of Al1-xScxN. 

2.3.1. Bandgap and Leakage Current 

 

(a) (b) 

(a) (b) 
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Figure 2.15: Calculated Eg by (a) Deng et al. [128] and (b) Baeumler et al. [129]. 

 

Figure 2.15(a) and (b) demonstrate the relationship of Eg and Sc content in AlScN, and 

the results are derived by Deng et al. and Baeumler et al., respectively [128], [129]. 

The difference can be attributed to different methods used. Generally, as Sc content 

increases, the Eg values show decreasing trend, which is related to the bond angles, 

bond lengths and c/a ratio in wurtzite structure. Besides, the bandgap changed from 

direct to indirect at approximately 25% of Sc content. 

The decreasing trend of Eg with higher Sc content raises the concern about 

leakage current. Though the Eg values at low Sc content condition, unexpected high 

leakage is found in AlScN films, comparing to HZO films with good insulating property. 

Indeed, in section 4.2.3., the leakage current will be shown depending on the Sc 

content. In addition, it has been demonstrated that leakage in ferroelectric materials 

could increase after field cycling [130], [131], [132], [133]. Kataoka et al. suggests that 

Schottky emission could be the dominating mechanism for leakage current in 

sputtered AlScN films [134]. As displayed in Figure 2.16(a) and (b), the Schottky barrier 

height at ferroelectric/electrode interfaces decreases after switching, and the 

formation VN is attributed to this effect [134], [135]. For epitaxial AlScN films, Wang et 

al. proposed that the leakage current is related to the dislocation density [136]. 

 

 

Figure 2.16: (a) Schottky barrier height before and after switching. (b) Band 

diagram of MFM structure [134]. 

 

2.3.2. Dielectric Constant 

Ambacher et al. theoretically calculated the εr of Al1-xScxN, as illustrated in Figure 2.17 

(a) (b) 
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[109]. Yagitani et al. published similar results with practical experiments [137]. For 

pure AlN, the εr value is around 10. Considering ferroelectricity only stays up to 30-

40% of Sc content, the εr range of ferroelectric AlScN is between 10-25. This value is 

typically lower than HfO2-based ferroelectrics, and significantly lower than PZT, which 

is advantageous for future memory technology. 

 

Figure 2.17: εr with respect to doping concentration in ternary III-N materials 

[109]. 

 

2.3.3. Remanent Polarization and Coercive Field 

 

Figure 2.18: P-E hysteresis of PZT, HZO, and wurtzite ferroelectrics [138]. 

 

Prior to elaborate the influence of Sc content for ferroelectric properties, it is 

interesting to take a look at the P-E curves in popular ferroelectrics first. Figure 2.18 

reveals the ferroelectricity in perovskite, fluorite, and wurtzite materials [138]. 
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Apparently, higher Pr and Ec values are demonstrated in wurtzite materials. The P-E 

hysteresis for wurtzite cases is more box-like, indicating the switching mechanism 

among domains could be different from the fluorite case. 

 

Figure 2.19: (a) Pr and (b) Ec with respect to Sc content in Al1-xScxN films [110]. 

 

Figure 2.19(a) and (b) demonstrate the dependence of Pr and Ec with Sc content, 

respectively [110]. Both ferroelectric parameters show decreasing tendency with 

higher Sc concentration. For experimental Pr, a high value over 130 μC/cm2 can be 

achieved [117]. The decreasing trend of Pr is related to the structural change in the 

lattice, as the u parameter increases from the ideal value of 0.375 [139], according to 

Figure 2.8(c). Therefore, the lattice generates less Pr at higher Sc content. In the case 

of experimental Ec, it is shown that the variation falls into the range of 2-7 MV/cm. The 

reason of the decreasing trend in Ec is described previously in section 2.1. 

 

Figure 2.20: Ec values in relation to temperature and film thickness [100]. 

 

Additionally, from the thermodynamics point of view, the potential barrier of 

(a) (b) 
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switching can be overcome in an easier approach such as applying higher excitation 

energy. Therefore, the Ec value can be tuned by changing the temperature [100], [140]. 

Mizutani et al. presented lower Ec values of AlScN at higher temperature than RT, as 

shown in Figure 2.20 [100]. 

2.3.4. Poling-free 

For HZO, it is generally necessary to apply a set of field cycling to “wake-up” the 

ferroelectricity and mitigate the antiferroelectricity. However, this is not the case of 

AlScN. It has been considered that AlScN is wake-up free, as the Pr values of the first 

few cycles are very close to the maximum [141]. Therefore, it is reasonable to consider 

that Pr already exists after deposition. Tsai et al. discovered the poling-free 

characteristics in 2021 [97]. Figure 2.21(a) and (b) show the C-V sweeps of two pristine 

AlScN capacitors. In Figure 2.21(a), a positive sweep is conducted initially, and no peaks 

are found. Subsequent sweeps exhibit ferroelectric switching due to the presence of 

peaks. On the other hand, in Figure 2.21(b), a negative sweep is conducted initially, 

and ferroelectric switching occurred. Naturally, peaks in the subsequent sweeps are 

present. Moreover, the magnitude of drastic capacitance variation, i.e., peak heights 

in sweep #1 and #3 are quite the same. The observed phenomenon indicates that 

AlScN is already polarized to N-polar after deposition. 

 

Figure 2.21: Initial (a) positive and (b) negative C-V sweeps for pristine films 

[97]. 

 

Wolff et al. demonstrated the poling-free characteristics by experimental 

methods, as shown in Figure 2.22(a), (b), and (c) [94]. In Figure 2.22(a), the 

ferroelectric film is partially covered by TE and underwent switching operation. Then, 

(a) (b) 

(

a

) 

(

a

) 
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the TE is removed to expose the switched area. Since the switched and unswitched 

areas have different polar states, selective wet etching is conducted to etch away N-

polar area, which is unswitched. Figure 2.22(b) and (c) provide SEM evidence after 

selective etching. 

 

Figure 2.22: (a) Schematic flow of the confirmation of N-polar state in pristine 

film. SEM image of the (b) top and (c) oblique view after selective etching [94]. 

 

 

2.4. Thickness Downscaling 

 

In order to achieve high energy efficiency for advanced memory technology, it is crucial 

to downscale the operation voltage. Therefore, minimizing the thickness of 

ferroelectric films is an urgent task to be tackled. PZT has its struggle when the 

thickness is reduced under 50 nm. One reason for Pr distinction at scaled PZT films is 

the existence of dead-layer. HZO films, on the other hand, have already demonstrated 

good scalability under 5 nm [142], [143]. Though some efforts have been dedicated to 

scaled AlScN films, more effort to realize low-voltage operation is desirable, since still 

limited publications have been published with below 10 nm AlScN film [101], [144]. 

Section 2.1. briefly mentioned that several challenges could be encountered during 

the progress of downscaling. One major obstacle is leakage current. This could be 
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resolved by fine tuning the deposition conditions and Eg engineering in the film. 

Chapter 4 will focus on this aspect. The other obstacle is the deteriorated 

ferroelectricity in ultra-thin films. Figure 2.23(a) and (b) illustrate the trend of Ec and 

Pr values during thickness downscaling, respectively [110]. As the thickness decreases, 

Ec tends to increase. It is explained that at thinner thickness, the ferroelectric layer 

suffers more compressive strain due to lattice mismatch with electrodes [145]. 

Therefore, lattice parameter u variation due to the influenced lattices could contribute 

to this effect. Moreover, the gradually inferior Pr various in scaled films indicates worse 

c-axis crystallinity. This could be possibly solved by fine tuning the deposition 

conditions. 

 

Figure 2.23: (a) Pr and (b) Ec values in relation to film thickness [110]. 

 

2.5. Reliability Concerns 

 

 
Figure 2.24: Endurance tests for AlScN thin films deposited by (a) sputtering 

[146] and (b) MBE [102]. 

(a) (b) 
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Other than the aforementioned issue about thickness downscaling, AlScN suffers from 

from reliability issues including limited endurance strength about 105-106 cycles and 

deteriorated breakdown field due to the presence of high leakage and high Ec/EBD 

ratios [53], [99], [124], [133], [136]. Figure 2.24(a) and (b) give examples of endurance 

measurements for sputtered and MBE deposited films [102], [146]. 

 

Figure 2.25: Model of decreasing Schottky barrier height after field cycling 

[133]. 

 

 
Figure 2.26: Defect generation in AlScN based on hot atom damage model 

[147]. 
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As stated in section 2.3.1., the high leakage current could originate from the VN 

inside the sputtered film [134], [135], and the amount of VN increases even more after 

cycling [133]. This phenomenon is suggested by Tsai et al. and attribute the breakdown 

event to reduced Schottky barrier height and excessive Joule heating in the film, as 

illustrated in Figure 2.25 [133]. Moreover, Guido et al. attributes the high leakage 

current to the formation of conductive filaments, which is highly related to charged VN 

generation [147]. Figure 2.26 depicts the schematic illustration of defect generation 

based on hot atom damage which is explained as follows [147]. During ferroelectric 

switching, transient overshoot of N atom displacement can result in defect generation 

due to domain wall motion. The produced defect would accumulate by field cycling 

and form filaments to breakdown. It is worth mentioning that when the leakage 

current is inhibited, the generation of defects and filament can be suppressed, giving 

rise to high EBD, as will be shown in chapter 4. 

 

2.6. Aims of This Research 

 

Addressing the issues of AlScN thin films in section 2.4. and section 2.5., the aims of 

this research are clear, which is to propose highly scalable and reliable AlScN thin films. 

Herein, fabrication, characterization, and analysis are conducted for AlScN films. Since 

most publications to date demonstrate 105 cycles of endurance, this research aims to 

elongate the endurance cycle by two orders of magnitude. Plus, as only limited 

amounts of work are able to achieve low voltage operation, this research targets below 

5 V operation with enhanced ferroelectricity. Though there are some trade-offs among 

some ferroelectric and dielectric properties, this research intends to contribute to the 

development of ferroelectric AlScN thin films for future NVM technology applications. 
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Chapter 3:  Fabrication Process and Electrical 

Characterization of Aluminum Scandium Nitride Capacitors 

 

In this chapter, experimental details of this research will be described. The fabrication 

process of ferroelectric AlScN capacitors is shown in section 3.1. Note that section 3.1. 

only expounds the general process, and some key parameters might be changed to 

fulfill certain purposes. These key changes will be specified in the subsequent chapters. 

Section 3.2. demonstrates the methods of measurement for electrical 

characterization. 

 

3.1. Capacitor Preparation 

 

    

Figure 3.1: (a) Schematic figure and (b) process flow of AlScN MFM capacitor. 

 

The schematic view and the flow chart of MFM capacitor fabrication process are 

illustrated in Figure 3.1(a) and (b), respectively. Details are provided in the following 

sections. 

3.1.1. Wafer Cleaning 

In this research, n+-Si wafers with the following features are used as substrates: (100) 

orientation, 625 ± 25 μm of thickness, and resistivity below 0.005 Ω∙cm. These 6-inch 

wafers are diced into 2 cm × 2 cm samples. The process starts with removing the 

particles on n+-Si substrates by ultrasonic cleaner in DI water for 3 minutes at RT. The 

chemical cleaning on the surface is implemented using SPM solution, which contains 

(a) (b) 
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the mixture of H2O2/H2SO4 = 1:2, for 10 minutes at 180oC. Then, a 5-minute rinse in DI 

water takes the residual solution and reactant away. In order to remove the native 

oxide, the n+-Si substrates are dipped into 1% HF solution for 1 minute and followed 

by 1 minute DI water rinse. 

3.1.2. MFM Stack Deposition by in-situ Reactive Sputtering 

To avoid surface re-oxidation in atmosphere, the samples are brought to the loadlock 

of the sputtering machine as soon as possible (5~10 minutes). It is worth mentioning 

that confirmation of chamber base pressure is required before transferring samples 

from loadlock to chamber. The base pressure should be at the range of 10-6 Pa or lower, 

otherwise the sputtered films are likely to contain high amount of oxygen 

contaminants which deteriorate the films’ quality [118], [119], [120], [121]. After 

sample transfer, the substrate temperature is increased and sustained at 400oC for 1 

hour. This long waiting time not only prevents the temperature fluctuation at the 

substrate but also ensures that the chamber pressure is maintained at the range of 10-

5 Pa or lower. Here, due to heated conditions, the tolerance value of chamber pressure 

is slightly higher. 

TABLE 3.1 

SPUTTERING CONDITIONS FOR TITANIUM NITRIDE 

Deposition parameters 

Sputtering target Ti (80 mm dia.) 

Process temperature (oC) 400 

RF power supply (W) 300 (13.56 MHz) 

T/S distance (mm) 100 

Process pressure (Pa) 0.16 

Ar/N2 gas flow (sccm) 4/6 

 

The MFM stack is in-situ deposited on n+-Si substrates by single source reactive 

sputtering to refrain from surface oxidation of the ferroelectric AlScN layer [148], 

[149]. First, 10 nm TiN BE layer is deposited by sputtering a Ti target in Ar (4 sccm)/N2 

(6 sccm) gas ambient with the power of RF 300 W and the chamber pressure of 0.16 

Pa. Note that for TiN sputtering, the T/S distance is fixed at 100 mm. Detailed 
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sputtering conditions for TiN films are summarized in Table 3.1. 

 

Figure 3.2: Dependence of sputtering rate and deposited thickness of AlScN. 

The thickness is measured by ellipsometry. 

 

TABLE 3.2 

SPUTTERING CONDITIONS FOR ALUMINUM SCANDIUM NITRIDE 

Deposition parameters 

Sputtering target 
Al0.53Sc0.47 

(80 mm dia.) 

Al0.8Sc0.2 

(80 mm dia.) 

Process temperature (oC) 400 

DC power supply (W) 300 

T/S distance (mm) 100 

Process pressure (Pa) 0.65-0.7 0.55-0.6 

Ar/N2 gas flow (sccm) 5/10 

 

Second, by sputtering the 80 mm diameter AlSc alloy target, the AlScN layer is 

deposited in Ar (5 sccm)/N2 (10 sccm) gas ambient with the power of DC 300 W. Herein, 

the chamber pressure is the lowest reachable value for plasma ignition, and it is 

related to the composition of AlSc alloy target. This value is around 0.65-0.7 Pa and 

0.55-0.6 Pa for Al0.53Sc0.47 and Al0.8Sc0.2 targets, respectively. In addition, the T/S 

distance is set to 100 mm. Moreover, the AlScN film thickness could be controlled by 

varying the sputtering time. It is observed that the cathode current, monitored by the 
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DC power supply, shows decreasing tendency as the deposition time increases, 

indicating less ions are generated over time. Figure 3.2 confirms that the sputtering 

rate gradually decreases as the AlScN layer becomes thicker. This could be the 

influence of decreasing sputter yield. If not specified particularly, the deposited film is 

50 nm. Chapter 4 will focus on the dependence of target composition, chamber 

pressure and T/S distance for AlScN ferroelectric and dielectric properties. Detailed 

sputtering conditions for AlScN are summarized in Table 3.2. 

Finally, 30 nm TiN TE layer is grown using the same condition as the BE layer, and 

the MFM deposition process is completed. The samples are transferred back to the 

loadlock for 1 hour cool-down. 

3.1.3. Capacitor Pattern Formation 

Contact lithography is conducted to create the capacitor patterns. Prior to S1818 

photoresist (MICROPOSIT S1800 series) coating, the samples were exposed to 

evaporated HMDS for 2 minutes on a 115oC hot-plate to improve the photoresist 

adhesion. Subsequently, 115oC pre-bake for 5 minutes is applied to remove the solvent 

of coated photoresist. Exposure to 365 nm DUV light continues the process, and the 

patterns are developed by NMD-3 solution (TMAH 2.38%) for 1 minutes 30 seconds. 

Thereafter, in order to solidify the photoresist for the following etching process, the 

samples undergo 130oC post-bake for 10 minutes. 

For TiN TE etching process, both wet and dry etching are available. In the case of 

wet etching, APM solution, a mixture of NH4OH/H2O2/H2O = 1:5:5, is used as etchant. 

8 minutes etching time at RT is sufficient to etch away 30 nm TiN. For the case of dry 

etching, Cl2/Ar gas mixture is utilized as etchant in the ICP-RIE system. This research 

mainly adopts the wet etching method to define TE patterns. 

After TiN TE etching process, the sample surface is again coated with another 

photoresist layer, and followed by 5 minutes baking at 115oC. Native oxide on the 

sample backside is then removed by floating the sample on 1% HF solution for 1 

minute. The purpose of additional photoresist layer is to prevent direct contact 

between HF solution and exposed area on the sample surface. The photoresist 

removal is carried out using ultrasonic cleaner, acetone, ethanol and DI water. Note 

that the created TE patterns have a common size of 2.5 × 10-5 cm2 in square shape. 
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3.1.4. Backside Contact Deposition by Evaporation 

Subsequent to capacitor patterning, the samples are transferred to the evaporator 

machine as soon as possible (5~10 minutes) to prevent surface re-oxidation. 100 nm 

Al layer is evaporated to the sample backside to create Ohmic contact to the TiN BE 

layer. This ends the capacitor fabrication process, and the capacitors are ready for 

electrical characterization. 

 

3.2. Electrical Measurement 

 

This section describes the measurement methods that are used to characterize the 

fabricated ferroelectric AlScN capacitors. 

3.2.1. Polarization-Electric Field 

 
Figure 3.3: P-E measurement of ferroelectric capacitor for ideal and practical 

cases [150]. The inset shows the input signal. Polarization is calculated by 

integrating the current density with respect to time. 

 

The polarization of ferroelectric film can be directly read out by monitoring the current 

response upon polarization reversal. In other words, ferroelectric domains are 

reoriented toward the most favorable direction when the film is subjected to voltage 

bias, and thereby generating switching current. Therefore, it is convenient to measure 

the ferroelectric properties by simple I-V measurement. Additionally, according to 

Gauss's law of Maxwell’s equations, the polarization P can be calculated as 

𝐷 =  𝜀0 ∙ 𝜀𝑟 ∙ 𝐸 = 𝐷0 + 𝑃 =  𝜀0 ∙  𝐸 + 𝑃 =  
𝑄

𝐴
=  

∫ 𝐼(𝑡)𝑑𝑡

𝐴
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, where vacuum contribution D0 is neglectable in most cases. Figure 3.3 illustrates 

simple I-V measurement for both ideal and practical circumstances [150]. The x-

intercepts of the P-E loop are defined to be Ec values as the polarization is considerably 

inversed at the electric field. Pr values are determined at the y-intercepts which 

corresponds to remanent polarization at zero electric field. Owing to the hysteresis 

loop in P-E relationship, simple I-V measurement of ferroelectric capacitors is also 

called P-E measurement. Some research may adopt Q-V, P-V, or Q-E hysteresis loop 

instead, but the physical meaning remains the same. Examples of typical ferroelectric 

hysteresis loops are shown in Figure 3.4 [151]. 

 

 

Figure 3.4: Typical P-V hysteresis loops of ferroelectric HfO2-based ferroelectric 

capacitor under various voltage sweep range [151]. 

 

Although the P-E measurement is intuitive to examine the ferroelectricity inside 

the film, i.e., a hysteresis loop represents ferroelectricity, there are some drawbacks in 

this method. First, the measured current not only consists of ferroelectric switching 

contribution, but also contain non-ideal contributions from paraelectric switching and 

resistive leakage. Second, the ferroelectric and paraelectric switching is dependent to 

the measurement frequency, whereas the resistive leakage current is mainly related 

to the applied electric field. Thus, eliminating the impact of non-ideal contributions is 

crucial when dealing with leaky films. 

P-E hysteresis loops generated by films with high leakage may be misleading. 

Figure 3.5(a) shows a hysteresis loop of a lossy dielectric, which is similar to the shape 

of banana in Figure 3.5(b) [152]. The extraction of Pr and Ec in Figure 3.5(a) is 
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meaningless since the hysteresis is not dominated by ferroelectric switching but high 

leakage current. True ferroelectric films should present ferroelectric traits such as 

abrupt polarization change at Ec, as shown in Figure 3.4. Consequently, films 

presenting banana-shaped hysteresis loops should be measured with the methods 

introduced below. 

 
Figure 3.5: Scott et al. elucidated the importance of identifying true 

ferroelectricity in a humorous way. (a) Banana-shaped hysteresis loops of lossy 

dielectric, and (b) an actual banana [152]. 

 

 

Figure 3.6: P-E hysteresis loops from DLCC measurement with two different 

frequencies. Note that a leaky ferroelectric HAO capacitor is used here [153]. 

 

Fortunately, dynamic leakage current compensation (DLCC) proposed by Meyer 

et al. and further elaborated by Schenk et al. can tackle the above issue [153], [154]. 

The main concept of this method is to conduct two sets of P-E measurements with 

different cycle frequencies, and thereby subtracting the non-ideal contributions. 
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Figure 3.6 shows the P-E hysteresis loops of DLCC measurement, and ferroelectric 

traits of a leaky HAO capacitor is successfully unveiled [153]. However, limitations to 

this method (e.g., frequency-dependent Ec shift, material-related frequency selection, 

and the leakage should not be significantly larger than switching current) should be 

taken into consideration. Detailed calculation of DLCC can be found in literature [153]. 

Other than DLCC method, positive-up negative-down (PUND), which was 

demonstrated by Scott et al., is another effective method to isolate the ferroelectric 

contribution from the overall current response [155]. This method is explained in the 

following section. 

3.2.2. Positive-Up Negative-Down 

 

 

Figure 3.7: (a) Schematic of PUND measurement [156]. (b) Compensated P-E 

hysteresis can be derived when triangle pulses are applied in PUND [157]. (c) 

Current response of PUND with square pulses [157]. Switching current 

responses are shown in “P” and “N” pulses, whereas non-switching current 

responses are spotted in “U” and “D” pulses. 

 

PUND measurement might be by far the most powerful weapon in the arsenal to 

mitigate the influence of leakage current. The PUND scheme consists of one preset, 

(a) 

(b) (c) 
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two consecutive positive, and two consecutive negative excitation signals, as 

illustrated in Figure 3.7(a) [156]. The input could be triangle or square waveform [157], 

[158], [159], [160]. The current response with respect to “P” and “N” signals includes 

ferroelectric and non-ideal contributions. If the polarization is completely reversed, 

current response of “U” and “D” signals includes only non-ideal contributions. Thus, 

subtracting the latter from the former signals gives the ferroelectric switching current, 

to which the equation in section 3.2.1. can be applied. Note that when triangle 

waveform is used, compensated current and P-E hysteresis are extracted accordingly, 

as depicted in Figure 3.7(b) [157]. In the case of square waveform, current response 

are plotted in Figure 3.7(c) [157]. Here, the Pr values are directly calculated 

corresponding to each applied voltage. Though there are still some limitations to 

PUND [161], it is still the most effective measurement scheme to reveal the true Pr 

values, as AlScN films usually show higher leakage current comparing to HfO2-based 

ferroelectrics [99]. 

 

Figure 3.8: Pr with respect to ±E from a PUND measurement of AlScN capacitor. 

 

Figure 3.8 shows the PUND results of an AlScN capacitor, both in positive and 

negative polarization side. For this method, Ec can be derived by linear extrapolation 

of the steepest Pr rising stage. Empirically, this stage is around 20 to 100 μC/cm2. 

Besides, for ferroelectric AlScN, │Ec
+│ has smaller value than │Ec

-│, which is due to 

favorable N-polar during polarization reversal [97], [162]. This is the so-called 
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“imprint” effect, and it will be further discussed in sections 3.2.4. and 5.1. Additionally, 

semi-saturation kinks of the Pr-E relationship can be easily found at 6.7 and -6.8 

MV/cm. Although deeper analysis is required, it is observed that when the c-axis 

orientation is weak or field cycling is applied, the saturation kinks of Pr-E relationship 

appear at smaller E or even vanish. 

In this research, instead of P-E hysteresis, PUND is adopted as the primary method 

for ferroelectric characterization due to high leakage in AlScN films. Square pulse 

signals along with 5 μs of pulse width and 5 μs of interval are used. For simplicity, Pr-E 

relationships shown in this research are mainly provided with only the negative 

polarization part, the lower panel of Figure 3.8. In addition, both P-E hysteresis and 

PUND measurements are implemented using the same ferroelectric tester (TOYO 

Corp., FCE-10) in this research. 

3.2.3. Endurance cycling 

Considering the integration to memory technology, endurance performance is viewed 

as one of the most crucial factors for ferroelectric thin films. Not only the cycle to 

breakdown, but also the wake-up and fatigue effects in ferroelectrics can be directly 

observed, as introduced in section 2.5. Typically, the endurance tests are carried out 

by applying two alternating schemes, field cycling as electrical stress and P-E/PUND as 

Pr characterization. The endurance performance is influenced by field cycling 

conditions such as applied voltage amplitude, pulse waveform, duty cycle, and 

measurement frequency [163]. The amplitude of the cyclic voltage pulse, which is 

normally square/rectangle waveform, should be greater than Ec to ensure abundant 

polarization switching until breakdown. As mentioned in section 2.5., the breakdown 

incident of dielectric material is governed by defect and conductive filament 

formation. Naturally, applying larger field during cycling creates more defects, and 

leads to deteriorated cycles to breakdown. In addition, it has been reported that the 

endurance strength can be boosted by increasing the cycling frequency [164], [165]. 

Also, Toprasertpong et al. showed that the breakdown strength is related to the overall 

electrical stressing time for thin HZO capacitors [143]. 

Figure 3.9 illustrates the operation of endurance cycling test over time in this 

research. The voltage amplitude is the same in field cycling and PUND measurement. 
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The frequency of field cycling is set to 500 kHz, i.e., pulse width is 1 μs. 

 

Figure 3.9: Measurement scheme of endurance cycling test in this research. 

 

3.2.4. Capacitance-Voltage 

For ferroelectric capacitor, C-V measurement is a useful method to verify and examine 

the ferroelectric properties inside the film. By superimposing AC small signal voltage 

on DC voltage input, capacitance and dielectric constant can be determined from the 

current response, as shown in the following two equations. Note that A and d 

represents the area and film thickness of the capacitor, respectively. 

𝐼 =  
𝑑𝑄

𝑑𝑡
=  𝐶

𝑑𝑉

𝑑𝑡
 

𝐶 =  
𝜀𝐴

𝑑
=  

𝜀0𝜀𝑟𝐴

𝑑
 

 

Figure 3.10: Illustration of C-V measurement for ferroelectric capacitors [166]. 

 

During C-V measurements, the atoms in the dielectric layer are constantly 

vibrating due to AC small signal voltage, allowing the detection of capacitance. For 

non-ferroelectric capacitors, the C-V curves generally show bow-shaped profiles due 

to charge accumulation or depletion behavior under voltage bias. On the other hand, 

ferroelectric capacitors demonstrate butterfly-shaped C-V profiles, which will be 
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explained later. Figure 3.10 illustrates the voltage input and the resulting butterfly 

curve of C-V measurement for ferroelectric capacitors [166]. 

C-V measurement is as powerful as P-E and PUND measurement when it comes 

to revealing the ferroelectricity of thin films. For instance, Figure 3.11 demonstrates 

the results of P-E and C-V measurements for ferroelectric HZO capacitors with various 

chemical composition ratios [33]. When Zr composition is lower than 30% or higher 

than 70%, the P-E hysteresis shows non-ideal ferroelectric response, and butterfly C-V 

curves are either barely visible or massively distorted. When the Zr composition is 40% 

and 50%, P-E loops show fine ferroelectric traits, and distinct butterfly C-V curves are 

presented. 

 

Figure 3.11: P-E and C-V curves for HZO capacitor with various Hf/Zr ratios [33]. 

 

Though it seems possible to directly transfer C-V curve and P-E curve via 

𝑃 =  
𝑄

𝐴
=  

∫ 𝐶 𝑑𝑉

𝐴
 

, the resulting curves are significantly dispersed from the results of standard P-E 

measurements [167], [168]. This can be explained by different measurement 

principles between C-V and P-E. For C-V measurement, instantaneous dielectric 

response from the film is captured. Providing that superimposed AC signal is small, the 

induced polarization is reversible. Consequently, the hysteresis loop of “C-V-

transferred” P-E curve is hardly observed, and the polarization is considerably smaller 

than the value from standard P-E. As for P-E, the measurement renders the integrated 

response of domain reorientation, which differs from C-V. Thus, the interchange 

between C-V and P-E curves is impracticable. 
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Figure 3.12: An example of C-V measurement for ferroelectric AlScN capacitor. 

The voltage sweep is indicated by arrows. 

 

Figure 3.12 delineates an example of C-V measurement for AlScN capacitor in this 

research. Since AlScN demonstrates poling-free characteristics and natural N-polar 

right after deposition, applying zero to positive bias will not be able to change the 

polarization direction [97], as discussed in section 2.3.4. Therefore, the measurement 

is conducted as this sequence: a → b → c → d → e → f → a. For ferroelectric films, 

polarization inversion is accompanied by crystal structure change, resulting in 

dielectric constant variation. In Figure 3.12, the sharp and drastic capacitance change 

from c to d and f to a represent polarization switching in the film. Plus, Ec can be 

determined by the peaks in C-V curve (points c and f), as those are the spots where 

the polarization starts to switch. Although other techniques such as P-E and PUND 

measurements are also available for Ec extraction, as discussed in sections 3.2.1. and 

3.2.2., Ec extracted by C-V commonly show lower values than P-E and PUND 

measurements [169]. Moreover, the ferroelectric films breakdown easily at a lower 

electric field in C-V than in the other two. This is invoked to the slower voltage sweep 

rate in C-V than the other two measurements, and the films experience longer voltage 

stress. More defects are created accordingly, which results in higher leakage and 

severe local Joule heating in the films. Since the switching barrier is dependent on the 

specimen temperature, as discussed in section 2.3.4., local Joule heating gives rise to 
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lower Ec. Furthermore, once the films underwent C-V measurements, the endurance 

cycle show inferior performance, as more damage is done to the films. 

 

Figure 3.13: C-V measurement for HZO capacitors from 1 kHz to 1 MHz [170]. 

 

It is worthwhile to mention that the C-V response is related to measurement 

frequency under some frequency regime. Figure 3.13 depicts a practical C-V curve for 

HZO ferroelectric capacitor at different frequencies [170]. Decreasing εr with 

increasing frequency is the universal response for dielectrics [171]. At higher 

frequency, less charges and dipoles in dielectrics are instantaneously induced by the 

applied electric field, providing weaker contribution to εr. For PZT, ε tends to decline 

with higher frequency at RT [172]. In the case of HZO capacitor, similar trend is 

observed up to 1 GHz [173], [174]. Electron trapping at the HZO/electrode interface is 

responsible for this dependency [174]. Moreover, AlScN also exhibits similar trend 

[145]. 

Additionally, imprint effect is a common phenomenon observed in ferroelectric 

materials, and C-V measurement is one convenient method to monitor it [175]. An 

apparent sign of ferroelectric films with imprint effect is asymmetric C-V butterfly 

curves. Note that P-E hysteresis and PFM are other feasible options for identifying the 

imprint effect [176], [177], [178]. Figure 3.14(a) and (b) illustrate the influence of 

imprint effect on C-V and P-E curves [101], [179]. The cause of imprint effect is the 

existence of internal electric field, as discussed in section 2.5. To characterize the 

imprint effect, the following equation expressed as 
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𝐸𝑖𝑚𝑝 =  
|𝐸𝑐

+| − |𝐸𝑐
−|

2
 

can be used, where Ec
+ and Ec

- are the peak positions in C-V profile [175]. For AlScN 

ferroelectrics, the Eimp usually demonstrates negative values and slightly shifts toward 

positive after field cycling [141]. Note that the equation above is also applicable for Ec 

values extracted from P-E measurements [179], [180]. 

   
Figure 3.14: (a) Imprint effect indicated by marked difference between │Ec

+│ 

and │Ec
-│ values in C-V curve of AlScN capacitor [101]. (b) Imprint effect 

illustrated by shifting the P-E hysteresis [179]. 

 

The C-V measurements in this research are conducted using Keysight/Agilent 

E4980A Precision LCR Meter [inductance (L), capacitance (C), and resistance (R)]. To 

avoid the influence of noise, flip measurement is adopted, i.e., TE is grounded while 

voltage bias is applied to BE. The measurement frequency and the small signal voltage 

are set to 1 MHz and 25 mV, respectively. Besides, εi values of AlScN films are extracted 

from the cross-points of the C-V loops. 

3.2.5. Time-Zero Dielectric Breakdown 

TZDB is a DC I-V measurement but with monotonical increasing voltage bias until the 

capacitor breakdown [181]. The information of leakage current and breakdown 

strength in ferroelectric films can be unveiled. For AlScN, the leakage current level is 

influenced by switching cycle [133], [134], as introduced in section 2.3.1. Therefore, in 

this research, fresh AlScN capacitors are used for TZDB measurements. Figure 3.15 

delineates the TZDB results of two AlScN capacitors which experienced positive and 

negative bias to breakdown respectively. The current levels at both sides are almost 

identical when the bias is under ±20 V. However, the capacitor with negative bias 

(a) (b) 
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sweep show switching behavior due to poling-free and natural N-polar characteristics 

of AlScN [93], [94], [97], [162], as introduced in section 2.3.4. It is apparent that the 

breakdown strength is stronger at the positive side. 

 

Figure 3.15: TZDB relationships of two as-deposited TiN/AlScN/TiN capacitors 

underwent positive and negative sweep. 

 

This research utilizes a Keysight/Agilent 4156C Precision Semiconductor 

Parameter Analyzer to conduct TZDB measurements. The current compliance is set as 

high as possible to ensure the AlScN ferroelectric capacitors exhibit breakdown event. 

For simplicity, TZDB results are mainly presented and compared using the positive 

sweep to avoid switching event. 
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Chapter 4:  Exploration of Reactive Sputtering Conditions for 

Aluminum Scandium Nitride Thin Films 

 

4.1. Introduction 

 

In this research, reactive sputtering method is adopted to deposit ferroelectric AlScN 

thin films. This chapter discusses the exploration of deposition conditions that are 

utterly important for reliable and scalable films. For AlScN thin films, the urgent tasks 

are enhancing endurance cycle and achieving low-voltage operation, which are related 

to ferroelectric and dielectric properties such as leakage current, Pr, Ec, EBD, and εi. As 

high Pr value is the essence of AlScN, it is desirable to suppress leakage, minimize Ec, 

boost EBD, and decrease εi while maintaining sufficient Pr. Herein, the goals are crystal 

clear. 

Based on literatures [117], [182], [183], specific condition parameters for process 

temperature, DC power and Ar/N2 gas flow ratio are determined to be 400oC, 300 W 

and 5/10 sccm/sccm, respectively, to provide the best properties for AlScN thin films. 

The influence of other sputtering conditions will be discussed as follows. 

Section 2.3. elucidated the role of Sc composition in Al1-xScxN films. Various 

properties could be influenced. Therefore, in section 4.2., the dependence of Sc 

content in AlSc alloy targets for deposited films is shown. Moreover, the effect of 

sputtering process pressure and T/S distance are demonstrated in sections 4.3. and 

4.4., respectively. 

 

4.2. Dependence of Composition of Aluminum Scandium Target 

 

In this section, the influence of the composition of AlSc alloy sputtering target is 

discussed. 

4.2.1. Experimental Details 

The fabrication process of AlScN ferroelectric films mainly followed the description in 

section 3.1. For the purpose of comparing the influence Sc composition in AlScN thin 
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films, two samples were fabricated with two different targets. Herein, a high-Sc target 

(Al0.53Sc0.47) and a low-Sc target (Al0.8Sc0.2) were utilized. It should be noted that the 

process pressure for high-Sc and low-Sc targets were 0.65 Pa and 0.55 Pa, respectively. 

The reason will be explained in section 4.3. Table 4.1 summarizes the deposition 

conditions of AlScN films. 

TABLE 4.1 

SPUTTERING CONDITIONS FOR ALUMINUM SCANDIUM NITRIDE 

Deposition parameters 

Sputtering target 
Al0.53Sc0.47 

(80 mm dia.) 

Al0.8Sc0.2 

(80 mm dia.) 

Process temperature (oC) 400 

DC power supply (W) 300 

T/S distance (mm) 100 

Process pressure (Pa) 0.65 0.55 

Ar/N2 gas flow (sccm) 5/10 

 

4.2.2. Crystallinity and Composition of Deposited AlScN Thin Films 

 

Figure 4.1: XRD analysis for Al1-xScxN films deposited with high-Sc (Al0.53Sc0.47) 

and low-Sc (Al0.8Sc0.2) targets. High c-axis crystallinity is shown in both films. 
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To prevent surface oxidation and to match the deposition situation during capacitor 

fabrication, the ferroelectric layer is sandwiched between 10 nm TiN BE and 30 nm TiN 

TE. Figure 4.1 depicts the results of out-of-plane XRD analysis. Prominent AlScN 002 

phase can be spotted in both films, indicating high c-axis orientation crystallinity. Only 

the film deposited with high-Sc target show a small peak of AlScN 100 phase, which is 

an a-axis oriented phase. 

 

 

Figure 4.2: TEM and EDX analysis for chemical compositions of AlScN films 

deposited using (a) high-Sc (Al0.53Sc0.47) and (b) low-Sc (Al0.8Sc0.2) targets. 
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The chemical compositions of deposited films are revealed by TEM and EDX 

analysis. Figure 4.2(a) and (b) show the results for thin films deposited from high-Sc 

and low-Sc targets, respectively. The compositions are determined by the average 

values of Points 1, 2, and 3 in both films, which unveils that the compositions are 

Al0.74Sc0.26N and Al0.88Sc0.12N when high-Sc and low-Sc targets are used, respectively. 

4.2.3. Dielectric and Ferroelectric Properties 

Figure 4.3 delineates the butterfly-shaped C-V loops that validate the ferroelectricity 

in both films. As expected, lower Sc content in the film decreases ε [137], [184]. The εi 

values are 16.9 and 12.2 for high-Sc and low-Sc content films, respectively, and they 

are consistent with calculated results [109]. Since Ec can be defined at the peak 

position of C-V curves, it is apparent that low-Sc content film demonstrates higher ±Ec 

values, as described in section 2.3.4. Furthermore, both films exhibit higher Ec values 

on the negative side, i.e., imprint effect, and the height of positive peaks are higher 

than the negative ones. These findings suggest asymmetrical charge redistribution in 

a similar way during polarization switching, in spite the change of Sc content. 

 

Figure 4.3: Butterfly C-V curves of 50 nm high-Sc and low-Sc content films. The 

measurement was conducted at 1 MHz. Cross-point of the C-V curves show the 

information of εi values. 

 

Figure 4.4 reveals the TZDB results of fabricated capacitors. Note that due to the 
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along with an enhanced EBD nearly 2 MV/cm. This is attributed to Eg broadening, as 

mentioned in section 2.3.1. With inhibited leakage, defect generation and filament 

formation could be mitigated by weaker Joule-heating in low-Sc film, leading to higher 

EBD. 

 

Figure 4.4: Results of TZDB measurements for 50 nm high-Sc and low-Sc content 

films. Different compliance settings were applied due to SMU limitations.  

 

Figure 4.5 demonstrates the Pr-E relationship from PUND measurement, and low-

Sc content film is able to generate higher Pr before breakdown incident occurs. 

Interestingly, the semi-saturation kink appears at a higher Pr value. Additionally, by 

linear extrapolating the rising Pr [117], Ec values are extracted as 4.2 MV/cm and 5.8 

MV/cm for high-Sc and low-Sc content films, respectively. The above results precisely 

follow the description in section 2.3.3. and section 2.3.4. Besides, the linear 

extrapolation slope is higher for low-Sc content film, suggesting lower Ec variability 

among ferroelectric domains. 
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under 10%, the dielectric and ferroelectric properties of low-Sc content film are 
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possibility of undesired polarization reversal is lower due to better immunity to noise 
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from the electrical circuit, but the read-write power consumption is a concern. 

Therefore, it is suggested that the minimum Sc content should be ~5% to prevent 

excessively high Ec. Fortunately, the power consumption issue can be compensated 

with film thickness downscaling as the operation voltage is lowered. 

 

Figure 4.5: Pr-E relationship of PUND measurements for deposited films. Ec 

values were extracted via linear extrapolation of the rising Pr before reaching 

semi-saturation kinks [117]. 
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and the gas mixture are fixed as 300 W and Ar (5 sccm)/N2 (10 sccm), respectively, 

whereas separate comparisons of process pressure for high-Sc target (Al0.53Sc0.47) and 

low-Sc target (Al0.8Sc0.2) are demonstrated. Table 4.2 summarizes the deposition 

conditions of AlScN films. It should be clarified that the deposition rate is independent 

to the process pressure. 

TABLE 4.2 

SPUTTERING CONDITIONS FOR ALUMINUM SCANDIUM NITRIDE 

Deposition parameters 

Sputtering target 
Al0.53Sc0.47 

(80 mm dia.) 

Al0.8Sc0.2 

(80 mm dia.) 

Process temperature (oC) 400 

DC power supply (W) 300 

T/S distance (mm) 100 

Process pressure (Pa) 
0.65, 0.75, 0.85, 

and 0.95 
0.6, 0.75, and 0.9 

Ar/N2 gas flow (sccm) 5/10 

 

4.3.2. Dielectric and Ferroelectric Properties 

For AlScN films deposited with high-Sc target (Al0.53Sc0.47), the results of C-V 

measurements are depicted in Figure 4.6. All high-Sc content films show clear butterfly 

shape, which suggest the presence of ferroelectricity. As the films are 50 nm thick, εi 

values are calculated as 21.1, 21.9, 22.7, and 24.3 for 0.65 Pa, 0.75 Pa, 0.85 Pa, and 

0.95 Pa films, respectively. Furthermore, ±Ec values show monotonically decreasing 

trends with increasing process pressure. In fact, early studies have shown that tuning 

the process pressure condition is one straightforward approach to achieve strain 

engineering in sputtered thin films [187], [188]. For AlScN thin films, it has been 

verified that in-plane compressive strain exists [189], [190], [191], and the polarization 

reversal barrier can be lowered by changing the stress/strain level [89], [192]. Rassay 

et al. demonstrated that Ec is lowered when the compressive strain becomes relaxed 

or even tensile [193]. Herein, the changes in ε and Ec can be ascribed to the variation 

of strain inside the films, which is in correspondence with bond angles, bond lengths 

and c/a ratio in wurtzite structure [109], [194]. Therefore, the Ec dependence of 
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process pressure in this case can be understood. Additionally, though further 

investigation is needed, it should be considered that the c-axis crystallinity of sputtered 

films, i.e., intensity of AlScN 002 phase, might also be another reason as it is altered at 

different gas pressure [195], [196], [197], [198]. 

 

Figure 4.6: Butterfly-shaped C-V curves of 50 nm high-Sc content films. ε 

increases with process pressure. 

 

Figure 4.7 illustrates leakage and EBD properties of all high-Sc content films. 

Apparently, lower process pressure gives rise to enhanced EBD, which is advantageous. 
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shown in Table A1.1. At higher chamber pressure, owing to shorter mean free path to 

collision, the dissociation is even more difficult, leading to insufficient nitridation of 

the films. Also, the EBD is decreased due to Joule heating as higher leakage current is 

passing through. Another explanation to this trend is the number of abnormally 

oriented grains, pores, and surface roughness of the deposited films [198]. As the 

process pressure increases, the degree of densification in the films lowers and results 
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in higher leakage current. In the case of 0.85 Pa film, the slightly suppressed leakage 

current might be the cause of process variation. 

 

Figure 4.7: Leakage current and breakdown properties of high-Sc content films. 

EBD tends to increase with lower process pressure. 

 

 

Figure 4.8: Pr-E relationship of PUND measurements for high-Sc content films. 
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semi-saturation kink seems to appear at higher Pr at lower pressure conditions. Plus, 

as the breakdown strength is enhanced in 0.65 Pa, Pr-E relationship can extend toward 

higher E regions. It is obvious that as the process pressure decreases, Ec increases from 

2.9 to 3.7 MV/cm, which is consistent with Figure 4.6. 

 

Figure 4.9: C-V loops of 40 nm low-Sc films. ε increases with process pressure. 

 

 
Figure 4.10: Leakage current and breakdown properties of 40 nm low-Sc 

content films. Suppressed leakage and boosted EBD can be obtained in the films 

deposited with lower process pressure. 
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C-V loops in Figure 4.9 presents ferroelectricity in all 40 nm low-Sc content films 

which were deposited with various process pressure. Similarly, ε is found to be 

increased with higher process pressure, and the derived εi values are 10, 11.7, and 

11.9 for 0.6 Pa, 0.75 Pa, and 0.9 Pa films, respectively. It has been shown that Sc sites 

are more sensitive to stress/strain than Al sites in wurtzite crystals [110]. Therefore, it 

is reasonable that εi variation are not as significant as the high-Sc content case. Again, 

the ±Ec values show decremental trend as the process pressure is increased. 

Figure 4.10 displays the characteristics of leakage current and EBD for 40 nm low-

Sc content films. Similar to high-Sc content films, as the process pressure is lowered, 

leakage is found to be decreased along with improved EBD. 

In summary, all high-Sc and low-Sc content films generally show decreased ε, 

suppressed leakage, and enhanced EBD at lower gas pressure conditions. Although Ec 

is slightly increased, the discovered results suggest that the improvement of AlScN thin 

film quality can be assisted with reducing the chamber pressure during sputtering 

deposition. Consequently, in section 4.2. and section 4.4., the lowest possible pressure 

values are adopted. In addition, it should be noted that Ec and EBD share the same 

tendency in both high-Sc and low-Sc cases [117]. 

 

4.4. Dependence of Target/Substrate Distance 

 

In this section, the influence of T/S distance during AlScN thin film deposition is 

discussed. 

4.4.1. Experimental Details 

The fabrication process of AlScN ferroelectric capacitors mainly followed the 

description in section 3.1. However, the T/S distance varies among 100, 125, and 150 

mm, which are the minimum and maximum achievable values of our sputtering 

machine. Here, low-Sc target (Al0.8Sc0.2) is utilized. Note that since the deposition rate 

is greatly influenced by T/S distance [199], individual deposition time are determined 

for all films to meet the goal of 50 nm. Table 4.3 summarizes the deposition conditions 

of AlScN films. 
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TABLE 4.3 

SPUTTERING CONDITIONS FOR ALUMINUM SCANDIUM NITRIDE 

Deposition parameters 

Sputtering target Al0.8Sc0.2 (80 mm dia.) 

Process temperature (oC) 400 

DC power supply (W) 300 

T/S distance (mm) 100, 125, and 150 

Process pressure (Pa) 0.55 

Ar/N2 gas flow (sccm) 5/10 

 

4.4.2. Dielectric and Ferroelectric Properties 

 

Figure 4.11: Butterfly C-V loops of films deposited with various T/S distance. 

 

Figure 4.11 depicts the C-V curves for 50 nm low-Sc content films. ε decreased 

considerably when the T/S distance is increased from 100 to 125 mm. However, the ε 

regained as the T/S distance increased from 125 to 150 mm. εi values are calculated as 

14.6, 12.2, and 13 for 100 mm, 125 mm, and 150 mm films, respectively. For reactive 

sputtering, similar to process pressure, T/S distance could impose impact on the crystal 

orientation and strain status of the film [195], [196], [200]. The ε shrinkage between 

100 mm and 125 mm can be ascribed to the formation of a-axis oriented grains (AlScN 
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100 phase), though further XRD analysis is required [201]. For the 150 mm film, the 

±Ec values declined and εi increased with respect to 100 mm film, indicating that the 

strain effect took over the influence of a-axis oriented grains. 

Figure 4.12 delineates the results obtained from TZDB measurements. All low-Sc 

content films exhibit almost identical leakage current, whereas EBD is boosted by 

reducing the T/S distance. The deteriorated breakdown strength in higher T/S distance 

films can be attributed to the strain effect. Moreover, the EBD trend here roughly 

follows the dependence of Ec values, which is in consistency with the summary at the 

end of section 4.3.2. 

 
Figure 4.12: TZDB results of 50 nm low-Sc content films. 

 

Measurement results of PUND are illustrated in Figure 4.13. 100 mm generates 

the highest Pr overall and the semi-saturation kink is obvious. As the T/S distance 

increases to 125 mm, Pr drastically decreases, implying degraded c-axis orientation in 

the film. However, the Pr slightly recovers at low E region, which could be related to 

the strain effect. More ambiguous semi-saturation kinks are found when the T/S 

distance gains. Moreover, the Ec variation trend from PUND is similar to the trend of -

Ec of C-V measurement in Figure 4.11. The values are 5.8, 6, and 5.8 MV/cm for 100 

mm, 125 mm, and 150 mm films, respectively. Although 100 mm and 150 mm films 

demonstrate almost the same Ec, the Pr performance of 100 mm film is more 

advantageous. Considering the overall dielectric and ferroelectric characteristics, 100 

mm of T/S distance is the most optimal choice. 
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Figure 4.13: Pr-E relationship of PUND measurements for low-Sc content films 

deposited with various T/S distance. 

 

 

4.5. Summary of This Chapter 
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films is conducted, as detailed in Table 4.4. 
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inhibited along with boosted breakdown strength. Better surface roughness benefits 

the insulating properties. The reduced εi and increased Pr could also be advantageous. 

As for T/S distance, it is discovered that when T/S distance is fine tuned, better 

EBD and Pr can be realized. Orientated grains along c-axis could be greatly influenced in 

the meantime. 

TABLE 4.4 

INFLUENCES OF SPUTTERING CONDITIONS 

Sputtering conditions Operation Influenced properties 

Sc content of the 

target 

Low 

(produce 5-15% of Sc 

concentration in film) 

Suppressed leakage 

Improved EBD 

Lower ε 

Increased Pr 

Increased Ec 

Process pressure Low 

Larger compressive strain 

Less VN 

Better surface roughness 

Better c-axis crystallinity 

Suppressed leakage 

Improved EBD 

Lower ε 

Increased Pr 

Increased Ec 

T/S distance Suitable 

Larger compressive strain 

Better c-axis crystallinity 

Suppressed leakage 

Improved EBD 

Increased Pr 

Decreased Ec 

 

In summary, low Sc content target, low process pressure, and suitable T/S 

distance are favorable for leakage suppression and improved EBD, which are beneficial 

for endurance performance. However, a trade-off relationship between Ec and EBD is 
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discovered. Applying the aforementioned approaches could also lead to more in-plane 

compressive strain that give rise to higher Ec and power consumption concern. 

Fortunately, this issue can be resolved by thickness downscaling as the operation 

voltage is lowered. 

The following chapters will generally follow the determined deposition conditions 

in this chapter to achieve better film quality. 
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Chapter 5:  Defect Engineering for Aluminum Scandium 

Nitride Thin Films by Oxygen Incorporated Sputtering 

 

5.1. Introduction 

 

Literatures have already addressed that defects play a critical role in 

ferroelectricity of PZT and HfO2-based ferroelectrics, e.g., wake-up, fatigue, imprint, 

etc. [202], [203], [204], [205]. Therefore, it can be expected that defects might 

influence the ferroelectric behavior of III-N ferroelectrics [124], [206]. For AlN films, 

oxygen has generally been recognized as an aliovalent impurity and the origin of defect 

centers [207], [208], [209]. As described in section 2.2.2., oxygen contamination is a 

commonly observed phenomenon in sputter deposited AlN films. Since Al and Sc 

atoms possess strong affinity toward oxygen, competition occurs between residual 

oxygen and supplied nitrogen during the reactive sputtering process from AlSc targets, 

forming partially oxidized Al1-xScxN ferroelectric or Al1-xScxON [123]. Indeed, 

researchers have experimentally shown that blending slight amount of O2 into the 

Ar/N2 gas mixture can greatly influence the oxygen content [210]. 

 
Figure 5.1: AlN wurtzite lattice with complex defect of (VAl-ON)2- [208]. The 

cationic sites (Al/Sc) are only coordinated with anionic sites (O/N) in the 

wurtzite lattice. 

 

Other researches have pointed out that including oxygen atoms to AlN films 

initially replaces nitrogen atoms in the crystal, and thereby forming ON [211], [212], 

similar to the surface oxidation case [149]. At high oxygen concentrations, Al atoms 
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are reported to be stabilized by bonding octahedrally to the adjacent oxygen atoms 

[212]. As oxygen concentration becomes higher, the formation of ON energetically 

favors the creation of VAl, thereby forming VAl-ON defect complexes [213]. Figure 5.1 

illustrates the VAl-ON complex defect in AlN wurtzite lattice. In fact, with various spatial 

and atomic configurations, the defect complexes in the forms of (VAl-ON)2- and (VAl-

2ON)1- could co-exist in thermal equilibrium [214].  

Moreover, introducing oxygen atoms has been shown to reduce the bandgap, 

lowering both the conduction and valence band offsets to the electrode, raising 

concerns about leakage current [215]. Crystallinity degradation and incremental 

domain inversion boundaries are other issues that could be induced with high level 

oxygen impurities [216]. Moreover, since Sc possesses larger oxygen affinity than Al 

[123], oxygen-related defects could become particularly invasive while using high-Sc 

content AlSc targets [217]. 

In this chapter, in order to characterize the influence of oxygen-induced defects, 

Al1-xScxN thin films were fabricated with and without intentional O2 input gas. For the 

purpose of avoiding excessively high oxygen content in the film, the O2 flow is limited 

up to 0.45 sccm in the Ar (5 sccm)/N2 (10 sccm) gas ambient, along with a low-Sc 

content sputtering target. It has been found that oxygen incorporation effectively 

shrinks Ec and reduces leakage while high Pr is preserved. The presence of VAl-ON defect 

complexes also allows for controllable imprint effects. By increasing the oxygen 

content in the Al1-xScxN films, a nearly linear increase in Pr over E is presented, which 

is promising for NVM devices in analog circuits for AI applications. In addition, 

benefiting from these findings, an aggressively scaled AlScON film down to 9 nm was 

fabricated and characterized. 

 

5.2. Experimental Details 

 

The fabrication process of AlScN ferroelectric capacitors mainly follows the description 

in section 3.1. In order to include oxygen-atom into 50 nm AlScN thin films, an 

additional gas inlet is used to blend O2 (0-0.45 sccm) gas into Ar (5 sccm)/N2 (10 sccm) 

sputtering ambient. Note that the deposition rate remains unchanged with different 

O2 flow. Herein, the low-Sc target (Al0.8Sc0.2) is utilized along with 0.6 Pa of process 
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pressure. Table 5.1 summarizes the deposition conditions of AlScON films. Besides, 

XPS and XRD characterizations are implemented to understand the chemical 

compositions and crystal orientations in the oxygen-incorporated ferroelectric films, 

as will be detailed in next section. 

TABLE 5.1 

SPUTTERING CONDITIONS FOR ALUMINUM SCANDIUM OXYNITRIDE 

Deposition parameters 

Sputtering target Al0.8Sc0.2 (80 mm dia.) 

Process temperature (oC) 400 

DC power supply (W) 300 

T/S distance (mm) 100 

Process pressure (Pa) 0.6 

Ar/N2 gas flow (sccm) 5/10 

O2 gas flow (sccm) 0, 0.15, 0.3, and 0.45 

 

 

5.3. Material Analysis of Ferroelectric Films Deposited with Oxygen Flux 

 

Figure 5.2 displays information of XPS narrowscan and the calculated 

compositions of the deposited films. For XPS inspection, the top 30 nm TiN layer is 

sputter-etched away by Ar in the XPS chamber to reach the AlScON layer. Owing to this 

sputtering process, C 1s spectra is hardly observed. Therefore, N 1s peak is utilized to 

calibrate the peak position. The intensity of the spectrum is normalized by the area of 

the Al 2p spectra. With this inspection, the oxygen atom concentration can be 

calculated as Figure 5.2 shows. This reveals that the oxygen content (y) ranges from 

0.05 to 0.23 with a fixed scandium content (x) of 0.11. Although the base pressure of 

the sputtering chamber was kept below 10-6 Pa before MFM stack deposition, a small 

amount of oxygen was still incorporated into the film without additional O2 gas flow (y 

= 0.05), indicating the presence of residual oxygen inside the chamber or the target 

[118], [122], [124]. Furthermore, it is crucial to understand the status of bonding in 

AlScON films with various oxygen levels. Since Al serve as an electron donor in Al-O-N 

system, Al 2p peaks here showed ~74.1 eV of binding energy, higher than Al metal 
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(72.6 eV). As oxygen content increases, the peak shift toward higher binding energy 

results from larger electronegativity of O atoms and more Al-O bonds. Similar 

explanation could be applied to Sc 2p peaks. Note that the electronegativity values of 

Al, Sc, O, and N are 1.61, 1.36, 3.44, and 3.04, respectively. Additionally, for O 1s peaks, 

shift toward higher energy is observed in higher oxygen concentration films. This 

shows that when the oxygen concentration is low, O atoms tend to bond with Sc atoms. 

As the oxygen concentration increases, the amount of Al-O bonds (532.5 eV) increases 

and become comparable to Sc-O bonds (531.8 eV). Overall, from the observations, 

more Al-O bonding and Sc-O bonding were replacing Al-N and Sc-N bonding, 

respectively. 

 

Figure 5.2: XPS spectra and extracted composition of 50 nm AlScON films. The 

X-ray source is Monochromatic Al Kα (1486.6 eV), and the inspection area is 

100 μmψ (7.854 × 103 μm2). The photoelectron TOA is set to 90°, and the 

inspection depth is 9 nm. The measurement accuracy is within ±1 at.%. 

 

The out-of-plane X-ray diffraction (XRD) patterns of the Al0.89Sc0.11OyN1-y films are 

depicted in Figure 5.3(a). For the lowest oxygen content film (y = 0.05), a clear 

Al0.89Sc0.11N 002 phase can be found at 35.6°, suggesting c-axis orientated growth 
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within the wurtzite crystal structure. When y increases to 0.17, the 002 peak splits into 

two peaks, with the peak at 36.1° corresponding to a high-oxygen-level phase, i.e., the 

Al0.89Sc0.11ON 002 phase. This finding suggests that oxygen-atoms are not uniformly 

distributed within the films, and AlScN grains with different oxygen contents co-exist 

simultaneously. Other studies have reported that the lattice constant c decreases with 

increasing oxygen content, as shown in Figure 5.4 [218], [219]. Notably, the 002 

rocking curve FWHM of the films shows similar values of approximately 11°, as 

indicated in Figure 5.3(b). The generally decreasing peak height indicates degraded c-

axis crystallinity with more oxygen content. Further increasing the oxygen flow could 

sabotage the ferroelectricity, as previous research in our group discovers [183]. 

 

Figure 5.3: (a) Out-of-plane XRD and (b) XRC profiles on 002 plane of 50 nm 

AlScON films with different oxygen compositions. 

 

 

Figure 5.4: Shrinkage in lattice constant c is induced by oxygen content [218]. 
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5.4. Influence on Ferroelectric and Dielectric Properties 

 

5.4.1. Dielectric Constant and Imprint Effect 

 

Figure 5.5: (a) Butterfly C-V curves of MFM capacitors with various oxygen 

contents. (b) Eimp and εi with respect to the oxygen content. 

 

Figure 5.5(a) illustrates distinct butterfly shaped curves from the C-V measurements, 

confirming the ferroelectric switching behavior of all the deposited films. As described 

in section 2.5. and section 3.2.4., the imprint effect could be monitored analyzing the 

peak positions of the curves, i.e., positive and negative coercive field (Ec
+, Ec

-) shift. 

Herein, the Eimp is calculated using the equation provided in section 3.2.4. and Figure 

5.5(b) [175]. With the lowest oxygen content (y = 0.05), the Eimp is negative owing to 

favorable N-polar in the Al1-xScxN lattice, as stated in section 2.3.4. [93], [94], [97], 

[162]. Increasing the oxygen content results in Eimp shift toward positive. This implies 

the switching barrier height for both polarization states can be modified by oxygen 

content in Al1-xScxN films. Regarding PZT ferroelectrics, interfacial layers, electrical 

charges, and charged defects could lead to domain wall pinning. Considering HfO2-

based ferroelectrics, the inhomogeneous distribution of VO and the stress at the 

electrode interface due to lattice mismatch are reported as physical sources of the 

imprint effect [220], [221]. For AlScN, Kim et al. proposed that a non-ferroelectric layer 

and fixed charges reside near or at the AlScN/TiN interface [222]. Therefore, in this 

case, negatively charged VAl-ON defect complexes might compensate for the positive 
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fixed charges, leading to spatial redistribution of the charged defects at the 

ferroelectric/electrode interfaces and inducing Eimp migration. As a result, varying the 

oxygen content in the Al1-xScxOyN1-y films offers another opportunity to control Eimp 

besides changing the specimen temperature or conducting additional field cycling 

[162]. Furthermore, Figure 5.5(b) displays a monotonical increase in the εi from 15 to 

19 with respect to increasing oxygen concentration. 

5.4.2. Leakage Current, Breakdown Field and Polarization-Electric Field 

Hysteresis 

TZDB measurements are carried out for all Al1-xScxOyN1-y capacitors, as disclosed in 

Figure 5.6(a). The results indicate suppressed leakage and enhanced EBD by 1 MV/cm 

with increasing y. Some works have proposed that the accumulation of VN can create 

leakage paths in Al1-xScxN films, eventually leading to breakdown events [133], [134], 

[135]. Accordingly, we correlate the better leakage and breakdown results with the 

increment of ON, as more VN are eliminated. 

 

Figure 5.6: (a) TZDB characterization of all the fabricated MFM capacitors. (b) 

P-V hysteresis loops measured at 10 kHz for the Al0.89Sc0.11OyN1-y films. 

 

Figure 5.6(b) delineates box-like polarization-voltage (P-V) hysteresis loops at 10 

kHz of all fabricated capacitors. Nevertheless, to avoid Pr overestimation due to 

leakage, PUND measurements are implemented, as detailed in the following section. 
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Figure 5.7 illustrates the dependence of Pr and E from PUND measurements for all 

deposited films. Utilizing the method mentioned in section 3.2.2., the negative Ec 

values are extracted and exhibit a decremental trend with increasing y, as evident from 

the lower-right inset of Figure 5.7. An Ec reduction of 0.8 MV/cm is observed between 

the films with lowest and highest oxygen content. This phenomenon is ascribed to the 

shrinkage at c-axis in wurtzite crystal [218], [223], as VAl has been confirmed to be 

influential [219]. As a result, it is evident that higher oxygen concentration in the film 

gives rise to lower Ec and higher εi values, which is consistent as what Mikolajick et al. 

proposed: Ec highly interrelates to ε and show negative correlation [53]. Defect 

engineering via oxygen incorporation is the only approach discovered to mitigate the 

high Ec characteristics of AlScN by doping. 

 

Figure 5.7: Results of PUND measurements for Al0.89Sc0.11OyN1-y MFM 

capacitors with different oxygen concentrations. The upper-left inset depicts a 

portion of the applied pulse signal and current response during PUND. The 

lower-right inset shows the dependence between the linearly extrapolated 

negative Ec and the oxygen content. 

 

In addition, the improved Ec/EBD ratios of the oxygen-containing films are 

advantageous for thickness downscaling. Plus, the semi-saturation kinks become 
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gentler slopes imply greater Vc variability among domains where O atoms are not 

uniformly distributed, as revealed in the XRD profiles in section 5.3. This allows for 

partial polarization at lower E with higher oxygen content, resulting in a comparatively 

linear Pr gain over a wider range of E and potential multi-level operation [224]. Such 

performance is feasible and can be harnessed in analog circuits for AI applications. 

 

5.6. Endurance Performance and Fatigue Effect 

 

 

Figure 5.8: (a) Endurance measured by field cycling test of all capacitors with 

various oxygen content. The target Pr is set to be 100 μC/cm2. (b) A multi-level 

partial polarization demonstration of Al0.89Sc0.11O0.23N0.77 capacitor from 5.2 to 

6 MV/cm. 

 

Endurance cycling is applied to the fabricated MFM capacitors, as shown in Figure 

5.8(a). The cycling frequency is set to 500 kHz, and Pr values are measured with PUND 

operation. To achieve a target Pr of 100 μC/cm2, the applied E during field cycling is 

chosen for each film with various Ec values. Similar to previous reports in our group, 

all capacitors exhibit endurance up to 105 cycles [133], [183]. Similar tendency is 

observed in lower oxygen content films (y = 0.05 and 0.09), where the Pr values are 

well maintained before 103 cycles of switching. However, fatigue becomes more 
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pronounced in films with higher oxygen content (y = 0.17 and 0.23), presumably due 

to electron trapping incidents at Sc-O bonding, suggesting a trade-off between 

reliability and the switching field. Moreover, in the subsequent section 7.1., it will be 

shown that the oxygen concentration is the highest in the ferroelectric layer at the BE 

interface. Therefore, defect engineering to this interface could be crucial, as will be 

shown in chapter 7. Nonetheless, thanks to the gentle slope in the Pr-E relationship, 

precise control of Pr over 5.2 to 6 MV/cm can be achieved, as illustrated in Figure 

5.8(b). 

 

5.7. Potential of Aggressive Scaling 

 

In section 2.4., it is stated that thickness downscaling for AlScN thin films encounters 

several challenges. The most prominent obstacles are high leakage current that 

sabotages the ferroelectricity [99], [225], and insufficient Pr due to deteriorated c-axis 

crystallinity [97], [124], [226]. Consequently, it is advantageous to exploit the benefits 

from defect engineering, from the results of previous sections in this chapter. Thanks 

to the features like improved EBD, suppressed leakage, and decreased Ec, aggressive 

thickness scaling is made possible. This section demonstrates an ultra-thin AlScON 

ferroelectric capacitor for possible low-voltage operation. 

5.7.1. Experimental Details 

TABLE 5.2 

SPUTTERING CONDITIONS FOR ALUMINUM SCANDIUM OXYNITRIDE 

Deposition parameters 

Sputtering target Al0.8Sc0.2 (80 mm dia.) 

Process temperature (oC) 400 

DC power supply (W) 300 

T/S distance (mm) 100 

Process pressure (Pa) 0.55 

Ar/N2 gas flow (sccm) 5/10 

O2 gas flow (sccm) 0 and 0.45 
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The fabrication process of AlScON ferroelectric capacitors mainly follows the 

description in section 3.1. and section 5.2. Likewise, the low-Sc target (Al0.8Sc0.2) is 

utilized but with an even lower process pressure of 0.55 Pa to further decrease the 

leakage at ultra-scaled region. The O2 gas input is set to 0.45 sccm to extract the 

maximum benefits from defect engineering. Ellipsometry is used to confirm the 

deposited film thickness of 9 nm, and TEM analysis is still ongoing. To compare the 

effectiveness of O2 gas, another controlling sample is also fabricated without O2 gas 

input. Table 5.2 summarizes the deposition conditions of ultra-thin AlScON films. 

5.7.2. Influence on Ferroelectric and Dielectric Properties 

 

Figure 5.9: C-V curves of 9 nm low-Sc content films. With the incorporation of 

oxygen, butterfly shape becomes clearer and more symmetrical. The 

measurement was conducted at 1 MHz. 

 

Figure 5.9 shows the C-V curves of 9 nm AlScN and AlScON films. Owing to the 

influence of high leakage, the C-V curve of the AlScN film is distorted, and the forward 

and backward sweep is hardly distinguishable. Plus, the cross-point is ambiguous, 

making the extraction of εi impossible. Thankfully, with the assist from oxygen 

incorporation, a symmetrical and distinct curve is presented by the AlScON film, 

indicating the existence of ferroelectricity, and εi is calculated to be 21.2. The 

divergence of εi with 50 nm AlSc(O)N films in section 5.4.1. could be attributed to the 

increased ratio of domain wall area to film volume at scaled thickness, as explained by 
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Schönweger et al. [144]. Additionally, the imprint effect completely disappeared since 

the Eimp is zero for AlScON film in Figure 5.9. 

 
Figure 5.10: TZDB results for 9 nm low-Sc content films. Leakage is suppressed 

and EBD is improved for AlScON film. 

 

In section 4.2.3., the EBD of 50 nm low-Sc film is about 9.8 MV/cm. However, when 

the thickness is shrunk to 9 nm, the EBD decreases to 4.9 MV/cm, as Figure 5.10 shows. 

This indicates that during thickness downscaling, the compromised EBD could hinder 

the opportunity of device miniaturization. Fortunately, 9 nm AlScON film shows 

considerable potential since the EBD is enhanced to 6.8 MV/cm, which is consistent 

with the findings in section 5.4.2. Moreover, the overall leakage current is greatly 

suppressed before breakdown. At E of 3 MV/cm, the leakage current is suppressed by 

more than two orders, which helps the demonstration of symmetrical and distinct C-

V curve of AlScON film in Figure 5.9. 

Due to enlarged leakage current in aggressively downscaled films, the simple P-E 

measurement could be misleading, and researchers have utilized PUND to characterize 

the ferroelectric properties of ultra-thin AlScN films [100], [225], [227]. Figure 5.11 

delineates the Pr and E relationship from PUND measurements for the deposited 

AlScON thin film. The Pr values are lower than 5 μC/cm2 owing to the limited thickness 

down to 9 nm, and the crystallization is expected to be naturally inferior to 50 nm 

sputtered films. However, the ferroelectricity is revealed. As described in section 

2.3.3., Ec should increase with decreased thickness down to 10 nm. In contrast, the Ec 
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here is extracted as 3.4 MV/cm which is way lower than the values shown in section 

5.5. This suggests that the effect of oxygen doping in AlScN is more dominant in thinner 

films. 

It is worth noting that publications of scaled AlScN below 10 nm, though only a 

few, utilize metal electrodes such as Pt, Al, and Mo [100], [101], [144], [225], [227]. Pt 

electrodes especially possess great 111 texture, high work function, etc., leading to 

excellent quality of scaled AlScN films [189], [228]. However, it is not compatible with 

CMOS technology. Therefore, it should be highlighted that for the first time, this 

research demonstrates distinct ferroelectricity in scaled film of 9 nm using CMOS-

compatible TiN electrodes, showing the feasibility of defect engineering. For films with 

about 10 nm of thickness, the operation voltage is approximately 4 V [101]. When the 

thickness is ultra-scaled to 5 nm, the operation voltage is 1-2 V [144]. It is expected 

that below 1 V operation can be achieved by below 4 nm AlScN thin films with TiN 

electrodes using defect engineering. 

 

Figure 5.11: PUND results for 9 nm AlScON capacitor. Due to the limited film 

quality at low thickness, the maximum Pr is 4.7 μC/cm2. 
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In this chapter, the method of defect engineering to AlScN thin films proved to be 

influential using additional O2 gas flow. It has been shown that oxygen contamination 

is unavoidable in reactive sputtering, as 5 at.% of oxygen was incorporated even when 

additional O2 gas was not supplied during deposition. Therefore, characterization and 

analysis are conducted for the influence of oxygen content in Al1-xScxN films in this 

chapter. Indeed, ferroelectric and dielectric properties of deposited Al0.89Sc0.11OyN1-y 

films exhibit visible variations. Intentionally incorporating oxygen into the 

Al0.89Sc0.11OyN1-y films creates VAl-ON complex defects that shift Eimp, increase εi, 

suppress leakage, and boost EBD, without apparently diminishing Pr. The proposed 

defect engineering is one rare approach to effectively shrink Ec by doping for AlScN. 

Moreover, the gentle slope in the Pr-E relationship at PUND measurements indicates 

the potential to ease the control of partial polarization switching, which demonstrates 

the potential of multi-level operation. Notwithstanding the fatigue effect and less-

than-ideal endurance cycles, a high Pr with enhanced control over partial polarization 

is beneficial for analog devices in ANNs applications. 

Additionally, ultra-thin AlScON capacitor is fabricated and characterized. For 9 nm 

AlScN film deposited without O2 gas flow, the ferroelectricity is destroyed by high 

leakage current, as evident from C-V measurement. Luckily, the 9 nm AlScON film 

restores ferroelectricity via defect engineering to massively suppress leakage. Low-

voltage operation down to 4 V is made possible. In the meantime, the breakdown 

strength is improved considerably, and Ec is decreased to an unexpected low value of 

3.4 MV/cm. Despite the maximum Pr value is limited to 4.7 μC/cm2, the potential of 

oxygen doping for AlScN films for low-voltage operation is exhibited. 
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Chapter 6:  Oxygen Profiling in Multi-Layer Aluminum 

Scandium Oxynitride Capacitors 

 

6.1. Introduction 

 

Akiyama et al. have shown that including oxygen into sputtered AlN thin films could 

influence the piezoelectric response in terms of polarity [210]. In chapter 5, it is 

demonstrated that oxygen incorporation enables control of imprint effect in AlScON 

ferroelectric. However, the polarity status of pristine AlScON films, i.e., the 

predominant polarity at the as-deposited state, has yet been discussed. Basically, as 

introduced in section 2.3.4., AlScN thin films, either deposited by sputtering or MBE, 

exhibit natural N-polar and poling-free characteristics [93], [94], [97], [162], [229]. 

Since polarity control of ferroelectrics is desirable for a wide range of applications, it is 

therefore crucial to understand the influence of oxygen atom inclusion in III-N films. In 

this chapter, oxygen profiling using AlSc(O)N MFM capacitors with various ferroelectric 

stack structures are manufactured and examined to unveil the potential of polarity 

engineering in AlSc(O)N films. 

 

6.2. Experimental Details 

 

 
Figure 6.1: Various ferroelectric stacks for multi-layer AlSc(O)N capacitors. The 

total thickness of ferroelectric layers is 50 nm. The TiN BE and TE are 10 nm and 

30 nm, respectively. From (a) to (e), the capacitors are denoted as Full_ASN, 

Top_ASON, Bottom_ASON, ASN_ASON_ASN, and Full_ASON, respectively. 

 

The fabrication process of multi-layer AlSc(O)N MFM capacitors mainly follows the 

description in section 3.1. and section 5.7.1. Figure 6.1 illustrates five ferroelectric 

stacks that will be analyzed in this chapter. The total thickness of ferroelectric layers is 
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fixed at 50 nm. For AlScON layers, O2 gas flow of 0.45 sccm is selected to show the 

influence to the greatest extend. Table 6.1 summarizes the deposition conditions of 

stacked AlSc(O)N films. Note that all capacitors are measured at as-deposited state, 

i.e., before any other electrical characterizations. 

TABLE 6.1 

SPUTTERING CONDITIONS FOR ALUMINUM SCANDIUM (OXY)NITRIDE 

Deposition parameters 

Sputtering target Al0.8Sc0.2 (80 mm dia.) 

Process temperature (oC) 400 

DC power supply (W) 300 

T/S distance (mm) 100 

Process pressure (Pa) 0.55 

Ar/N2 gas flow (sccm) 5/10 

O2 gas flow (sccm) 0 or 0.45 

 

 

6.3. Dependence of Polarity at Pristine State 

 

As described in section 3.2.4. and section 3.2.5., switching event in a ferroelectric 

capacitor can be monitored by C-V or TZDB measurement. In the following section 

7.3.1., the as-deposited capacitors are measured to understand the initial polarity in 

the deposited films. Moreover, TZDB measurement could also bring advantages such 

as acquiring the information of leakage and breakdown strength, as will be shown in 

section 6.3.2. 

 

6.3.1. Control of Polarity 

In C-V measurement, it is convenient to identify the predominant polarity in pristine 

films by applying separate C-V sweep operations [97]. The operations start from 0 V, 

sweeps toward positive or negative direction, and sweeps back to 0 V. The top of Figure 

6.2 provides two types of bipolar sweep sequences for all fabricated capacitors. Figure 

6.2(a) to (e) display the C-V loops with initial positive sweep, whereas Figure 6.2(f) to 
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Figure 6.2: Left panels [(a)-(e)] and right panels [(f)-(j)] show the initial positive 

and negative C-V sweeps for pristine films, respectively. 
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(j) demonstrate the C-V loops with initial negative sweep. The sweep directions are 

indicated by small arrows. In section 3.2.4., it is mentioned that the peaks in C-V curves 

represent the polarization switching incident. 

For simplicity, it is clearer to compare Full_ASN and Full_ASON first. For Full_ASN, 

it is obvious that the film possesses N-polar at pristine state since no switching event 

is shown at initial positive sweep in Figure 6.2(a), whereas Figure 6.2(f) exhibits 

polarization reversal at initial negative sweep. This is consistent with the findings in 

previous research in our group [97]. On the other hand, Full_ASON shows prominent 

switching at initial positive sweep in Figure 6.2(e), whereas the polarization inversion 

is weak but visible at initial negative sweep in Figure 6.2(j). Apparently, oxygen 

inclusion in AlScN films changes the predominant polarity from complete N-polar to 

metal-polar in majority. It is predictable that the percentage of metal-polar grains 

could be highly related to the oxygen composition in pristine AlScON films. 

Further investigating Top_ASON and Bottom_ASON leads to interesting results. 

For Top_ASON, comparing Figure 6.2(b) and (g), the contribution from N-polar grains 

seem to be slightly greater than metal-polar grains. This suggests that while oxygen 

incorporation changes the polarity of some grains in the capping AlScON layer toward 

metal-polar, the influence of the underlying N-polar AlScN layer should not be 

neglected. In other words, polarity inheritance could play an important role during 

sputter deposition [229]. For Bottom_ASON, the contribution of metal-polar grains is 

more dominant, demonstrating similar C-V response to Full_ASON, as depicted in 

Figure 6.2(c) and (h). It is speculated that the residual oxygen could affect the polarity 

in the capping AlScN layer, since additional O2 gas was blended during underlying 

AlScON layer deposition. A further SIMS analysis could be helpful to prove this. 

Another intriguing discovery is that in Figure 6.2(b) and (g), two Ec components 

are spotted at the negative side during most voltage sweeps. From the conclusions in 

chapter 5, high and low Ec components corresponds to AlScN and AlScON domains, 

respectively. As delineated in Figure 6.2(g), only high Ec component appears at 

negative sweep ①, whereas negative sweep ③ shows two Ec components. The 

phenomenon validates the co-existence of two opposite polarization states in the 

pristine Top_ASON film, i.e., mixed N-polar and metal-polar grains are present at as-

deposited state. Due to the aforementioned reason, Bottom_ASON does not exhibit 
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similar phenomenon. 

Figure 6.2(d) and (i) plot the C-V results of ASN_ASON_ASN. In this case, the 

polarity is 1:1 mixed, as similar peak heights are shown in the initial sweeps ① in both 

sides. As a result, the polarity is controllable by stacking AlSc(O)N layers. In addition, 

the two Ec components are also spotted at the negative side, similar to the Top_ASON 

case. 

Overviewing the C-V curves in Figure 6.2 (b) to (e), positive Ec tends to show 

higher values in sweep ① than in sweep ③, regardless of the percentage of metal-

polar grains in the films. Same trend can be observed in Figure 6.2 (g) to (j), as sweep 

② generates higher Ec, comparing to sweep ④. This can be attributed to the initial 

traps in oxygen-contained films that hinders the polarization inversion. Indeed, as 

discussed in section 5.1., oxygen incorporation gives rise to complex defects that 

influence the ferroelectricity. Fortunately, some of the traps are filled by charges, and 

stop affecting the switching. Therefore, the positive Ec values shown in the latter 

sweeps are lowered. 

6.3.2. Leakage Current and Breakdown Field 

 
Figure 6.3: TZDB results of fabricated AlSc(O)N capacitors with various 

ferroelectric stack structures. 

 

Figure 6.3 discloses the TZDB results of all pristine films with various stack structures. 

Except the Full_ASN film, all other oxygen-included films exhibit switching event, 
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which is consistent with the findings in Figure 6.2(a) to (e). Before the switching occurs, 

the leakage current suppression by oxygen doping is effective and generally related to 

the degree of oxygen content, which is also consistent with the results in chapter 5. 

Considering the breakdown fields, Full_ASN and Top_ASON demonstrate almost the 

same low values, whereas Full_ASON and Bottom_ASON share the same high values. 

Based on the fact that BE is extremely important for the ferroelectric film quality [230], 

[231], the results here provide an important message that the breakdown strength is 

highly related to the ferroelectric/BE interface. With higher oxygen concentration at 

the ferroelectric/BE interface, breakdown strength is enhanced, which is explained by 

VN elimination [133]. In the case of ASN_ASON_ASN, though oxygen level is low at the 

ferroelectric/BE interface, leakage and breakdown strength are improved, comparing 

to Full_ASN and Top_ASON. This could be attributed to the multi-interfaces in the 

ferroelectric stack as those might block the leakage path, leading to higher breakdown 

field [232]. 

 

6.4. Summary of This Chapter 

 

In this chapter, the role of oxygen incorporation to multi-layered ferroelectrics with 

regards to polarity control and insulating properties has been presented. It is found 

that doping oxygen leads to polarity shifting from N-polar to metal-polar for pristine 

AlSc(O)N films, depending on the degree of oxygen inclusion, as evident from C-V 

measurements. For multi-layer structures, Top_ASON and Bottom_ASON demonstrate 

dominant N-polar and metal-polar, respectively. Moreover, Top_ASON as well as 

ASN_ASON_ASN exhibit one Ec component during the initial negative sweep, and two 

during the subsequent negative sweep. These results indicate that mixed phases could 

co-exist in as-deposited state films. Additionally, the current response for multi-layer 

AlSc(O)N films indeed decreases the leakage level before switching, which is verified 

by TZDB tests. The breakdown field is found to have high correspondence to the 

oxygen concentration of ferroelectric/BE interface. 
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Chapter 7:  Interface Oxygen Depletion by Reducing 

Sputtering Ambient for Endurance Enhancement 

 

7.1. Introduction 

 

In previous chapters, it has been discussed that oxygen concentration plays a key role 

in terms of defect engineering in AlScN thin films. Eimp, EBD, ε, leakage current, partial 

polarization switching, initial polarity, etc., are all considerably influenced. Figure 7.1 

illustrates the SIMS analysis of a 50 nm Al0.74Sc0.26N MFM capacitor. Comparing to Al 

and Ti atoms, Sc atoms possess larger electronegativity difference toward O atoms 

[123], which means that Sc atoms are more reactive to O atoms during deposition. 

Overall high oxygen level in AlScN layer could be attributed to the residual oxygen in 

the chamber which is consumed over sputtering time. Moreover, an oxygen 

concentration peak is spotted at the ferroelectric/BE interface, which might be 

influenced by the partially oxidized AlSc target surface. 

 

Figure 7.1: SIMS results of a TiN/AlScN/TiN capacitor stack. The oxygen level is 

typically higher in AlScN layer. Oxidation from the atmosphere after deposition 

is effectively blocked by the top TiN layer. 

 

In chapter 5, oxygen incorporation has raised concern with regards to endurance 
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cycle performance. As more oxygen is included in the films, fatigue effect becomes 

stronger, making the reliability performance non-ideal. High oxygen level at the 

ferroelectric/BE interface could make the situation more severe. In order to resolve 

this issue, decreasing the oxygen content could be handy to improve the endurance 

and mitigate the wake-up or fatigue effects [124]. Therefore, in this chapter, H2 gas is 

mixed with the Ar/N2 ambient during sputtering. With the assist from reducing 

ambient, O2 partial pressure can be lowered [233], [234]. Herein, enhanced reliability 

such as suppressed leakage and increased endurance cycle are demonstrated.  

It is worth mentioning that some early studies have revealed that H2-incorporated 

annealing could deteriorate the ferroelectricity of PZT due to hydrogen impurities 

[235], [236], [237], [238]. However, Park et al. proved that HZO films possess good 

resistance to reducing ambient in annealing, as the Pr values are almost unaffected 

after wake-up procedure [220], [239]. As for AlScN, it is reported that only slight 

ferroelectricity influence is induced by H2-incorporated annealing [240]. Nevertheless, 

for the case here, as H2 gas is directly included during deposition, a much more 

considerable impact is expected. 

 

7.2. Experimental Details 

 

TABLE 7.1 

SPUTTERING CONDITIONS FOR ALUMINUM SCANDIUM NITRIDE 

Deposition parameters 

Sputtering target 
Al0.53Sc0.47 

(80 mm dia.) 

Al0.8Sc0.2 

(80 mm dia.) 

Process temperature (oC) 400 

DC power supply (W) 300 

T/S distance (mm) 100 

Process pressure (Pa) 0.7 0.6 

(Ar+3%H2)/N2 gas flow (sccm) 5/10 

 

The fabrication process of AlScN ferroelectric capacitors mainly follows the description 
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in section 3.1. In order to decrease the partial pressure of residual oxygen, a noble gas 

replacement from Ar to (Ar+3%H2) is implemented. The H2 flux is as low as 1%. In the 

meantime, comparisons between high-Sc target (Al0.53Sc0.47) and low-Sc target 

(Al0.8Sc0.2) are conducted. Note that no deposition rate change is found whether H2 is 

included or not, and all films have the same thickness of 60 nm. Table 7.1 summarizes 

the deposition conditions of AlScN films deposited with and without H2 gas flow. The 

deposited films are denoted as High_Sc, High_Sc_H2, Low_Sc, and Low_Sc_H2. 

 

7.3. Material Analysis of Ferroelectric Films Deposited with Hydrogen 

Flux 

 

 
Figure 7.2: Cross-sectional TEM image of TiN/Al1-xScxN/TiN MFM capacitor 

(low_Sc). The deposited ferroelectric layer is 60 nm. 

 

A cross-sectional view of the TiN/Al1-xScxN/TiN film stack is acquired by a high-

resolution TEM, as presented in Figure 7.2. The FFT analysis of the sputtered low-Sc 

film shows c-axis oriented texture with a FWHM of 11.4°. Although it is a bright field 

TEM image, columnar growth is visible. EDX analysis is utilized to confirm the chemical 

compositions of deposited films. The Sc content are 0.26 and 0.12 for high-Sc and low-

Sc films, respectively. 



95 

 

Out-of-plane XRD patterns of AlScN MFM capacitors are illustrated in Figure 

7.3(a). XRD peaks spotted at 42.5° are assigned to TiN 200 phase, whereas AlScN 002 

phase can be found at around 35.5°. High_Sc and High_Sc_H2 especially possess extra 

diffraction peaks of AlScN 100 phase which are observed near 31° [97], [182]. The 

provided information again indicates that all AlScN films are mostly oriented in the c-

axis direction [106], [115], [116], [241], [242]. Compared to the pure AlN 002 XRD peak 

that resides in 36°, a slight shift in AlScN 002 toward lower angle results from thin films 

down to 60 nm, as mentioned in other reports [117], [145], [225]. No clear change in 

the crystal structure is identified with and without the H2 flow during the sputtering 

process. Figure 7.3(b) reveals the XRC spectra of deposited films. The peak heights and 

FWHM values typically decrease with H2 flow, which suggest the c-axis crystallinity 

degrades in reducing sputtering ambient [233], [243]. Furthermore, it is possible that 

the films deposited with H2 flow have higher degree of compressive strain, since the 

FWHM values are broaden. 

 

Figure 7.3: (a) Out-of-plane XRD and (b) XRC profiles of deposited 60 nm films 

sputtered with and without H2 gas. 

 

 

7.4. Influence on Ferroelectric and Dielectric Properties 
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7.4.1. Dielectric constant 

Figure 7.4 depicts the butterfly-like C-V switching loops which confirm the 

ferroelectricity in all films, suggesting the high robustness of ferroelectric Al1-xScxN 

films against reducing ambient. The extracted εi of High_Sc, High_Sc_H2, Low_Sc, and 

Low_Sc_H2 are calculated to be 22.7, 19.9, 13.9, and 13.3, respectively. For films 

deposited without H2 flux, the εi values are similar to the calculated results, 

considering the Sc composition in Al1-xScxN ferroelectric [109]. With H2 gas inclusion, 

reductions in εi are observed. According to the observations in chapter 5, lower oxygen 

concentration in Al1-xScxN layers could contribute to this result, showing the 

effectiveness of reduced oxygen partial pressure by H2 gas introduction. Besides, the 

acquired Ec of High_Sc is smaller than High_Sc_H2. Again, lower oxygen level and 

strengthened compressive strain are the origins of this change. For Low_Sc and 

Low_Sc_H2 films, the Ec dependence will be explained later. 

 

Figure 7.4: C-V characteristics of all deposited films. Dielectric constant 

decreases with H2 gas flow. 

 

7.4.2. Leakage Current and Breakdown Field 

Figure 7.5 displays the leakage current density obtained from the TZDB measurements. 

Suppressed leakage current can be found in Low_Sc owing to the wider bandgap 
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compared to that of High_Sc sample, which is consistent with section 4.2.3. Also, the 

EBD is increased by approximately 1 MV/cm. With the addition of H2 gas to the 

sputtering environment, not only reduction in leakage current but also EBD 

enhancement could be realized, as evident from High_Sc_H2 and Low_Sc_H2 films in 

Figure 7.5. This could be explained by the enlarged Eg values with lower oxygen content 

in the films [215]. However, this is contrary to the conclusion in chapter 5, which shows 

that higher oxygen incorporation could reduce leakage via VN elimination. Therefore, 

the physical mechanism should be different. XPS results in chapter 5 show that about 

5 at.% of O atoms exist in the low-Sc content AlScN film without additional O2 gas flow. 

It is reasonable to assume that if the oxygen concentration is higher than 5 at%, the 

leakage suppression is dominated by VN elimination. On the other hand, when the 

oxygen level is below 5 at%, the influence of Eg broadening comes into play. 

 

Figure 7.5: TZDB results of all samples. Leakage is suppressed and EBD is 

improved with H2-included sputtering. 
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deposited with H2 flux generally reach the semi-saturation kinks at a relatively lower 

Pr value. For High_Sc and High_Sc_H2 films, it is obvious that Pr values become lower 

in all-electric field regions with H2 gas flow. This is due to degraded c-axis orientation, 

as validated from the XRC profiles in Figure 7.3(b). In addition, compared to Low_Sc, 

lower Pr values shown in semi-saturation region for Low_Sc_H2 can be attributed to 

the same reason. 

 
Figure 7.6: Pr-E relationship from PUND measurements for AlScN MFM 

capacitors deposited with and without H2 gas flux. 

 

Chapter 5 elucidated that formation of VAl in the Al1-xScxN films could ease the 

ferroelectric displacement of N atoms, and thereby reduces Ec.[218], [219], [223] The 

increasing Ec for High_Sc_H2 can be attributed to the reduction of VAl-ON complex 

defects and stronger compressive stress in Al0.74Sc0.26N films. On the contrary, the 

extracted Ec of Low_Sc_H2 is slightly lower than Low_Sc, which is consistent with the 

findings in Figure 7.4. This is explained as follows. The Landau-Ginzburg model 

suggests a linear relationship between Ec and Pr/εi [244]. By using the Pr values after 

the semi-saturation kinks and the εi values taken from the C-V measurements, the 

extracted Ec values show nice agreement with the model. Therefore, the slight 

reduction in Ec of Low_Sc_H2 film to that of Low_Sc is understandable. 

Furthermore, the slope of Pr on E before the semi-saturation kink is identical for 
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domains. However, the slope is steeper in Low_Sc film than that of Low_Sc_H2. This 

phenomenon can be elaborated by FWHM dependence in XRC analysis in Figure 

7.3(b). Comparing to high-Sc content films, the FWHM value declines drastically 

between Low_Sc and Low_Sc_H2 films, indicating deteriorated 002 phase crystallinity. 

This explains why the Pr-E slopes are the same in High_Sc and High_Sc_H2, but the 

slope of Low_Sc is much steeper than Low_Sc_H2. Nonetheless, a detailed study needs 

to be conducted to understand the local ferroelectric response. 

7.4.4. Ferroelectric Behavior After Field Cycling 

 

Figure 7.7: C-V measurement sweeping to negative voltage after switching for 

10, 102, 103, and 104 cycles for (a) High_Sc and Low_Sc films, and (b) High_Sc_H2 

and Low_Sc_H2 films. 

 

Figure 7.7(a) and (b) reveal the C-V characteristics measured toward negative voltage 

direction, after field cycling for 10, 102, 103, and 104 cycles. Note that the cycling ends 

with a positive pulse application, thus polarization reversal can be monitored during 

the C-V measurements. For High_Sc, two peaks at -19 V and -16 V are observed after 

10 cycles, inferring a lower Ec appeared after field cycling, in addition to the initial high 

Ec component. The high Ec component descends and slightly shifts to the negative side 

after 102 cycles. Accompanied by high Ec component vanishment, the low Ec 

component is enhanced and moves toward the positive side with 103 cycles. Peak shift 

continues with further switching to 104 cycles, but the height starts to decrease. Since 

the peak height or the capacitance value reflects the Pr, the wake-up effect can be 
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attributed not only to the decrease in Ec but also to the improvement in the Pr. The 

same trend can be observed for Low_Sc, except for little change in the peak height. 

This indicates that the field cycling induces Ec shrinkage while keeping the same Pr, 

which suggests that the semi-saturation kinks and regions in Pr-E relationships, 

displayed in Figure 7.6, is extended to the lower E side by field cycling. The reappeared 

peak at -26 V after 104 cycles may have originated from the switching revive of the 

pinned ferroelectric domain due to electron trapping. As for the capacitors with H2 

flow, the shift in the peak voltage along with switching cycles exists, as depicted in 

Figure 7.7(b). Nevertheless, two Ec components are hardly observed. A constant peak 

height represents a constant Pr, operating in the semi-saturation region. The decrease 

in the peak height after 104 cycles corresponds to the fatigue effect, which is consistent 

with the following endurance measurements. Although more investigation is needed, 

analysis of the Sc-content-dependent endurance test with and without H2 gas flow can 

give an atomistic understanding of the switching reliability of Al1-xScxN ferroelectric. 

 

7.5. Improved Endurance Performance 

 

 

Figure 7.8: Endurance field cycling tests for all deposited films. Different E 

values are used to meet the target Pr of 100 μC/cm2
 for fair comparison. 
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possess various Ec, rectangle cycling pulses with different E are applied for a target Pr 

of 100 μC/cm2 to make fair comparisons. The wake-up effect is observed in High_Sc, 

showing an increase in Pr from 90 up to 135 μC/cm2. When H2 gas is introduced, 

suppressed wake-up effect is shown in High_Sc_H2. On the other hand, Low_Sc 

exhibits a much more severe fatigue effect than Low_Sc_H2 films. These findings imply 

that oxygen incorporation results in electron trapping incidents at ferroelectric 

domains [245], [246], [247], which is related to Sc-O bonding, as mentioned in section 

5.6. 

By comparing High_Sc and High_Sc_H2, better endurance performance up to 

nearly 106 cycles, two orders of magnitude improvement, is achieved with H2 gas flow. 

Likewise, Low_Sc and Low_Sc_H2 follow the same situation, and an extraordinary high 

switching cycle over of 2 × 107 is achieved. The endurance performance presented here 

is the record high in the world to date. Moreover, Pr of Low_Sc on the switching cycle 

shows a severe fatigue effect starting from the first 10 time-switching cycles, indicating 

the high electron trapping nature of the film.  

Therefore, the role of oxygen can be derived as follows. Though including oxygen, 

whether intentionally or unintentionally, could effectively decrease Ec by forming VAl-

ON complex defects, fatigue effect is induced simultaneously due to the presence of 

Sc-O bonds. Consequently, it is critical to form VAl-ON complex defects rather than Sc-

O bonds when applying defect engineering, and one promising method is to lower the 

Sc content in the film. 

 

7.6. Potential of Higher Hydrogen Flux 

 

In previous sections, an endurance boost over 107 cycles by utilizing reactive sputtering 

with 1% H2 flux inclusion is reported, showing the feasibility of reducing ambient for 

enhanced reliability. Consequently, it is interesting to know what happens if more H2 

flux is blended to Ar/N2 gas mixture. In this section, higher percentage of H2 flux was 

utilized to form AlScN thin films. 

7.6.1. Experimental Details 

The fabrication process of AlScN ferroelectric capacitors mainly follows the description 
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in section 3.1. Different from section 7.2., another gas inlet for H2 is used to provide 

higher H2 flux during ferroelectric deposition. Herein, the high-Sc target (Al0.53Sc0.47) is 

utilized, and the experiments for low-Sc target (Al0.8Sc0.2) is still ongoing. Note that the 

deposition rate showed neglectable discrepancy for all sputtered ferroelectric films, as 

checked by ellipsometry. Table 7.2 summarizes the deposition conditions of AlScN 

films deposited with various H2 gas flow. While maintaining 0.7 Pa of process pressure, 

mixing the H2 gas flow of 0, 1, 2, and 3 sccm into the sputtering ambient yields 0%, 

6.25%, 11.77%, and 16.67% of H2 flux, respectively. 

TABLE 7.2 

SPUTTERING CONDITIONS FOR ALUMINUM SCANDIUM NITRIDE 

Deposition parameters 

Sputtering target Al0.53Sc0.47 (80 mm dia.) 

Process temperature (oC) 400 

DC power supply (W) 300 

T/S distance (mm) 100 

Process pressure (Pa) 0.7 

Ar/N2 gas flow (sccm) 5/10 

H2 gas flow/flux (sccm/%) 
0, 1, 2, and 3/ 

0, 6.25, 11.77, and 16.67 

 

7.6.2. Influence on Ferroelectric and Dielectric Properties 

As disclosed in Figure 7.9(a), C-V butterfly loops appear in sputtered Al0.74Sc0.26N films 

with up to 11.77% of H2 flux. The disappearance of ferroelectricity in 16.67% H2 flux 

film could be attributed to the distinction of c-axis orientated grains [233], [243]. 

Figure 7.9(b) shows that εi decreased monotonically with higher H2 flux, whereas Ec 

generally exhibits incremental variation on both sides, keeping the same trend shown 

in section 7.4.1. Moreover, Eimp shifts toward zero with more H2 gas flow. 

Figure 7.10 demonstrates the results taken from TZDB measurements. The 0% H2 

flux film exhibits high leakage current due to high-Sc content of the ferroelectric film 

with lower bandgap value. As H2 flux increased to 11.77%, suppressed leakage and 

boosted EBD are prominent, which shows consistency with section 7.4.2. In other 
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words, under 11.77% H2 flux, when more H2 gas is involved in the sputtering, the 

deposited film tends to have higher Eg, and thus leakage is reduced and EBD is 

improved. However, when H2 flux gained to 16.67%, the film not only loses its 

ferroelectric properties, but also exhibits drastic decline in EBD. This can be ascribed to 

a total crystal structure variation. 

 

Figure 7.9: (a) C-V curves of fabricated Al0.74Sc0.26N MFM capacitors with high 

H2 flux. The ferroelectricity sustains up to 11.77% of H2 flux. (b) Eimp and εi in 

dependence with the H2 flux percentage.  

 

 

Figure 7.10: TZDB results of all deposited films. Leakage is suppressed and EBD 

is improved with H2 included sputtering up to 11.77% H2 flux. 

 

Figure 7.11 displays the overall Pr-E relationship of PUND measurements. Sputter 

deposition with higher H2 flux results in lower Pr at all E region, along with more 
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ambiguous semi-saturation kinks. The former phenomenon could be explained by 

deteriorated c-axis orientation growth [233], [243]. Ec values also increased with H2 

flux. These observations are consistent with section 7.4.3. In addition, the linear-like 

uprising slope of 11.77% H2 flux film indicates the possibility of multi-level operation 

for analog accelerators. As oxygen incorporated AlScN capacitors also demonstrate 

partial polarization reversal and linear Pr-E relationship, high H2 flux sputtered films 

possess the disadvantage of higher Ec. 

 

Figure 7.11: Pr-E relationship of fabricated Al0.74Sc0.26N films in PUND 

measurements. 

 

 

Figure 7.12: Extracted Ec and EBD/Ec ratio with respect to H2 flux percentage. 

 

Figure 7.12 depicts the tendency of Ec and EBD/Ec ratio obtained from TZDB and 

PUND tests. The increased EBD/Ec ratio suggests better reliability potential of AlScN thin 

films prepared by H2 gas involved sputtering [6]. Nevertheless, the demonstration of 
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enhanced endurance cycle is unsuccessful due to large leakage passing through the 

high-Sc content films. Luckily, this issue could be avoided by low-Sc content films, 

which is one of the topics of future research. 

 

7.7. Summary of This Chapter 

 

From SIMS measurements, a peak oxygen concentration is found at the 

ferroelectric/BE interface in AlScN MFM capacitors. Oxygen incorporation in sputtered 

films has been addressed to be influential to fatigue effect and impaired endurance 

performance, as shown in chapter 5. In this chapter, in order to mitigate fatigue effect 

and improve endurance cycle, 1% H2 flux is utilized in reactive sputtering to lower the 

partial pressure of residual oxygen during ferroelectric layer deposition, resulting in 

reduced oxygen content in Al1-xScxN thin films. However, the c-axis crystallinity is found 

to be deteriorated due to incorporated H2 gas, as shown in XRC analysis. Fortunately, 

all films present prominent ferroelectricity, indicating their robustness to reducing 

ambient. Although further material analysis is feasible, the effectiveness of oxygen 

content lowering is validated by declined εi values. Not only the leakage current is 

decreased, but also the breakdown strength is enhanced, regardless of the Sc content 

in Al1-xScxN thin films. These discoveries are contrary to the conclusions in chapter 5. 

This suggests a different mechanism governing the phenomenon. It is proposed that 

at low at.% of O atoms, though inputting H2 gas eliminates ON in the films, Eg 

broadening becomes more influential to leakage and breakdown field. In addition, Pr 

values, related to c-axis orientation, are generally decreased due to H2 gas inclusion in 

sputtering, which is consistent to the XRC profiles. Wake-up and fatigue effects in the 

endurance cycling tests disappeared in films with H2 flow process. Owing to stabilized 

Ec, a record high endurance cycle of over 107 switching cycles is achieved. The results 

show that by reducing the oxygen level at AlScN/BE interface, endurance performance 

can be boosted. 

Based on these findings, higher H2 flux was used during ferroelectric AlScN thin 

films deposition. Up to 11.77% H2 flux, ferroelectricity was demonstrated. Moreover, 

leakage current suppression and EBD enhancement indicates further increased Eg 

values. However, excessive H2 flux could give rise to inferior c-axis crystallinity, leading 
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to ferroelectricity distinction. The ferroelectric characterization results of high H2 flux 

films show the same tendency with low H2 flux films, as εi decreases and Ec increases 

continuously. Additionally, Eimp is shown to be tunable via varying the percentage of H2 

flux, similar to the oxygen incorporated AlScN case. In PUND measurements, linear Pr 

gain over a broad range of E is observed in 11.77% H2 flux film. Despite Ec is increased, 

the possibility of multi-state operation for future analog NVM technology is presented. 

Additionally, enhanced EBD/Ec ratio is beneficial for endurance improvement. Though 

more material analysis and further research are required, the potential of utilizing high 

H2 flux during sputtering for ferroelectric AlScN thin films is demonstrated. Overall, the 

influence of H2 flux included sputtering is demonstrated. 
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Chapter 8:  Guidelines for Aluminum Scandium Nitride 

Capacitors For High Endurance and Low-Voltage Operation 

 

8.1. Introduction 

 

To improve the scalability and reliability performance of AlScN thin films, sputtering 

condition exploration, defect engineering, and reducing ambient deposition are 

proved to be effective in previous chapters. Based on these findings, this chapter 

elucidates a proposed model for high endurance and low-voltage operation for AlScN 

MFM capacitors. 

 

8.2. Concept of the Proposed Model and Applicable Experimental 

Approach 

 

 
Figure 8.1: Concept of proposed model for AlScN MFM capacitors for high 

endurance and low-voltage operation. 

 

Figure 8.1 illustrates the proposed model that consists of multi ferroelectric layers with 

different Sc and O content. For BE and TE, it is still advantageous to choose TiN since 

it is a CMOS compatible electrode and also offers high effective work function [248]. 

For the ferroelectric layers, it is proposed that a high-Sc content layer is sandwiched 

between two low-Sc content layers, as demonstrated in Figure 8.1. Multi-layer 
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structure could further improve the breakdown strength and inhibit leakage current 

[232], as mentioned in chapter 6. The thickness ratio should be about 2:2:1 from 

bottom to top. Moreover, H2 and O2 gases are included during sputtering low-Sc and 

high-Sc content layers, respectively. The reason for this layer arrangement is explained 

here. 

First, the underlying layer utilizes low-Sc layer to suppress leakage current from 

the interface, and this layer should be deposited with reducing ambient to decrease 

the oxygen level at the ferroelectric/BE interface. This could help improve endurance 

and mitigate the fatigue effect. Note that as the underlying layer usually considerably 

influences the crystallinity of subsequent layers, the low-Sc content layer should be 

thick enough to obtain better crystallization. This is even more important since 

sputtering with H2 inclusion deteriorates c-axis crystallinity, as shown in chapter 7. 

Second, high-Sc content is chosen for the sandwiched layer due to its low Ec 

characteristics. Applying O2 gas incorporated sputtering could decrease the Ec and 

increase EBD even more for low-voltage operation, as evident from chapter 5. This layer 

should also be thick enough to decrease the overall Ec sufficiently. Since this layer is 

not directly contacted with the electrodes, fatigue effect is expected to be impaired. 

Finally, the top layer selects low-Sc content and H2-included deposition again to 

block the leakage current flow and prevent fatigue effect. This layer could be thinner 

by one half than other layers since its purpose is only to secure sufficient Schottky 

barrier height to the TiN TE. 

The description on the right side of Figure 8.1 gives an example of the layer 

thickness for 50 nm capacitors. However, to achieve low-voltage operation, a thinner 

multi-layer stack is needed. The proposed model could be effective for total 

ferroelectric thickness above 5-10 nm since it is still possible to distinguish the 

interface, border, and bulk regions. However, at ultra-scaled regime under 5 nm, the 

difference between interface and bulk becomes ambiguous. Therefore, it requires 

further research and optimization to this model. 

 

8.3. Summary of This Chapter 
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Based on the results from previous chapters, it is advantageous to combine 

different techniques to construct guidelines for enhanced endurance performance and 

better scalability. Several factors such as Sc content and oxygen level are considered 

and arranged for the multi-layer ferroelectric. The discussed deposition approaches 

are applicable in experiments. Although the proposed model could be less feasible for 

its purpose when the thickness is scaled down below 5 nm, it could still be beneficial 

for further research of ferroelectric layers above 5-10 nm. 

 

 



110 

 

Chapter 9:  Conclusions and Future Works 

 

9.1. Originality and Key Outcomes 

 

Figure 9.1 illustrates the originality of this research, and the flow can be addressed in 

five consecutive steps: 

(1) Understanding the material properties of AlScN. Limited endurance and high 

leakage current are critical issues that should be tackled urgently for the 

development of AlScN ferroelectrics. 

(2) Exploring the suitable sputtering conditions for AlScN films with enhanced 

quality. This could help lay the foundation for further technical improvement. A 

trade-off between Ec and EBD was found. 

(3) Defect engineering by oxygen incorporation was implemented mitigate the high 

Ec characteristic of AlScN, as VAl-ON complex defects were formed. The trade-off 

between Ec and EBD could be overcome. A linear Pr-E relationship unlocked the 

potential of multi-level operation for analog circuits while preserving high Pr (> 

100 μC/cm2). Besides, aggressive downscaling was made possible with this 

technique. However, fatigue effect became severe due to the formation of Sc-O 

bonds. Therefore, it is critical to form VAl-ON complex defects rather than Sc-O 

bonds. One feasible approach is to reduce the Sc content in AlScN. 

(4) Oxygen depletion, implemented via reducing sputtering ambient, could lower the 

oxygen level at AlScN/BE interface where Sc-O bonds induce fatigue effect. 

Depleting oxygen using H2-included sputtering along with less Sc content is 

effective to boost the switching cycle and avoid wakeup/fatigue effects. Plus, 

decreased ε and suppress leakage are demonstrated. Nevertheless, lower Pr and 

higher Ec are the drawbacks. 

(5) Guidelines to design highly reliable and scalable ferroelectric AlScN films was 

proposed using Sc and O content profiling in the multi-layered film enhanced 

endurance and low-voltage operation. 

Detailed key outcomes of each step are elucidated in the following. 
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Figure 9.1: Originality of this research illustrated in a flow chart. 
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Chapter 4 focused on the exploration of suitable deposition conditions for 

sputtered AlScN thin films. The results are listed as follows: 

(1) Without intentionally doping or defect creation, Ec and EBD share positive 

correlation. 

(2) Low-Sc content film is favorable over high-Sc due to wider Eg, suppressed leakage, 

lower εi, higher Pr, enhanced EBD with the price of higher Ec. Therefore, the usage 

of AlSc alloy sputtering target with lower Sc content (5-15%) is advantageous. 

(3) Lower process pressure could be beneficial to decrease the leakage current and 

εi, while increasing Pr, Ec, and EBD. The surface roughness can also be improved. 

(4) Suitable T/S distance could help inhibit leakage and boost Pr performance by 

producing better c-axis crystallinity. 

(5) These findings not only pave the way for improved endurance performance but 

also create the chance for thickness downscaling. 

In chapter 5, defect engineering was applied to AlScN films by incorporating O2 

gas during deposition. By increasing the degree of oxygen doping, complex defects 

that affect the dielectric and ferroelectric properties are generated. The results are 

demonstrated as follows: 

(1) Oxygen contamination is unavoidable in reactive sputtering. 

(2) XRD profiles show that O atoms are not uniformly distributed inside the film. Plus, 

O atoms tend to bond with Sc at low oxygen concentration. 

(3) Creating VAl-ON defect complexes could shift Eimp, increase εi, suppress leakage, 

and gain partial polarization at low E. 

(4) Defect engineering was found to be one effective way to reduce Ec and boost EBD 

simultaneously. 

(5) Multi-level operations for analog applications can be realized by defect 

engineering due to linear Pr-E relationship at PUND measurements. 

(6) However, severe fatigue effects are found when more Sc-O bonds are formed, 

leading to non-ideal endurance cycles. 
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(7) Defect engineering also shows its potential for aggressive thickness downscaling 

by suppressing large leakage and restoring ferroelectricity. Under 5 V operation is 

also achievable for AlScN with TiN electrodes. 

Chapter 6 discovered that the polarity of pristine films could be controlled by 

oxygen profiling in stacked AlSc(O)N layers. It was found out that doping oxygen leads 

to polarity shifting from N-polar to metal-polar, and the magnitude could be tuned by 

the degree of oxygen inclusion. The details are listed as follows: 

(1) Mixed N-polar and metal-polar phases could co-exist in AlSc(O)N films with 

various oxygen profiling. 

(2) Two Ec components at the negative side could be discovered when oxygen level 

difference is large between layers in the stack. However, the positive side only 

shows one Ec component regardless of the profile of oxygen level. 

(3) The breakdown field is found to have high correspondence to the oxygen 

concentration at the ferroelectric/BE interface. Besides, multi-interfaces in the 

ferroelectric stack could also help block the leakage path and increase the 

breakdown strength. 

After understanding the role of oxygen inside AlScN thin films, chapter 7 

dedicates to decrease the oxygen content at the AlScN/BE to improve the endurance 

performance. The results are displayed as follows: 

(1) SIMS measurements proved that an oxygen concentration peak is found at the 

ferroelectric/BE interface in AlScN MFM capacitors, which could be influential to 

the fatigue effect in endurance tests. 

(2) The incorporation of H2 gas in sputtering leads to oxygen depletion with the price 

of c-axis crystallinity deterioration, regardless of the Sc content in the film. 

(3) AlScN thin films exhibited robustness to reducing ambient during sputtering since 

prominent ferroelectric properties are demonstrated in various measurements. 

However, the H2 flux should be limited to under ~11.77% since the c-axis 

orientated grains could be distinct. 

(4) H2 involved sputtering decreases εi which shows the effectiveness of oxygen 
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content lowering. 

(5) A different mechanism governing the behavior of leakage and breakdown field is 

proposed since the results are contrary to the findings in chapter 5. At low at.% 

of O atoms, films deposited in reducing ambient could possess wider Eg that 

suppress the leakage and enhance the breakdown field. 

(6) Multi-level operation is also realizable when H2 flux is high enough, however, Ec 

increases accordingly. 

(7) Wakeup and fatigue effects are eliminated by reducing sputtering ambient, 

showing the effectiveness of oxygen level lowering at AlScN/BE interface. A 

record high endurance cycle of over 107 switching cycles is achieved. 

Based on all experimental results, guidelines of AlScN MFM capacitors for future 

high endurance and low-voltage operation are proposed in chapter 8. The details are 

listed as follows: 

(1) A model of triple ferroelectric layers with different Sc and O content profiling 

could be feasible. 

(2) The underlying and capping layers should be deposited using reducing ambient 

and low-Sc target to improve breakdown strength, suppress leakage, and prevent 

fatigue effect. 

(3) The sandwiched layer should select higher Sc content and take advantage of more 

complex defects that decreases Ec and gains EBD. 

(4) The proposed model could be effective for total film thickness larger than 5-10 

nm. 

 

9.2. Conclusions 

 

Advanced memory technology is attracting massive attention due to the rapid 

development of AI computing technology. Emerging NVM technology with 

ferroelectric materials has shown great potential due to their fascinating charge 

storage nature. III-N ferroelectrics such as AlScN possesses novelty and several 
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advantages over other popular ferroelectrics like PZT and HZO. However, challenges of 

AlScN thin films still remained to be conquered. To date, most publications show 

common characteristics of Pr of over 100 μC/cm2, Ec of 3-7 MV/cm, and εi of 11-20. 

Due to the presence of high leakage, the endurance is limited to ~105 cycles, and 

aggressive thickness downscaling is difficult to realize. Consequently, this research 

aims for improving scalability and reliability of AlScN thin films. In order to achieve 

high endurance and low-voltage operation, several properties of AlScN must be 

engineered. As high Pr value is the essence of AlScN, it is desirable to suppress leakage, 

minimize Ec, boost EBD, and decrease εi while maintaining sufficient Pr. As mentioned 

in the previous section 9.1., this research adopts step-by-step technical improvements 

to reach the goals. 

This research focused on in-situ reactive sputtering of TiN/AlScN/TiN metal-

ferroelectric-metal (MFM) capacitors in principle and dedicates to exploring the 

suitable deposition conditions. By tuning the Sc content of the AlSc alloy target, 

process pressure, and T/S distance, improved film quality was achieved. It is shown 

that low Sc content film (Al0.88Sc0.12N) is preferred over high Sc films (Al0.74Sc0.26N) due 

to its advantageous properties, including a wider bandgap Eg, reduced leakage current, 

lower dielectric constant ε, higher remnant polarization Pr, and improved breakdown 

field strength EBD. These features are further enhanced by lower process pressures 

during sputtering, which reduce VN and improve surface roughness, leading to 

decreased leakage current and higher EBD. Additionally, searching for the suitable T/S 

distance during deposition was shown to be advantageous for enhanced 

ferroelectricity and breakdown strength. Moreover, it was validated that Ec and EBD 

share the same trend during these experiments, indicating a trade-off relationship. 

These findings not only paved the way for improved endurance performance but also 

created the chance for thickness downscaling. 

When the oxygen level in AlScN is intentionally increased, defect complexes are 

created and thereby influence the ferroelectricity. Increased VAl-ON defect complexes 

could ease the N-atom displacement and decrease Ec, which is beneficial for low 

voltage operation. As evident from PUND measurements, partial polarization is 

achieved at low E regions along with linear Pr-E relationship, indicating the potential 

of multi-level operation. Including oxygen into the ferroelectric also changes the polar 
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states in pristine films from N-polar to metal-polar. Moreover, the leakage is 

suppressed due to VN elimination, which helps the demonstration of below 5 V 

operation in this research. However, prominent fatigue effects are induced due to 

trapping/de-trapping incidents at Sc-O bonds. 

To resolve this issue, a method of sputtering with reducing ambient was 

implemented to deplete the oxygen level at the ferroelectric/BE interface. H2 gas 

inclusion could decrease the partial pressure of residual O2 in the chamber and form 

AlScN thin films with low oxygen level. Note that ferroelectric AlScN thin films 

exhibited great robustness against reducing ambient at deposition. As the amount of 

defect complexes declined, Ec increased accordingly. Fortunately, due to Eg 

enlargement, leakage suppression and EBD enhancement were presented. Similar to 

the high oxygen level case, the Pr-E relationship showed linear-like behavior, but the 

overall Pr was lowered owing to worse c-axis crystallinity. Most importantly, since the 

Sc-O bondings at the ferroelectric/BE interface were removed by oxygen depletion, 

the endurance performance was boosted to over 107 cycles.  

In addition, the role of oxygen was understood as follows. Despite defect 

engineering via oxygen incorporation could effectively reduce Ec, the accompanied 

fatigue is severe. Therefore, it is critical to form VAl-ON complex defects rather than Sc-

O bonds, and one promising method is to lower the Sc content in the film 

Guidelines that extract the benefits from defect engineering and oxygen 

depletion were proposed. By applying combinations of Sc and O content profiling to 

the multi-layered ferroelectric stack, further improvement in endurance and scalability 

was expected. In summation, this research enhances the reliability and scalability 

features of AlScN thin films, and hopefully contributes to the development of 

ferroelectric AlScN for future advanced NVM technology. 

 

9.3. Outlook and Future Works 

 

In this research, low-Sc content down to 11% of Al1-xScxN films are fabricated and 

characterized. As mentioned in section 4.5., an even lower Sc content approaching 5% 

could be feasible for further leakage suppression and breakdown enhancement. 
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Excessively low Sc content could lead to extremely high Ec which is not beneficial for 

low-voltage operation. Research regarding this is still ongoing by our team. 

Moreover, TiN is used as electrodes for ferroelectric AlScN owing to its refractory 

properties and compatibility to CMOS technology. However, since the BE and TE 

engineering are shown to be influential for ferroelectrics like perovskites and fluorites 

[41], [230], [231], [249], it is worth researching the material selection of electrodes. 

This could involve properties such as crystal structure, texture, lattice constant, 

stress/strain status, grain size, surface roughness, (effective) work function, chemical 

reactivity to AlScN, etc. 

Nowadays, as discussed in section 2.2., the deposition of ferroelectric AlScN thin 

films is accomplished by PVD sputtering or epitaxial growth methods. ALD growth of 

conformal AlScN films could be advantageous for capacitors in 3D architecture, e.g. 

NAND flash [250], [251]. Nonetheless, forming preferential AlN 002 orientation could 

be challenging in ALD chambers [252]. Besides, the crystallization in ultra-thin AlScN 

films might be another obstacle. Fortunately, ternary ALD process with supercycle 

approach could be feasible for AlScN [253]. 

Finally, the integration of AlScN thin films into FeRAM and FeFET technology is 

promising. Some recent works have demonstrated large memory window using AlScN 

as ferroelectric and oxide semiconductors as channel materials [254], [255]. Our team 

has already obtained some preliminary results of AlScN-based FeRAM and In2O3 FeFET 

with ferroelectric AlScN. 
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Appendix 

 

TABLE A1.1 

LIST OF BOND DISSOCIATION ENERGY [123], [256] 

Bond dissociation energy (kJ/mol) 

H-H 435.7799 ± 0.0001 

O=O 498.36 ± 0.17 

N≡N 944.84 ± 0.10 

Al-N ≤368 ± 15 

Al-O 501.9 ± 10.6 

Sc-N 464 ± 84 

Sc-O 671.4 ± 1.0 
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