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SUMMARY  

Piezoelectric and ferroelectric thin-film materials are integral to a wide range of 

modern electronic systems, enabling the functionality of RF filters, LIDAR systems, 

gyroscopes, micromachined ultrasonic transducers, computer memory, and device 

switches. As devices shrink and performance demands rise, there is growing interest in 

enhancing the piezoelectric and ferroelectric properties of material’s while maintaining 

compatibility with silicon and CMOS processes. Aluminum nitride (AlN), a CMOS-

compatible, wide bandgap material, is widely used in resonators and filters due to its strong 

piezoelectric response, thermal stability, and low dielectric and acoustic losses, which 

together enable high electromechanical coupling and quality factor. Substituting scandium 

(Sc) into the AlN lattice to form Al₁-ₓScₓN increases lattice distortion and internal strain 

sensitivity, enhancing the longitudinal piezoelectric coefficient (d₃₃) and effective 

electromechanical coupling (kₜ,eff²) by up to 400%. However, Sc substitution also 

introduces a structural trade-off, as increasing content beyond a critical threshold (x ≈ 0.43) 

induces a phase transition from the polar wurtzite phase to a non-polar cubic structure, 

diminishing piezoelectric performance. 

The two major aims of this thesis defense are to understand how Sc target power 

influences the composition and crystallinity of co-sputtered AlScN films and to examine 

how sputtering mode affects the ferroelectric behavior of Al₇₅Sc₂₅N. Increasing Sc target 

power from 100 W to 150 W raises the Sc content from 17 at% to 27 at% and results in 

greater oxygen uptake and reduced c-axis crystallinity. Separately, by holding all 

deposition parameters constant and varying the sputtering mode (DC, RF, and mixed 



 xiii 

RF+DC), this work demonstrates that deposition energetics strongly influence ferroelectric 

response - RF sputtering yields strong polarization switching, while DC sputtering results 

in films with primarily dielectric behavior. These findings provide a foundation for 

optimizing AlScN thin films for next-generation piezoelectric and ferroelectric MEMS 

devices. 
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CHAPTER 1. INTRODUCTION 

Piezoelectric thin-film materials are foundational to modern electronic systems1,2. 

Piezoelectric materials enable key functionalities in devices such as RF filters3, 

gyroscopes1, LIDAR systems4,5, microphones, and micromachined ultrasonic transducers 

(pMUTs)4–6. Increasingly, electronic devices are getting smaller and gaining more 

complexity while simultaneously requiring more external power. With the increasing 

performance demands and concurrent miniaturization, there is a growing need for 

enhanced piezoelectric properties in modern thin film materials while still having 

compatibility to silicon (Si) and complementary-metal-oxide-semiconductor (CMOS) 

processing.  

Aluminum Nitride (AlN) is a wide band gap (Eg> 6.2 eV)1 piezoelectric material 

with a stable piezoelectric response above 1000°C 4. AlN is dominant in piezoelectric 

resonators and filters in part due to its CMOS compatibility5 along with its low dielectric 

and acoustic losses,3 which enables high-quality factor in devices.3 AlN has a hexagonal 

wurtzite (𝑎 = 𝑏 ≠ 𝑐) crystal structure (P63mc space group) with the a-lattice constant 

ranging from (3.110 Å to 3.113 Å)  and the c-lattice constant ranges from (4.978 Å to 4.982 

Å)5,7. AlN exists in three different phases, namely rocksalt, zincblende, and wurtzite phase, 

with the wurtzite phase being the most stable.8 

The substitution of scandium (Sc) for aluminum (Al) to form aluminum scandium 

nitride (Al₁₋ₓScₓN or AlScN) has been shown to enhance the piezoelectric response.4,8 

Aluminum and scandium have the same valence state which allows for the Sc ion to 

substitute into the system while maintaining charge neutrality. The Sc atom (radius = 160 
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pm) is slightly larger than Al atom (radius = 118 pm) and more electronegative, Sc atoms 

tend towards a layered hexagonal structure as well, and thus substituting Al with Sc 

increases lattice parameters of the unit cell especially in c-axis9. Substituting Sc in for Al 

has also been shown to soften the metal-nitrogen bond.10 The structural changes and 

increase in the c-axis lattice parameter from the scandium incorporation, increase the 

longitudinal piezoelectric coefficient (d₃₃) (i.e., the charge generated per unit stress along 

the same axis as the applied force) by up to 400% 11,12 and improves the electromechanical 

coupling coefficient (kₜ,eff²) 13 (i.e., quantifies the efficiency of energy conversion between 

electrical and mechanical domains in piezoelectric materials) for microelectromechanical-

systems (MEMS) and RF applications.  The non-centrosymmetric P63mc wurtzite  phase 

extends to compositions with scandium incorporation less than x=0.5 (A1-xScxN) beyond 

which the rocksalt-type phases becomes more stable . 8 The non-piezoelectric 

centrosymmetric cubic rock-salt phase occurs at percentages over x > 0.5. 8 The 

piezoelectric properties of AlScN increase with Sc content up to an experimentally 

determined critical threshold of (x ≈ 0.43).8,14 

This work investigates the synthesis and characterization of AlScN solid solutions 

deposited via both reactive DC-pulsed magnetron co-sputtering (using ceramic AlN and 

metallic Sc targets) and from a stoichiometric Al75Sc25N target. Films were deposited on a 

variety of structural and conductive substrates, including (100) Si, and bottom electrodes 

such as (0002) Hf, with out-of-plane lattice mismatches ranging from 2–40% - this 

approach enabled the exploration of film synthesis growth with and without seed layers. 

Sc content was varied up to x = 0.27 in co-sputtered films from the AlN and Sc targets, 

where the Sc target power is used to vary resultant film Sc concentration. Key film 
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characteristics including crystal orientation, grain morphology, surface roughness, surface 

and bulk composition, and the chemical response of the films ferroelectric behavior were 

assessed. 

Chapter 2 of this Masters thesis explores the material characterization of Al1-

xScxN  solid solutions synthesized through the mixed mode (RF+DC) co-sputtering of AlN 

and Sc targets. This work describes the impact of increasing Sc target power on the 

resulting composition and microstructure of  AlScN  thin films deposited without a seed 

layer. As the Sc target power is increased from 100 W to 150 W, XPS results show that the 

Sc concentration increases from 17 at % to 27 at % Sc with an increase in oxygen from 15 

at % to 21 at % oxygen content, with chemical analyses revealing nitride and oxynitride 

bonding. Films grown at 100 and 125 W Sc target power exhibit solely the wurtzite 

hexagonal phase of AlScN with (0002) out-of-plane orientation. Increasing the Sc content 

further reduces the c-axis crystallinity of the AlScN thin films as indicated by the full-

width-half-max (FWHM) of the rocking curves increasing.   

Chapter 3 of this Masters thesis investigates the ferroelectric and dielectric 

properties of Al₇₅Sc₂₅N thin films deposited using different sputtering modes: DC, RF, and 

RF&DC co-sputtering. This work isolates the effect of deposition energetics by holding all 

other conditions constant while varying the sputter method. Clear ferroelectric switching 

behavior is observed in films deposited via RF sputtering, with an average remnant 

polarization (PR) of 98 µC/cm² and a coercive field (EC) of 4.6 MV/cm. In contrast, DC 

sputtered films exhibit primarily linear dielectric characteristics, suggesting the absence of 

ferroelectric switching. Co-sputtered films deposited with mixed RF&DC power show an 

intermediate response, with reduced PR and EC compared to RF films, but with a larger 
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separation between EC and breakdown field (EBD), highlighting the trade-offs between 

ferroelectric strength and device robustness. This chapter demonstrates that the sputtering 

mode plays a critical role in tuning the functional response of AlScN films and presents 

mixed-mode sputtering as a promising route for enhancing ferroelectric reliability in thin-

film devices. The findings contribute to a deeper understanding of the structure–property 

relationships in AlScN films and offer pathways to optimize their piezoelectric and 

ferroelectric properties.  

This work describes the impact of increasing scandium target power on the 

resulting composition and microstructure of  Al1-xScxN  thin films deposited without a seed 

layer. As the Sc target power is increased from 100 W to 150 W, XPS results show that the 

Sc concentration increases from 17 at % to 27 at % Sc with an increase in oxygen from 15 

at % to 21 at % oxygen content. Films grown at 100 and 125 W Sc target power exhibit 

solely the wurtzite phase of AlScN with (0002) out-of-plane orientation. Increasing the Sc 

content further reduces the c-axis crystallinity of the AlScN thin films as indicated by the 

full-width-half-max (FWHM) of the rocking curves increasing.  This work provides an 

analysis of the evolving chemical response of the film elements as Sc target power is 

changed and underscores the critical role of Sc target power in tuning both composition 

and structural quality in AlScN thin films.   
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CHAPTER 2. IMPACT OF SCANDIUM TARGET POWER ON 

THE MICROSTRUCTURE AND CHEMICAL RESPONSE OF 

CO-SPUTTERED AL1-XSCXN THIN FILMS  

2.1 Abstract 

This work describes the impact of increasing scandium target power on the resulting 

composition and microstructure of  Al1-xScxN  thin films deposited without a seed layer. 

As the Sc target power is increased from 100 W to 150 W, XPS results show that the Sc 

concentration increases from 17 at % to 27 at % Sc with an increase in oxygen from 15 at 

% to 21 at % oxygen content. Films grown at 100 and 125 W Sc target power exhibit solely 

the wurtzite phase of AlScN with (0002) out-of-plane orientation. Increasing the Sc content 

further reduces the c-axis crystallinity of the AlScN thin films as indicated by the full-

width-half-max (FWHM) of the rocking curves increasing.  This work provides an analysis 

of the evolving chemical response of the film elements as Sc target power is changed and 

underscores the critical role of Sc target power in tuning both composition and structural 

quality in AlScN thin films.  

2.2 Objective & Hypothesis 

Dual target co-sputtering with an AlN and Sc metal target provides the capability to 

tune Sc concentrations (up to 27 at %) in the wurtzite AlScN solid-solution through the 

adjustment of the Sc target power between 100 – 150 W, chemical analyses reveals the 

presence of the Sc-N and Al-N chemical states along with oxynitride bonding and evolving 

surface morphologies related to Sc target power. 
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The objective of the work proposed in this section is to: 

1. Develop a processing route to deposit AlScN with > 20 at % Sc  

2. Investigate the impact of increasing Sc target power on the Sc concentration and 

the respective chemical states of the constituent film elements 

3. Observe any structural changes that come about as the Sc target power is increased 

2.3 Introduction 

Aluminum nitride (AlN) is a wide band gap semiconductor material (Eg> 6.2 eV)4, 

with a piezoelectric response that is stable above 1000°C.4 AlN has previously been 

developed for piezoelectric applications such as in micro-electromechanical systems 

(MEMS) 3, acoustic wave filters for RF communication3, and energy harvesters.4 The 

piezoelectric properties of AlN stem from its polar wurtzite crystal structure (P63mc space 

group) where the spontaneous polarization is along the polar hexagonal axis (c-axis).5,7 The 

non-centrosymmetric nature of the wurtzite structures gives rise to a d33 piezoelectric 

coefficient of 4.1 pm / V (where d33 is defined as the charge generated per unit stress along 

the same axis as the applied force),5 and an effective electromechanical coupling 

coefficient (kₜ,eff²) of 6.5% (where k quantifies the efficiency of energy conversion between 

electrical and mechanical domains in piezoelectric materials).1 Doping AlN with Sc has 

been shown to enhance the piezoelectric coefficient by up to 400%.11,15 While both 

elements share the +3-valence state, the Sc ion has a larger ionic radius than Al, which 

lengthens and increases the ionicity of the bond with N, as compared to the undoped AlN. 

4,8 The increase in piezoelectric response has previously been attributed to the effective 
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softening of the metal-nitrogen bond.4,8 An additional benefit of doping with Sc is that 

AlScN retains the wide band gap and chemical and temperature stability inherent to AlN.   

To exhibit a macroscopic piezoelectric response along the film thickness, AlScN thin 

films must consist predominantly of crystallites with their c-axis oriented perpendicular to 

the substrate surface, as the piezoelectric response arises along this axis in its non-

centrosymmetric wurtzite structure. To template the alignment of a thin film along a 

desired crystallographic axis during deposition, it is common to use a seed or template 

layer which has lattice parameters within a 5% lattice match or less.7,16 For AlScN thin 

films, hexagonal seed layers, such as AlN, Mo, or W16 are often used as bottom electrodes 

to promote (0002) texture.. However, the drive to integrate AlScN directly into CMOS 

necessitates understanding the microstructural evolution and resulting performance for 

films deposited onto non-lattice matched substrates such as silicon or silicon oxide. The 

direct growth of c-axis oriented AlScN on Si without a seed layer presents several 

challenges, primarily due to the  greater than 40% lattice mismatch as Si provides no 

structural guidance for the AlScN film.17  

While AlScN films with Sc concentrations < 20 at.% have been deposited on (100) 

Si substrates, achieving films with higher Sc content and exclusive c-axis orientation is still 

a difficult challenge.4,15,18 Previous studies have shown Sc sputtering target power 

influences, not just the Sc concentration, but also impurity concentrations (primarily 

oxygen inclusion19,20and secondary phases19–21) of the resultant co-sputtered films. Recent 

studies have shown that increased Sc concentrations in the film brings about an increase in 

surface and bulk oxygen, in part due to Sc’s high affinity for oxygen.19,20 Oxygen 

impurities can reduce c-axis texture by introducing oxynitride bonding or oxygen related 
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secondary phases that decrease c-axis crystallinity.21,22 Investigating the effects of 

increasing Sc sputtering target power on atomic bonding provides insights into Sc 

incorporation and oxygen impurity inclusions (as oxynitride phases or oxide secondary 

phases, such as Sc-O) at higher Sc concentrations. Notably, oxygen concentrations as high 

as 28 at % 19,23 have been found in AlScN films with 26 at % Sc even when grown at 

pressures below 10-7 Torr.19,23,24 While prior studies have not thoroughly examined  the 

chemical states of the oxygen impurities, the presence of such high oxygen concentrations 

suggests additional oxidation pathways that warrant further investigation. 19,23,24 Since 

target impurities alone cannot account for 28 at % oxygen incorporation, it is essential to 

analyze the specific chemical states of the Al, Sc, N, and O present. Understanding the 

structural and chemical variations as Sc sputtering target power is increased is critical for 

elucidating how Sc incorporates into the Al-N lattice.   

This study characterizes the impact of increasing Sc target power on the composition 

and microstructure of AlScN films deposited onto SiO2-Si substrates. The films are 

deposited via a DC/RF co-sputtering process with a ceramic AlN target and a metal Sc 

target, where the Sc target power is increased incrementally from 100 – 150 W (33 – 50 % 

target power relative to the AlN  target power). The resulting AlScN films exhibit Sc 

concentrations ranging from 17 at % to 27 at % . The impact of Sc target power on the 

phase and crystallographic orientation is determined by X-ray diffraction (XRD). The 

composition and chemical states of the constituent film elements and impurities are 

measured through X-ray photoelectron spectroscopy (XPS), and the evolving surface 

structure and morphology are investigated using atomic force microscopy (AFM) and 

scanning electron microscopy (SEM).    
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2.4 Experimental Methods 

AlScN thin films were sputter deposited in a dedicated nitride chamber (AJA 

International Orion Series Sputtering System) onto (100) silicon wafers (MTI 

Corporation). Prior to deposition the wafers were cleaned in three subsequent cleaning 

processes by ultrasonication: first in acetone, followed by isopropyl alcohol, and then 

deionized water for three minutes each. The AlScN thin films were deposited from two 

discrete targets (2N purity, Kurt J Lesker) concurrently: AlN (RF source) and Sc metal (DC 

source). DC and RF sputtering were conducted simultaneously from an Sc and AlN target, 

respectively, to controllably vary the Sc concentration in the AlxSc1-xN films. The power 

of the AlN sputter target was held constant at 300 W for all depositions while the Sc target 

power was varied from 100 W, 125 W, and 150 W. All films were grown using a constant 

gas flow of 43 sccm with a 2:1 ratio of N2:Ar. The base chamber pressure prior to 

deposition was < 7.0 x 10-8 Torr. The substrate temperature was held constant at 300 °C 

for all depositions. The temperature and partial pressures were chosen to be consistent with 

previous reports on the sputter deposition of AlScN.4,7–9  

The phase and crystallographic orientation of the AlScN thin films were determined 

via XRD on a Rigaku SmartLab XE system using a Cu Kα source (λ = 1.540 Å) operated 

at 40 kV and 44 mA. All XRD scans employed a 0.01° step size and a scan rate of 2° per 

minute at room temperature using a Ge (220) monochromator. Rocking curve 

measurements were performed using a 0.01° step size along with a scan rate of 1° per 

minute. The film thickness was determined by profilometry which was performed with a 

Veeco Dektak 150 series Surface Profilometer where a stylus with a 2.00 mg force and a 
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0.167 mm resolution was used to track step height to determine both film thickness and 

etch profile depth.  

The chemical composition of the films was determined through X-ray photoelectron 

spectroscopy (XPS). The XPS analysis was conducted ex-situ so the films were exposed 

to atmosphere between the deposition and transfer to the XPS analysis chamber. The XPS 

experiments were performed using a Thermo K Alpha XPS system that has an energy range 

of 100 – 4000 eV and utilizes a dual-beam Al Kα source and a micro-focused 

monochromator. A flood gun was used to minimize surface charging during scanning and 

depth profiling. To compensate for any further charging the adventitious carbon (C) 1s 

peak was set to 284.8 eV according to reference.25,26 XPS scans were taken before and after 

etching to determine the bulk film composition and the presence of surface oxidation. Ion 

etching during XPS was performed using an argon (Ar) ion beam (3000 eV ion energy) in 

20 individual etch segments, with each segment lasting for 5 seconds. Scans were taken 

between each etch segment; a wait period of 60 seconds after the end of etching was used 

before the scan was taken to form a depth profile. The post-etch XPS scans consist of two 

survey scans through the entire eV range, followed by 10 individual scans of each of the 

individual elements (Al 2p, N 1s, Sc 2p, C 1s, O 1s). For XPS scans taken after etching, 

where the adventitious carbon peak was absent, the charge corrected pre-etch N 1s peak 

was used as a reference peak. The base pressure of the XPS system was below 1x10-7 Torr 

for the evacuation of the etched species. Analysis of the XPS data was conducted using the 

Avantage software (version 5.9925) for peak fitting and multivariate analysis, from which 

the film stoichiometry and individual elemental percentages within the film were 

determined. The peak spacing for the Sc doublets was kept consistent as the peak spacing 
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of the doublet is based on the spin-orbit coupling in this orbital.27,28 The full width at half 

max (FWHM) for the fitted peak width is limited from 0.5 – 3.0 and the chi-squared value 

is kept below 2 to be consistent with common XPS fitting procedures.26,27,29 

The grain size of the deposited AlScN thin films was determined from SEM and the 

surface morphology was characterized from AFM images. The SEM imaging was 

performed using a Hitachi SU8010 SEM (5 kV accelerating voltage, 6.4 mm working 

distance). The grain size was determined by using a standard contrasting and fitting 

procedure in ImageJ.30 The surface morphology was further characterized using tapping 

mode AFM on a Bruker Icon Scanning using a Scanasyst Air (Bruker) tip (2 kHz peak 

force frequency, 256 cans per line, 0.4 N/m force).31  

2.5 Results & Discussion 

 To determine the impact of varying the scandium target power on the amount of Sc 

incorporated into the AlScN thin films, XPS spectra were taken for films deposited with 

varying Sc target power. XPS provides information about the chemical composition and 

bonding configuration of the elements in a material. Figure 1a depicts the fitted post-etch 

scans of the Sc 2p and the N 1s spectra. Figure 1b and 1c depict the same post-etch spectra 

for the 125 and 150 W films, respectively. An etch was conducted to remove the surface 

oxide in order to determine the bulk composition of the films. The data in Figure 1 was 

collected after etching to a depth of approximately 30 nm into the film with a prescribed 

wait period of 60 seconds between etching and scanning to minimize redeposition of the 

etched species.   
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Figure 1.  (a.) The XPS data of the Sc 2p and N 1s peaks for an AlScN film deposited with 
100 W Sc power; (b.) The Sc 2p and N1s peaks for an AlScN film deposited with125 W Sc 
power; (c.) The Sc 2p and N 1s peaks for an AlScN film deposited with 150 W Sc power 

 The Sc 2p spectra, shown in Figure 1, can be deconvoluted into two doublets, 

which are attributed to Sc-N  27 and Sc-O 29 respectively – demonstrating that Sc is bonded 

to nitrogen, with some oxynitride present. For the films grown at 100 and 125 W Sc target 

power, the positions of the Sc-N 2p 1/2 and 3/2 doublet peaks are centered about 401.1 and 

405.3 eV, which are consistent with the peak positions reported in literature.27–29,32 The 

peak spacing for the Sc doublets was held constant during fitting at 4.5 eV on the basis of 

the expected spin-orbit coupling.27,32  

The center of the Sc-N 2p doublet peaks for the 150 W Sc films are shifted to 401.8 

and 405.6 eV. While the centroid of the overall envelope changes due to the increased Sc-

O contributions (demonstrated by the increased FWHM of the envelope and Sc-O peak), 

the nitride peak itself should not shift relative to the oxide peak. The observed change in 

the nitride peak likely occurs due to the formation of an oxynitride or an undercoordination 

of Sc.27,33 
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 Additionally, the Sc-O peak’s FWHM, in the 150 W films, is 45 % greater than the 

observed FWHM of the 100 and 125 W films. The Sc-O 2p 3/2 and 1/2 peaks can be seen 

as clear shoulders in the 150 W films and have FWHM of 2.82 eV. There is no discernable 

peak centered at 398.6 eV - the typical binding eV for Sc metal.22  Overall, as the Sc power 

is increased from 100 to 150 W, the Sc concentration in the films increases from 16.8 to 

26.5 at.%. Associated with the change in Sc concentration is a consistent decrease in the 

Al concentration which suggests that Sc is substituting for Al on the same sub-lattice.  

  

Figure 2.  (a.) XPS data of the Al 2p peak for an AlScN film deposited with 100 W Sc power; 
(b.) The Sc 2p peak for an AlScN film deposited with125 W Sc power; (c.) The Al 2p peak 
for an AlScN film deposited with 150 W Sc power 

Figure 2 presents the Al 2p spectra, where there are two peaks centered at 73.5 ± 

0.2 eV and 74.3 ± 0.2 eV for all films. The Al-N binding energies lie within the literature 

range from 73.5 eV 34,35 to 74.70 eV. 29,36 Previous reports reference the peak at 73.5 eV as 

belonging to Al-N 29,36,37, with the higher binding eV peak being assigned to Al-O.29,36,38 

The decrease of the Al spectra further supports the scandium spectra fits showing that Sc 

is primarily integrating into the AlN matrix rather than forming chemically distinct Sc rich 

secondary phases, which would not result in a corresponding decrease in Al concentration. 
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 Table 1 provides a synopsis of how the Sc and Al concentrations vary with Sc 

target power. The composition of the films is determined from the post-etch scans, given 

that Al and Sc have a propensity to form surface oxide layers.14,39 The values reported in 

Table 1 represent the average film stoichiometry in at.% for 10 separate scans taken after 

an etch time of 100 s. The etch profile described leads to an average scan depth of ~160 – 

170 nm in the film bulk, as measured by profilometry. Overall, the fitted XPS results show 

that increasing the Sc target power leads to an increase in the Sc concentration in the films 

with concomitant decrease in Al.  

 

Table 1. Summary of the atomic percentages of the constituent elements (Sc, Al, N, O, and C) 
from the AlScN thin films grown at different Sc target powers 

Sc  

Target 

Power 

(W) 

Scandium 

(at %) 

Aluminum 

(at %) 

Nitrogen 

(at %) 

Oxygen 

(at %) 

Carbon 

(at %) 

100 16.8 30.9 36.8 15.5  - 

125 21.4 25.7 30.3 20.3 2.2 

150 26.5 21.6 27.7 20.9 3.1 
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Table 1 also shows the atomic percentages of nitrogen and oxygen in the bulk of 

the AlScN thin films. The N 1s profile, which is visible in Figure 1, is deconvoluted into 

two peaks for all films which are attributed to the bonding with Sc-N and Al-N. The peak 

at 396.6 ± 0.1 eV fits within the range of reported literature values (396.4 – 397.9 eV) 38-36 

for the N 1s peak associated with the Al-N bond in the wurtzite structure. The second peak 

at 395.7 ± 0.2 eV is attributed to the Sc-N bond,22 which further supports the incorporation 

of Sc into the film.  

 However, nitrogen is not the only anion species observed in these films. The XPS 

results also provide insight into the presence of oxygen throughout the depth of the post-

etched films. Figure 3 depicts the XPS response in the region of binding energies 

associated with oxygen. The films are predominantly nitrides, and thus the local bonding 

configuration is likely oxynitride. However, there are still features associated with Al2O3 

and Sc2O3 - the anticipated compositions for fully oxidized aluminum and scandium. The 

characteristic oxygen peak associated with Al2O3 is found at 531± 0.7 eV,  and the peak at 

529 ± 0.2 eV has previously been attributed to Sc2O3.40,41 From the analysis of the post-

etch peaks at 531 and 529 eV, the bulk oxygen concentrations are 15.5, 20.3, and 20.9 at.% 

for the 100, 125, and 150 W Sc target power films respectively. It is likely that the amount 

of oxygen is overestimated, as previous studies have shown the redeposition of oxygen 

during Ar+ ion etching in XPS conditions that are analogous to this work.24,26 However, the 

oxygen concentration throughout the thickness of the films remains higher than would be 

expected from solely redeposition. There is a change in peak profile and position upon 

entering the bulk of the film after ~10 nm of etching, that indicates that the local 
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coordination of the oxygen has changed from predominantly oxide towards a mixed 

oxynitride configuration.  

 Prior to etching, the surface oxide accounts for 33.0, 25.9, and 26.3 at.% in films 

grown at 100, 125, and 150 W Sc target powers, respectively. The bulk oxygen 

concentrations are found to be 15.5, 20.3, and 20.9 at.% for the respective 100, 125, and 

150 W Sc target power films. Increasing the Sc target power leads to higher percentages of 

oxygen in the post-etch spectra. Given that the base pressures of the sputtering chamber 

was held constant for all film depositions (< 7.0 x 10-8 Torr), and the pressure of the XPS 

system was also held constant (< 3.0 x 10-7 Torr) , the relative difference in oxygen 

concentrations in the films must stem from either a difference in the deposition conditions 

or from differences in the incorporated oxygen due to variations in the resulting 

microstructure. From the impurity analysis of the Sc target, a maximum of 2.2 at % oxygen 

incorporation would be expected, which would lead to an increase from 1.4 at % to 2.2 at 

% oxygen upon going from 100 W to 150 W.  

 Previous studies of AlScN thin film deposition have identified up to 28 at.% oxygen 

in films with 26 at.% Sc.19. Sc exhibits a strong propensity to oxidize, but the 5-minute pre-

sputter, described in the method section, of the target is anticipated to have removed much 

of the surface oxide from the Sc target prior to deposition. Additionally, although target 

power has been shown to change the deposition energetics (i.e. – kinetic energy and flux 

of sputtered species, adatom energies, etc.) 42,43 and the incorporation of atoms from the 

processing atmosphere into the thin film,7,42 depositing in ultra-high purity nitrogen would 

not have permitted oxygen incorporation at the levels observed in this study. Therefore, 

variations in Sc target power can only account for 0.8 at.% of the incorporated oxygen. The 



 17 

remaining bulk oxygen incorporation (> 15 at %) is likely due to  differences in 

microstructure (which will be described in a latter section), including the deeply grooved 

grain boundaries of the faceted grains that allow for oxygen permeation into the bulk and 

grain boundaries density, leading to differences in the absorption of oxygen once the films 

were exposed to atmosphere. 

 

 

 

 

Figure 3. XPS spectra of the post-etch oxygen spectra for all films with increasing Sc target 
power as the graph ascends 
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 XRD 2θ scans show the impact of Sc target power on the phase and crystallographic 

alignment  of the resultant AlScN thin films when grown on (100) Si. Figure 4 shows the 

XRD data for films grown at 100, 125, and 150 W Sc target powers. Films deposited at 

100 W and 125 W have diffraction peaks that correspond to a (0002) oriented wurtzite type 

structure with a (P63mc) hexagonal phase. The (0002) peaks are an indication of c-axis 

texture - or growth in the c-axis direction of the wurtzite phase. The observed AlScN (0002) 

and (0004) reflections are presented in Figure 4 along with the wurtzite AlN reference 

peaks (CIF number: 01-070-2545) represented as dashed lines 33 - the diffraction peaks 

shift away from the AlN reference indicates Sc incorporation in the AlN matrix. The shift 

Figure 44. XRD of AlScN thin films grown at different Sc target powers. The starred peaks 
represent the Si related substrate peaks 
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in the (0002) peaks away from the expected AlN reflection at 36.04°, for all the presented 

AlScN films, indicates a change in the d-spacing, which suggests Sc incorporation within 

the films as a negative shift in 2q is expected due to the larger Sc ion increasing the lattice 

parameters.12 The expected 2θ values for the AlScN films with a measured Sc 

concentration of 17 and 21 at %, are calculated to be 35.76° and 35.72° respectively, using 

Vegard’s Law on the basis of a solid solution between the endmember AlN – ScN that 

maintains a consistent hexagonal phase.34 The calculated 2q values lead to the theoretical 

out-of-plane lattice parameter (c-lattice parameter) constants of 5.018 Å and 5.023Å. The 

experimentally observed (0002) and (0004) diffraction peaks for the films grown at 100 

and 125 W Sc target power, show a decrease in their 2q angle with respect to the reference 

AlN peak and have an average out-of-plane lattice parameters of 5.01 Å and 4.97 Å for the 

17 and 21 at % films respectively.  Thus, the average shift in 2q found in the experimental 

XRD analysis supports the observed concentrations found in the 100 and 125 W films as 

determined by XPS. The experimental c-lattice parameters are within a 10 % of the 

theoretical out-of-plane c-lattice constants found using the described Vegard’s Law. 34 The 

experimental c-lattice parameters are reported in Table 2 and are in agreement with 

literature, where the c-lattice parameters of the wurtzite AlScN films at their respective 

measured Sc concentrations (17 and 21 at.% Sc), should be approximately 5.0 to 4.96 Å 

respectively. 12,35  

 When the Sc target power is increased to 150 W, there is a reduction in the intensity 

of the wurtzite phase (0002) peak, as seen in the blue diffraction pattern in Figure 4. The 

peak broadening of the (0002) reflection suggests reduced c-axis crystallite coherence. 

There are reports of the peak intensity of the AlN (0002) 36,37 and AlScN (0002) 38 
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reflections gradually decreasing with increasing oxygen concentration, which matches the 

XPS trends seen in Figures 2 and 3. The 150 W films have limited c-axis texture - or 

growth in the c-axis direction - as seen in the reduced wurtzite diffraction peak intensities 

in Figure 4; as demonstrated in the XPS measurements presented in Figures 1 and 2.  

 The 150 W films exhibit a (0002) diffraction peak at 36.72° in 2θ, leading to a c-

lattice parameter of 4.95 Å, and continues the trend of decreasing c-lattice parameter with 

increasing Sc target power.  The observed lattice parameter of 4.95 Å  for the 150 W films 

are comparable to films reporting > 38 at % Sc concentration, 12 which does not align with 

the measured Sc concentration of 27 at % found in the XPS measurements. Amorphous 

oxygen phases have been previously shown to increase in-film strain leading to increases 

in the 2q angle of AlScN thin films grown under similar conditions. 38,39 However, the 

intensity of the further peak reflections past the (0002) reflection in the (0002l) family (2l 

= [2,4,8] ) are not above the baseline system counts and cannot be used to further probe 

peak strain.  Overall, the presence of the wurtzite diffraction peaks in films deposited under 

all conditions demonstrates that c-axis textured can be induced in AlScN without a seed 

layer. 
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Table 2. A summary of compositional, crystallographic, and morphological 
information as a function of Sc target deposition powers 

Scandium 

Target Power 

   (W) 

Film 

Composition 

c - Lattice 

Parameter 

(Angstroms) 

Grain 

Size 

(nm) 

Rocking 

Curve 

FWHM 

(°) 

Surface 

Roughness 

(nm) 

100 Al0.31Sc0.17N0.37O0.15 5.01 26 ± 3  2.67 1.3 

125 Al0.26Sc0.21N0.31O0.20C0.02 4.97 31 ± 1 3.01 2.6 

150 Al0.23Sc0.27N0.27O0.2C0.03 4.95 33 ± 1 - 4.2 

 Rocking curve (RC) measurements provide information on the orientation 

distribution of crystal lattice planes (the mosaic spread of the crystallites in the sample) by 

scanning around the 𝜔 axis of a particular reflection found in the 2θ scan.40 The peak width, 

or the full width at half maximum (FWHM), of the RC measurement is dependent upon 

the mosaic spread of crystallites, the dislocation density in the sample, and the curvature 

of the substrate – all of which will influence the parallel nature of the lattice planes.40 

Therefore, RC measurements are used as a general indication of the quality of a crystalline 

film and an indication of preferential orientation.40 RC measurements are performed on all 

films (100 ,125, and 150 W films); these results are summarized in Table 2. The RCs reveal 
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that the films deposited at 100 and 125 W Sc have FWHM values of 2.67° and 3.01°, 

respectively. The measured FWHM of the peak for the 150 W samples is ~16°.   

 The RC FWHM values, shown in table 2, indicate that as Sc target power increases, 

the crystalline orientation of the films decreases. The decreasing crystalline coherence can 

be observed in the 2q scans as well (Figure 3), where the intensity of the (0002) and (0004) 

reflections decrease with increasing Sc target power. The trend of an increasing FWHM 

with higher Sc concentrations is consistent with literature.12,35,41 Additionally, oxygen 

impurities at 5 at % have been shown to decrease the coherence of crystallographic 

alignment and increase the RC FWHM to as much as 12° in AlN systems grown directly 

on (100) Si.36   

 

Figure 5. SEM micrographs of (a.) 100, (b.) 125, and (c.) 150 W Sc target power film 

 Reduced surface roughness is critical in the development of MEMS and RF devices 

as this reduces the likelihood of acoustic and electrical scattering. 51,52 From this 

perspective, and smooth surfaces with minimal roughness are preferred. 51,52 The surface 

morphology and grain structure of the films are characterized and shown in SEM 

micrographs in Figures 5a (100 W), 5b (125 W), and 5c (150 W Sc target power). The 

grain size at the film surface, reported in Table 2, is found to increase with increasing Sc 
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content, from 26 ± 3 to 33 ± 1 nm as Sc target power is increased from 100 – 150 W. In 

AlScN thin films with grains below 40 nm, grain boundaries exacerbate bulk oxygen and 

carbon incorporation by serving as percolation pathways into the film. 20,32,52 The films in 

this study have grains smaller than 40 nm, making them susceptible to oxygen infiltration, 

which is likely the dominant mechanism for the incorporation of oxygen into the films with 

Sc concentrations greater than 21 at %.  AFM analysis further supports the morphology 

findings from SEM. The AFM reveals a steady increase in the average surface roughness 

(Ra) from 1.3 nm (100 W) to 4.2 nm (150 W) with increasing Sc target power and follows 

a similar trend as the increasing RC FWHM. The increased surface roughness stems from 

the appearance of triangular surface facets, as shown in Figures 4b and 4c. Films grown 

at 100 W Sc target power had a surface morphology with no triangular facets observed. 

The 125 W Sc target power has a surface that is dominated by surface facets, which 

increases the surface roughness and creates a surface that would lead to a less efficient 

device with increased losses. Thus, the progressive increase in Sc target power enhances 

grain size but also introduces morphological changes – specifically, increased surface 

roughness and triangular facets, that compromise the film’s suitability for device 

integration by promoting uncontrolled oxygen infiltration and by increasing potential 

scattering losses in device operation. 

2.6 Conclusions 

This study demonstrates the direct growth of AlScN thin films without a seed layer. 

Clear  (0002) and (0004) diffraction peaks are observed in XRD for films containing less 

than 21 at.% Sc. Surface facets are observed on films grown at 125 and 150 W and the 

appearance of the facets coincide with a decrease in the intensity of the (0002) and (0004) 
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reflections. XPS shows that there is an increasing scandium concentration from 21 to 27 at 

% Sc when increasing the Sc target power from 100 W to 150 W. Additionally, increased 

oxygen incorporation from 15 to 21 at % is also observed with increasing Sc target power. 

By systematically investigating the impact of Sc sputtering target power on the film 

composition, surface structure, crystallinity, and oxidation, this study identifies a trade-offs 

between increased Sc content and structural degradation for AlScN thin films. 
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CHAPTER 3. EXPERIMENTAL DETERMINATION OF THE 

IMPACT OF SPUTTERING MODE ON THE FERROELECTRIC 

RESPONSE OF ALSCN THIN FILMS 

3.1 Abstract 

 The critical limiting factor for AlScN is not temperature or CMOS integration, like 

other ferroelectric materials12, but rather the close proximity of the ferroelectric coercive 

field (EC) to the breakdown field (EBD)3,4. Sputtered AlScN shows clear indications of 

ferroelectric switching, but further advances into the factors that dictate switching and 

breakdown are critically needed to reach the full potential of ferroelectric AlScN. This 

study investigates the impact of the sputter deposition method - either DC sputtering, RF 

sputtering, or simultaneous RF and DC co-sputtering - on the coercive field, permittivity, 

and breakdown field of AlScN films. Al0.75Sc0.25N thin films were deposited from ceramic 

targets onto hafnium bottom electrodes at 400 °C. The ferroelectric response for each film 

type is determined from polarization-electric field (PE) hysteresis loops, polarization-up-

negative-down (PUND) measurements, and dielectric and Rayleigh analysis. The RF 

sputtered AlScN films show clear indications of ferroelectric switching with an average PR 

of 98 µC/cm2 and an EC of 4.6 MV/cm, while films deposited by DC sputtering show only 

linear dielectric behavior. The co-sputtered films exhibit a range of ferroelectric and 

dielectric behavior, with a clear separation between the coercive and breakdown fields. 

Thus, sputter depositing using multiple modes concurrently is promoted as a route to 

increase the separation of the coercive and breakdown fields in AlScN thin films. 

. 
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3.2 Objective & Hypothesis 

 The performance of AlScN as a ferroelectric material is fundamentally limited by 

the close proximity of its coercive field (EC) to the dielectric breakdown field (EBD). While 

increasing scandium content has been shown to lower the coercive field, it also tends to 

degrade spontaneous polarization and promote undesirable microstructural features such 

as abnormally oriented grains (AOGs).1,2 Alternatively, sputtering methodology itself may 

serve as a process lever to tailor the ferroelectric response of AlScN without altering its 

composition. Prior work suggests that deposition method - specifically DC sputtering, RF 

sputtering, or concurrent RF&DC sputtering - has a significant impact on key ferroelectric 

metrics including EC, remnant polarization (PR), and breakdown strength. However, direct 

comparisons under tightly controlled deposition conditions are limited, and the 

mechanisms by which deposition energetics affect ferroelectric switching remain poorly 

understood. 

The objective of the work proposed in this section is to: 

1. Evaluate the impact of sputtering method (DC, RF, and RF&DC co-sputtering) on 

the ferroelectric properties of Al₀.₇₅Sc₀.₂₅N thin films deposited from stoichiometric 

ceramic targets. 

2. Characterize the resulting electrical behavior—including EC, PR, and EBD—through 

polarization-electric field hysteresis (PE), PUND measurements, and Rayleigh 

analysis. 
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3. Identify correlations between deposition energetics and the trade-off between 

polarization magnitude and the separation of coercive and breakdown fields. 

 Here we propose to systematically compare AlScN films deposited under otherwise 

identical conditions using three different sputtering modes, in order to isolate the role of 

deposition physics in shaping the ferroelectric behavior. The goal is to inform deposition 

strategies that maximize polarization switching performance while mitigating premature 

electrical breakdown, thereby enabling more robust ferroelectric functionality in AlScN-

based devices 

3.3 Introduction 

 While the remnant polarization of aluminum scandium nitride (Al1-xSc1xN) is 

typically in the range of ~80-165 µC/cm2,7 the performance and long term reliability of 

AlScN is still limited by the close proximity of the coercive field (EC) to the breakdown 

field (EBD).8 Increasing the scandium content in AlScN has been shown to reduce the 

coercive field from approximately 8 MV/cm at Sc > 10% and up to less than 2 MV/cm for 

Sc = 43%.9–11 However, increasing the scandium concentration also decreases the 

spontaneous polarization and can increase the propensity of crystallographically 

misoriented grains.12,13 Thus, an alternative route to increase the separation between the 

coercive field and breakdown in AlScN is critically needed in order to enable applications 

that require ferroelectric switching, such as ferroelectric memory or logic.14 

 Initial work on ferroelectric AlScN has focused on the deposition of films through 

DC reactive sputtering using metal targets (Al, Sc, or Al-Sc alloys) in a reactive nitrogen 

atmosphere.15,16 Alternatively, RF sputtering from a stoichiometric ceramic target is also a 
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viable route for AlScN deposition.17 While a direct comparison of identical films is 

difficult, there are clear differences in the coercive and breakdown field trends between 

films deposited by different sputtering methods. Prior work has shown that RF sputtering 

reduces the coercive field from 6.5 MV/cm (sub-20 nm Al0.28Sc0.32N by DC co-sputtering 

from metal targets) to 4.4 – 5.4 MV/cm (250 nm Al0.7Sc0.3N by RF sputtering from a 

ceramic target). 17,18 In addition, for Al0.7Sc0.3N deposited from metal targets, prior work 

places the average coercive fields for DC deposited films in the range from 3.4 – 4.5 

MV/cm for thicknesses of 50 – 100 nm, compared to coercive fields of 5.3 – 6.3 MV/cm 

for RF sputtered films of thicknesses of 25 – 40 nm.19–22 One study has also shown that 

compared to DC reactive sputtering, using a 50-50 mixture of RF and DC power supply to 

the Al target reduced the EC of sputtered Al0.7Sc0.3N from 3.7 MV/cm to 3.4 

MV/cm.20,31,5123 The mechanisms behind the reduction in coercive field were not specified. 

Additionally, there are differences in the reported breakdown fields for DC and RF films, 

where the former display a EBD of 6.2 – 8 MV/cm and the latter show a EBD of 

approximately 6.5 – 7 MV/cm.19,21,24,25 However, it is challenging to draw conclusions 

from these studies as the electrical properties of AlScN depend upon many processing 

parameters such as the film thickness, deposition pressure, chemical composition, etc.26,27 

There is limited study on how the sputtering method directly affects the ferroelectric 

response of AlScN thin films sputter deposited from a ceramic target, with all other 

conditions held constant.  

 This study investigates the impact of the sputter deposition method on the 

ferroelectric and dielectric response of AlScN thin films. The AlScN films were deposited 

by either DC, RF, or RF&DC co-sputtering using Al0.75Sc0.25N ceramic targets with all 
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other conditions held constant. Thus, this work isolates the impact of deposition energetics 

to provide insight into the impact of processing directly on the ferroelectric and dielectric 

response. The ferroelectric response is characterized by polarization-electric field 

hysteresis (PE) loops, Positive-Up-Negative-Down (PUND) measurements, and Rayleigh 

analysis. Overall, there was a clear difference in ferroelectric polarization, coercive field, 

and breakdown strength of AlScN thin films as a function of the sputtering deposition 

method employed.  

 

3.4 Experimental Methods 

 Aluminum scandium nitride thin films were deposited by either DC sputtering, RF 

sputtering, or simultaneous RF and DC sputtering (AJA Sputter System) from Al0.75Sc0.25N 

ceramic targets. To differentiate films deposited by different sputtering methods, the terms 

DC, RF, or [RF&DC] co-sputtered films will be used to specify the film type. The AlScN 

thin films were deposited onto hafnium bottom electrodes, which were deposited onto 

Si3N4 on Si substrates. For the deposition of the hafnium bottom electrodes, first a titanium 

adhesion layer was DC sputtered from a Ti target (ACI Alloys) for approximately 5 

minutes, followed immediately by the DC sputter deposition of hafnium from a Hf target 

(ACI Alloys) to reach a layer of approximately 100 nm. Then the AlScN thin films were 

sputter deposited without breaking vacuum, using a power of 200 W under a gas flow of 

40 sccm for Ar and 20 sccm for N2. The total pressure for the RF&DC co-sputtered film 

had to be increased to 4 mTorr to ensure that both guns would stay lit, while for the other 

two film types the pressure was held constant at 3 mTorr. The total deposition time was 
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approximately 19800 seconds, and the temperature of the substrates was 400 °C. Gold top 

electrodes of various sizes (areas of 3.2 mm2, 0.8 mm2, and 0.2 mm2) were deposited as 

the top electrical contacts. 

 The capacitance and dielectric loss of the sputtered films were measured using an 

E4980A Agilent LCR meter at a frequency of 1 kHz and an AC voltage of 1 V. The 

reported values were the average of 30 measurements taken from multiple electrodes on 

each film. The relative permittivity was calculated using the measured capacitance, the 

electrode areas and the thickness of each film measured using scanning electron 

microscopy (SEM). SEM cross-section micrographs were obtained from a Hitachi SU 8230 

SEM at 5 keV and 15 mA. From the cross-sectional images, the average film thicknesses 

of each film type are 307 ± 8 nm for DC films, 213 ± 4 nm for RF&DC films, and 265 ± 

11 nm for RF films. Ferroelectric measurements were conducted using a Radiant Precision 

Premier II Ferroelectric Tester. For the polarization-electric field (PE) hysteresis loops, the 

AlScN devices were driven from the bottom electrode. The PE loops were taken at 100 Hz 

utilizing progressively increasing voltages starting from 30V until electrical breakdown 

occurred. The electric field required to switch the polarization (coercive field, EC) was 

extracted from the positive x-intercept in the PE loops. The same drive voltages were also 

used in Positive-Up-Negative-Down (PUND) measurements to compare the results. Each 

PUND waveform contained a voltage pulse of 1 ms followed by a delay of 1000 ms 

between pulses in a two up – two down profile. The PUND waveforms can be found in 

Figure 9, and the polarization was measured at each input pulse. The polarization values 

extracted from PUND measurements, PPUND, were calculated as the difference in 

polarizations measured at the first and the second pulse. It could also be viewed as the 
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difference between P* and P^ in Figure 9 (both in the unit of µC/cm2). Again, the voltages 

applied were normalized to electric fields using the thickness values measured from SEM 

cross-section images. To further support the ferroelectric analysis, the Rayleigh response 

of the films was investigated by recording the AC voltage dependence of the permittivity 

and dielectric loss at 20 Hz, 1 kHz, 10 kHz, and 100 kHz. The applied electric fields were 

maintained below approximately one-third of the coercive field, to ensure that these 

measurements were taken in the sub-switching region. The Rayleigh measurements were 

taken from 1VAC to 20 VAC, using the same LCR meter mentioned above. The reported 

values were averaged from 10 runs for each sample. The reversible and irreversible 

Rayleigh coefficients were extracted from the slope and the intercept of the permittivity 

versus VAC plots, respectively. 

3.5 Results & Discussion 

 

Figure 6: The relative permittivity (εr) and dielectric loss tangent (tan δ) of AlScN 
deposited by three modes of sputtering, measured under 1 VAC and 1 kHz 
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 Figure 6 shows the impact of the sputtering mode on the dielectric response of 

AlScN thin films. As the sputtering mode changes from fully DC to fully RF sputtering, 

the permittivity decreases, and the dielectric loss increases. The RF&DC co-sputtered films 

show the greatest variation in both permittivity and tanδ among the three film types, which 

is attributed to increased non-uniformity across the film from the mixed deposition and the 

increased chamber pressure. Both the permittivity and the tanδ for all film types has 

increased with respect to pure AlN which prior literature puts at 9.2 and 0.002 

respectively.28 The DC sputtered AlScN shows a 77% increase in permittivity compared to 

AlN, while RF&DC and RF sputtered films show a 54% and 51% permittivity increase 

respectively. The increases in permittivity of AlScN over AlN is attributed to the increased 

degree of bond ionicity and enhanced polarizability in valence electrons with the addition 

of scandium into AlN.29 The permittivity for all film types lies within the range that has 

previously been reported for AlScN with a Sc concentration between 20 to 30 at% 

measured at 1 kHz – between 14 to 21.17,29,30 Therefore, this suggests that the target 

concentration of 25 at% is maintained in the sputtered films. The dielectric loss for the DC 

sputtered films is the lowest, with an average of 0.0046, while the RF&DC films had the 

highest loss with an average of 0.021. The average loss for the DC films is consistent with 

the response seen in other AlScN films,31 while the range for the other two film types 

extends beyond the expected values for these compounds, which again points to the impact 

of non-uniformity in the co-sputtered films.  
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Figure 7: PE hysteresis loops taken at 100 Hz over a range of different excitation voltages 
for (a.) DC sputtered films, (b.) RF&DC co-sputtered films, and (c.) RF sputtered films 

 The polarization-electric field (PE) hysteresis loops of the AlScN films processed 

by different methods show distinctively unique features. Figure 7a shows a typical PE 

loop for the films grown by DC sputtering, where a linear response is maintained with 

minimal change in slope or loop opening, until around 3 MV/cm before breakdown. The 

maximum polarization reached was also the lowest among the three film types, on the order 

of a few µC/cm2. The low leakage in the PE loop for the DC films is consistent with the 

lower loss seen in the dielectric measurements in Figure 6. The lack of a discrete local 

maxima in the concurrent current response also demonstrates that these DC films show 

limited indications of ferroelectric switching prior to breakdown. 

 In the RF&DC co-sputtered films, there was a drastic transition from linear 

dielectric behavior to open, square loops that exhibit a clear and sudden change in slope. 

Figure 7b shows a representative PE loop for these films. There is a clear transition from 

minor to major loops, with clear coercive fields and remnant polarizations visible in the 

major loop. The maximum remnant polarization and coercive field reached prior to 

breakdown were on average 35 µC/cm2 and 3.7 MV/cm, respectively. Current 

measurements taken concomitantly to the PE measurements, exhibit a slight increase in 
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current at the coercive field consistent with ferroelectric behavior. However, the loop tips 

are blunted with no clear sign of saturation polarization observed prior to electric 

breakdown. Limited saturation polarization is commonly observed in AlScN films, where 

the coercive field is often close to the breakdown strength of the material.16 Additionally, 

the remnant polarization for these films is significantly lower than what has previously 

been reported for AlScN, suggesting that some portions of the films do not exhibit a 

ferroelectric response, which fits with what is observed for the DC films. Overall, the PE 

results suggest that ferroelectric switching occurs in the co-sputtered films, which will be 

described further in the following sections on PUND and Rayleigh analysis. 

 The RF sputtered films have on average the largest polarization value among the 

three sample types, with clear signs of switching. PE loops for a quintessential RF film are 

shown in Figure 7c. Again, a clear change in slope can be seen just prior to hitting the 

coercive field which would not occur in a linear dielectric. The maximum remnant 

polarization and coercive field reached prior to breakdown for one specific sample were 

approximately 90 µC/cm2 and 5.1 MV/cm, and the averages of these two values across all 

electrodes were 53 µC/cm2 and 4.8 MV/cm, respectively. Another indication of 

ferroelectric switching can be seen in current-field loops of the films, where there is a clear 

maximum in the current at the coercive field. Additionally, the electric field that the 

material could withstand prior to breakdown and the polarization the material could reach 

also increase with drive voltage in the RF sputtered films. However, the leakage currents 

for these films tended to be larger than the co-sputtered or DC films, which can hinder 

polarization switching.  
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Figure 8. SEM planar morphology images using the same length scale, (a) DC sputtered, 
(b) RF&DC sputtered, and (c) RF sputtered. The three different films have varied surface 
morphology. The DC sputtered films have the largest average grain size of approximately 
89 nm, while the RF&DC co-sputtered film has an average grain size of ~42.58 nm. Co-
deposited films have a surface morphology that is similar to the RF sputtered films. The 
average grain size for RF sputtered films is approximately ~49.13 nm 

The increase in leakage current could be attributed to the reduced average grain size 

and grooved grain boundaries seen in the RF films. Of all of the film types the DC films 

have the largest average grain size, shown in the planar SEM images in Figure 8. 

Differences in the strain state of the films from the deposition impingement or differences 

in the interface with the bottom electrode that occurred during RF sputtering could also 

play a role both in the switching and leakage current behaviors.32 Overall, with increasing 

RF sputtering and decreasing DC sputtering contributions, the AlScN thin films show 

increased indications of ferroelectric switching and increased leakage. 
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Figure 9. Summary of effective coercive fields (EC,f) and breakdown fields (EBD) for films 
deposited by DC, RF&DC, and RF sputtering. Each data point represented one device. The 
dotted line, representing 1:1 ratio between EC and EBD, is added for reference  

 Comparing the coercive field and the breakdown strength of films deposited 

through different sputtering methods provides further perspective on the stark differences 

between the electric response of each film type. Figure 9 shows the effective coercive field 

(EC,f) versus the breakdown electric field (EBD), defined as the minimum electric field that 

caused breakdown for a device made from each film type. The effective coercive field is 

obtained from the positive electric field intercept (where the polarization equals zero) for 

the PE loop corresponding to the maximum excitation voltage before breakdown. This is 

only an effective value as the DC films never gave indications of ferroelectric switching or 

reaching the coercive voltage prior to breakdown, but interceptive value is still extracted 

from the PE loops for comparison.  
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 The breakdown strength of films with different deposition conditions are clustered 

in distinct regions. The DC sputtered films show the lowest EC,f and EBD with more than 

half of the electrodes having an EC,f close to 0, corresponding to the linear dielectric 

behavior observed in the ferroelectric and dielectric measurements. The RF&DC films 

have a narrower distribution of EBD, with a sharp increase in EC,f with the highest values of 

EC,f approaching EBD. These results indicate that a mixture of sputtering methods could be 

used to separate the coercive and breakdown fields. For the RF sputtered film, there is a 

bimodal distribution in breakdown strength and coercive field. The group with the lower 

EBD has EC,f that is significantly lower than EBD. In the second grouping of RF films not 

only is the breakdown strength higher, but the EC,f is almost identical to the EBD. The 

multimodality of RF films suggests that there is non-uniformity in the film consistent with 

the increase in the range of the dielectric loss and the increased leakage current. For the 

second grouping, there is a 4.7 V (0.177 MV/cm) difference between the coercive field and 

breakdown. The highest breakdown strength observed in this study occurs for the RF films 

at 5.27 MV/cm. With an increasing portion of RF sputtering, the EBD has an increasing 

trend, but the EC values also approach the breakdown fields.  

 Positive-Up-Negative-Down (PUND) measurements provide further insight into 

the polarization response in AlScN films deposited by different sputtering modes. PUND 

provides a means to differentiate between polarization and other contributions to current, 

which are often comingled or convoluted in PE measurements. As this method is generally 

applied, it is assumed that the first negative pulse switches the polarization entirely, then 

any subsequent pulse must contain only spurious contributions to current.33 By calculating 

the difference in polarizations between the first and the second pulse, PPUND, can be used 
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to approximate the remnant polarization (PR). However, in this work, given the close 

proximity between the coercive field and breakdown in the AlScN films as discussed 

previously, the PUND measurements are not taken at a single value above the coercive 

field but rather taken from 0 to the breakdown field to ensure that the polarization response 

is captured. Thus, it cannot be assumed the response is ferroelectric or that the films have 

reached the coercive field until the polarization saturates. Additionally, as measurements 

are taken with progressively increasing fields up to breakdown this could include the onset 

of degradation. 

 

Figure 10: PUND Polarization (PPUND) extracted from PUND measurement for each of the 
three sputtered film types up to the breakdown strength 

Figure 10 shows the combined PUND polarizations for each film, obtained through 

a series of measurements with progressively increasing excitation voltages. Examples of 

the raw PUND data are given for each sample type in Figure 11, note that the PPUND is the 

difference between P^ and P*.  
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Figure 11. The pulse profile used in PUND measurements, adapted from Vision software 

All the films show an increase in PPUND from 0 to their respective maximum values 

over a narrow range of electric fields. The rapid increase in the polarization response in the 

RF films is consistent with the sudden transition from minor loops to major loops shown 

in the PE hysteresis loops in Figure 7. In the DC sputtered film, the maximum PPUND was 

approximately 1 μC/cm2, similar to the linear dielectric behavior observed in the PE loops. 

Again, the limited maximum polarization compared to what would be expected for AlxSc1-

xN (~120 µC/cm2)34 and the lack of clear saturation further supports that these films do not 

exhibit ferroelectric switching. The maximum PPUND for the RF&DC co-sputtered film was 

35 μC/cm2 at an excitation field of 4 MV/cm, again on par with the major PE loops. Unlike 

the DC films, the co-sputtered films exhibit a saturation of the PUND polarization beyond 

3.8 MV/cm. In this electric field region, increasing the voltage no longer produces 
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differences in the polarization measurement, indicating that the coercive field has likely 

been reached. On average this saturation region extends to approximately 0.2 MV/cm prior 

to breakdown and no degradation is observed in the polarization prior to breakdown. This 

narrow region of stable saturated PPUND agrees with the close proximity of EC and EBD seen 

in Figure 9. The maximum PPUND was 98 µC/cm2 at 4.6 MV/cm for the RF sputtered films. 

Similar to the co-sputtered films, there is a region of saturation in the polarization prior to 

breakdown. Overall, the PR values and their trends at different excitation voltages were 

consistent with the hysteresis loops. Thus, the PUND results provide further evidence for 

ferroelectricity in RF and co-sputtered films.  

 Rayleigh analysis provides further support for the polarization measurements and 

aids in assessing the ferroelectric domain switching response. In ferroelectric materials, a 

Rayleigh response is attributed to the movement of domain walls, domain clusters, or phase 

boundaries.35–37 The reversible and irreversible Rayleigh coefficients are determined from 

the slope and intercept of the permittivity under different AC fields. The reversible 

Rayleigh coefficient provides information about the reversible contributions to the 

dielectric response that comes from a combination of the intrinsic lattice response and 

domain wall movements with minimal dielectric loss.37,38 The irreversible Rayleigh 

coefficient accounts for energy loss and hysteresis in the dielectric response due to 

irreversible domain wall movements under small signal AC fields.37,38 Rayleigh analysis 

is taken using fields that are significantly below the coercive field, in sub-switching regime, 

which is beneficial for materials that exhibit large leakage currents or have a propensity to 

break down near the coercive field, as is the case for AlScN.37 
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Figure 12. (a.) Permittivity and (b.) dielectric loss tangent as a function of frequency 
from 20 Hz to 100 kHz under small signal AC electric field for RF&DC co-sputtered 

AlScN sample 

Figure 12. shows the change in permittivity and tanδ, respectively, with varying 

applied AC electric fields for the RF&DC co-sputtered films. Above 20 Hz, the permittivity 

increases approximately linearly with increasing electric field, indicative of ferroelectric 

domain or phase boundary contributions to the permittivity. There is also an inverse 

correlation between frequency and permittivity, which could be indicative of domain wall 

pinning.39 The dielectric loss tangent has a limited slope, with the exception of 

measurements at 20 Hz. Similar trends are also seen for the RF sputtered films. There is a 

linearly increasing relationship for both permittivity and dielectric loss with applied AC 

voltage and the same inverse response between frequency and permittivity. Overall, the 

Rayleigh response in films with RF sputtering is consistent with the ferroelectric responses 

found through PE and PUND measurements. 

While the trends for RF and RF&DC sputtered films are similar, the DC films 

exhibit a different response. shows the permittivity and loss tangent, respectively, as a 
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function of applied AC electric fields for the DC sputtered sample. The AC field 

dependence of the permittivity is still linear, but the slope is greatly reduced compared to 

the other two film types, and the dielectric loss tangent is also comparatively smaller. These 

results are consistent with the linear dielectric behavior seen in the PE hysteresis 

measurements and the unsaturated PUND polarization measurements, showing that there 

is limited switchability in the DC films.  

Figure 13 below shows the reversible and irreversible Rayleigh coefficients 

calculated from the slope and intercept of the permittivity under different AC fields. There 

is a higher irreversible Rayleigh coefficient in the RF films than in the DC films, which 

indicates more hysteretic and non-linear behaviors, consistent with the ferroelectric 

response seen in the PE and PUND measurements of the RF sputtered film. As for the 

reversible Rayleigh response, DC film had the largest coefficient consistent with having 

the largest relative permittivity, as shown in Figure 6. For the frequency dependence of 

Rayleigh coefficients, there is also a reduction in Rayleigh response, both reversible and 

irreversible, which could indicate less domain wall contributions at higher frequencies.40–

42 These results are consistent with the previously-reported frequency-dependent dielectric 

responses of Al0.84Sc0.16N, where the permittivity decreases with increasing measurement 

frequency.43 From Rayleigh behavior, it can be inferred that there are different 

contributions to permittivity between DC and RF sputtered films indicative of differing 

ferroelectric contributions.  
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Figure 13 (a) Irreversible and (b) reversible Raleigh coefficients for sputtered films under 
different AC field frequencies 

 The difference in sputtering type (RF, DC, vs RF&DC co-sputtering) leads to the 

variations in the ferroelectric responses among the sputtered Al0.75Sc0.25N thin films. Here 

we see that using DC sputtering from a ceramic target produces only linear dielectric 

responses, while prior work has shown that DC reactive sputtering from Al and Sc metal 

targets in nitrogen still displays ferroelectricity.44 One potential reason for the difference 

in propensity for ferroelectricity may stem from the difference in energy of the sputtered 

particulates impacting the film morphology and substrate interface. This is supported by 

the clear difference in the grain size and surface morphology shown by SEM in Error! 

Reference source not found.8. Furthermore, the absence in ferroelectricity in the DC 

sputtered films in this work, and the presence of ferroelectricity in RF films, suggests that 

the coercive field for the DC materials lies beyond the breakdown field. Thus, by increasing 

the contributions from RF sputtering the coercive field could be reduced consistent with 

previous reports of using a 50-50 mixture of RF and DC power supply to the Al metal 

target to reduce the coercive field.23 Moving forward it is critical to determine how the 
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trends in coercive field and breakdown with sputtering method observed in this work 

change as the percentage of scandium is increased or the film thickness is decreased. 

3.6 Conclusions 

 In summary, this paper compares the differences in the ferroelectric and dielectric 

response of AlScN thin films deposited using three different growth modes (RF, DC, 

RF&DC co-sputtered). Clear indications of ferroelectricity were observed in RF sputtered 

films with EC and PR values of 98 µC/cm2 and 4.6 MV/cm, respectively. The DC sputtered 

films displayed linear dielectric behavior and minimal observable ferroelectricity response. 

The results from PUND measurements and Rayleigh analysis support the presence of 

ferroelectricity in RF sputtered films and the absence of it in DC sputtered films. RF&DC 

co-sputtered films also display ferroelectricity, with an approximately 1 MV/cm lower 

average EC and half of PR compared to RF sputtered films. The decrease in ferroelectric 

response is balanced by the benefits of increased separation between the coercive field and 

the breakdown strength in the co-sputtered films. Therefore, sputter depositing using 

multiple modes concurrently is promoted as a route to increase the separation of the 

coercive and breakdown fields in AlScN thin films. 
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CONCLUSIONS & FUTURE WORK 

The work demonstrates the synthesis of AlScN solid solution thin films and 

hafnium bottom electrodes, with further characterization done to demonstrate the 

structural, chemical, and electrical response of the associated thin films. 

Chapter 1 demonstrates the synthesis of AlScN solid solutions on (100) Si 

substrates without the use of a seed layer, establishing a pathway for integration with 

standard semiconductor platforms. X-ray diffraction revealed that films with scandium 

content below 21 at.% exhibit strong c-axis orientation, as evidenced by clear (0002) and 

(0004) peaks. These films also showed smooth surfaces without faceting, which is critical 

for piezoelectric applications that rely on uniform strain distribution and minimal acoustic 

losses. As the Sc target power was increased from 100 W to 150 W, the Sc concentration 

rose from 21 to 27 at.%, and the oxygen content increased from 15 to 21 at.%. These 

compositional changes coincided with a reduction in the intensity of the (0002) and (0004) 

reflections and the emergence of surface facets, indicating a degradation in crystallinity. 

This suggests that although higher Sc content is desirable to enhance piezoelectric 

coefficients, it also introduces a trade-off by promoting structural disorder and oxygen 

incorporation, which can degrade piezoelectric performance and long-term reliability. 

Ferroelectric and dielectric measurements conducted in on AlScN solid solutions 

synthesized on hafnium bottom electrodes in Chapter 2 illustrated that the electrical 

behavior of AlScN films is strongly dependent on the sputtering mode. Films deposited 
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using RF sputtering exhibited a remanent polarization (Pr) of 98 µC/cm² and a coercive 

field (Ec) of 4.6 MV/cm, indicating clear ferroelectric switching. These characteristics are 

beneficial for non-volatile ferroelectric memory applications that require high polarization 

for charge storage. In contrast, films deposited using DC sputtering showed minimal 

polarization switching and primarily linear dielectric behavior, making them unsuitable for 

ferroelectric applications but potentially stable for capacitive or insulating layers. Co-

sputtered RF&DC films presented intermediate behavior, with a Pr approximately half that 

of RF-only films and a coercive field reduced by ~1 MV/cm. While this reduction in 

polarization may limit their use in high-density memory, the larger separation between the 

coercive field and breakdown strength makes these films promising for applications 

requiring high endurance and low operating voltages, such as ferroelectric field-effect 

transistors (FeFETs) or tunable dielectrics.  

To further advance the control over AlScN film quality and minimize the impact of 

process-induced defects, future work will focus on the use of pulsed laser deposition (PLD) 

as an alternative growth method. PLD processes allow the thin film to maintain the target 

stoichiometry and isolate the influence of RF chamber bias. This approach will allow for a 

more controlled study of defect formation, particularly electrical leakage-inducing defects, 

and B-site (nitrogen / oxynitride) stoichiometry. Investigations will be of low-dimensional 

(<20 nm) AlScN films to be relevant to future piezoelectric and ferroelectric device 

applications where space is limited. A key target is to achieve films with a low dielectric 

loss (tan δ < 0.02) while maintaining measurable ferroelectric switching. Special attention 

will be given to the role of reactive nitrogen species (N⁺, N₂) and their interaction with the 

AlScN lattice under RF-biased conditions. Structural, chemical, and electrical 
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characterization will be used to evaluate the effects of RF bias on Sc incorporation, 

oxidation behavior, film texture, and leakage current. This line of investigation aims to 

expand the processing window for high-performance AlScN films by enabling scalable 

growth of thin, low-defect, ferroelectric layers that maintain desirable crystallographic and 

electrical properties. Success in this area could establish PLD as a complementary 

technique for AlScN integration in low-voltage ferroelectric memory, neuromorphic 

computing elements, and miniaturized piezoelectric sensors. 
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