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ABSTRACT 

Ion beam assisted deposition (IBAD) is a promising way to realize high efficient 

and scalable manufacturing of a single-crystal-like, biaxially-textured thin film on 

various substrates. This biaxially-textured film has been employed for different kinds 

of purposes, such as epitaxial growth of single-crystal-like high-temperature 

superconductor (HTS) films and replacing the wafer-based epitaxial process for thin-

film optoelectronic and electrical applications such as flexible solar cells and thin-film 

transistors.  

This dissertation is focused on different IBAD processes that could benefit both the 

semiconductor and superconductor fields. A highly biaxially-textured IBAD TiN was 

demonstrated on the Hastelloy tape without foreign oxide seed layers. This enables the 

feasibility of all-electrically conductive buffers on Hastelloy. 

The conventional architecture of LaMnO3/IBAD MgO for HTS tapes was also 

improved through the use of Ag/TiN intermediate layers. The buffer architecture was 

optimized to achieve significant improvement in texture and avoid possible crystalline 

defects. The texture of LaMnO3 was improved to (002) Δω of 1.7⁰ and (110) Δϕ of 2.45⁰ 

using Ag/TiN layers. 

Additionally, IBAD MgO and related HTS cap layers have been developed on 

flexible non-metallic tape. The non-metallic substrate could extend the scope of HTS 

materials to unconventional applications such as high-quality flexible MRI receiving 

coils and transmission lines for cryogenic quantum computing systems. 

Finally, a novel architecture of single-crystalline-like ultra-bandgap semiconductor 

β-Ga2O3 film on IBAD MgO-capped flexible Hastelloy was demonstrated. The β-Ga2O3 

film shows a strong biaxial texture with (400) Δω of 1.54⁰ and {002} Δϕ of 4.81⁰. The 

crystal orientation relationship between the β-Ga2O3 and IBAD MgO was also studied. 
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CHAPTER 1 INTRODUCTION TO SINGLE-

CRYSTALLINE-LIKE BUFFER ARCHITECTURES 

1.1 Introduction 

Epitaxial growth is one of the most common methods that have been widely used in 

semiconductor and superconductor industries. In most situations, the epitaxy depends 

on the crystalline structure condition of the substrate. In this case, there are many 

requirements to achieve epitaxial growth since they establish strict constraints for the 

geometry and crystalline state of the substrate. Since the 1960s, with the boost in the 

semiconductor industry, scale up of wafer size was begun to promote the efficiency of 

large-scale semiconductor device fabrication [1], [2]. However, even with tremendous 

investments and efforts of researchers, the wafer size has risen from 51 mm to only 450 

mm (for silicon) [3]. Moreover, the large wafers, particularly for the III-V group 

semiconductors, remain expensive [2]. 

 

Figure 1.1 Schematic demonstration of (a) fiber-textured film growth with sputter beam only; (b) biaxially-textured 

film growth with sputter beam and ion bombardment beam. 
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Alternative methods to realize epitaxial thin film growth to reduce the dependency 

on the single crystal wafers have been explored. Usually, films grown on non-single 

crystal substrate are amorphous, polycrystalline, or fiber-textured [4]. The fiber-texture 

indicates that the grains in the film are aligned only uniaxially, normal to the substrate, 

as illustrated in Figure 1.1(a).  However, the grains are still tilted with a random 

orientation in the plane of the film. This uniaxial-textured film can form without an 

additional heating source and orientation is dominantly such as to minimize the 

interfacial energy between the substrate and the deposited material. As an example, the 

silver (Ag) deposited on amorphous glass by thermal evaporation exhibits a <111> 

crystallite orientation. 

 

Figure 1.2 (a) System with e-beam evaporator for film deposition and ion source for bombardment; (b) System with 

dual ion sources for sputter deposition and ion bombardment [5]. 

In the 1980s, Rossnagel and other researchers of IBM discovered that Argon (Ar) 

ion beam bombardment can help align the grains in the thin film azimuthally during 

deposition of niobium (Nb) on amorphous silica substrate by ion beam sputtering of a 

Nb target [5], [6], [7]. The grains then showed a preferred orientation in the film instead 
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of  random alignment, and the degree of order increased when the assist bombardment 

beam possessed a higher ion/atom flux ratio (Figure 1.1 b). They also proposed a 

prototype apparatus for ion beam assisted deposition (IBAD). As illustrated in figure 

1.2,  one version uses an inclined ion source with an e-beam evaporator as the material 

source, while another version employs dual ion beam deposition, where one ion beam 

is used to sputter the target, and the other is used for ion bombardment during the 

deposition process [5]. 

The need for biaxial alignment to achieve high critical current density in high-

temperature superconductor (HTS) material motivated research on biaxially-textured 

buffers in the 1990s. Based on the IBAD technique, Iijima developed a way to realize 

the a, b axes alignment of yttrium barium copper oxide (YBa2Cu3O7-x, abbreviated to 

YBCO) grains [8]. A single-crystal-like, highly-aligned biaxially-textured yttria-

stabilized zirconia (YSZ) film was grown by IBAD on polished Hastelloy on which an 

HTS layer with strong a, b axes alignment was demonstrated. The strong a,b axes 

alignment enabled a high critical current density of the YBCO film [9]. After this 

demonstration, many researchers investigated the influences of different features of the 

IBAD method, including ion bombardment time, incident angle, related materials, and 

possible ways to scale up for long-length deposition [10], [11], [12], [13], [14]. The 

single-crystal-like biaxially-textured buffer has turned out to be an enabling technology 

for HTS wire tape manufacturing. 

Besides the IBAD technique, there is also another method to obtain this single-

crystal-like biaxially-textured buffer called rolling-assisted biaxially-textured substrate 
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(RABiTS) that can be used for HTS tapes [15]. Both methods will be discussed in detail 

in the next section. 

The grain alignment in a single-crystal-like biaxially-textured film can be 

categorized by two metrics. The first one is used to evaluate how the grains are tilted 

from the normal direction of the substrate—that is, the “out-of-plane texture”. The 

second one is used to examine the azimuthal twist of grains—the “in-plane texture”. 

The texture spreads of the out-of-plane and in-plane texture are expressed by the full-

width-half-maxima (FWHM) of the related crystalline plane X-ray Diffraction (XRD) 

rocking curves, as Δω and Δϕ, respectively. 

1.2 Methods to create a single-crystalline-like film 

1.2.1 Ion beam assisted deposition (IBAD) 

The IBAD technique is the most promising method to introduce a biaxial texture to 

a film on a wide range of substrates. A state-of-art IBAD system can achieve fast, large-

scale, industrial level roll-to-roll manufacturing of an IBAD magnesium oxide (MgO) 

cap layer on polished Hastelloy tape (C-276). The IBAD system used in this work is 

equipped with a roll-to-roll tape feeding system and shutter-controlled deposition, 

which makes it suitable for both a long tape process and a stationary short sample. 
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Figure 1.3 Schematic of IBAD process. 

Figure 1.3 provides a schematic view of the IBAD process. This dual ion beam 

system can ion bombard the target and the substrate simultaneously. A seed layer can 

be deposited on the substrate by ion bombarding the target only. After the amorphous 

seed layer deposition, the target assembly can be flipped over to deposit a second 

material under ion bombardment to grow a biaxially- textured film. The substrate is 

continuously delivered from a spool during deposition to achieve a long, flexible tape 

with the biaxially-textured film. 

 

Figure 1.4 Schematic view of YSZ unit cell and ion bombardment orientation; (b) The changes of YSZ (111) 

FWHM as a function of bombarding ion beam incident angle [16], [17].  
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Further research on IBAD YSZ revealed that the incident angle of the assist beam 

is a critical factor in determining the crystallographic spread of the biaxially-textured 

film [18]. A (110)-oriented fiber-textured YSZ may form spontaneously without an 

assist beam since it is the crystalline plane with the lowest surface energy. The addition 

of the assist ion beam causes the (110)-oriented fiber-texture grains to be replaced by 

(100)-oriented biaxially-textured texture grains. The YSZ (111) in-plane texture shows 

significant improvement when the incident assist beam angle is at 55⁰ to the substrate 

normal, as shown in figure 1.4. This is because 54.7⁰ is the angle between YSZ <111>  

and the substrate normal, which means the biaxial alignment of the YSZ grains is 

established by the <111>-oriented ion channeling.  

The relationship between the incident beam and ion channeling was modeled by 

Sonnenberg by columnar structure development [14]. In this model, a shadowing effect 

of the grains with the channeling direction is proposed. During the ion bombardment 

process, the effect of ion etching will be at the lowest level for the grains whose 

channeling direction is parallel to the bombardment beam, allowing these grains to be 

fully developed. On the contrary, the grains in which the channeling direction is tilted 

from the ion beam could suffer from ion bombardment, and their growth would then be 

terminated. Figure 1.5 illustrates the whole process of IBAD biaxial texture formation 

using Pyrex glass as a substrate for IBAD YSZ growth. At the initial stage, the film is 

composed of grains of different orientations. Ion bombardment by the assist beam could 

continuously etch the misoriented grains which have different channeling directions. 

Meanwhile, the grains with the appropriate channeling direction can avoid the etch 
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effect by the assist ion beam and continue their growth. The as-grown columnar grains 

can shadow unfavorably-oriented grains and finally cover the whole film. 

 

Figure 1.5 The growth process of biaxially textured IBAD YSZ [14]. 

The in-plane alignment, as proposed in this model, occurred at the growth process, 

and not during nucleation; the initial film has random in-plane alignment. An 

experiment on the study of development of IBAD YSZ texture proved that the YSZ film 

has to reach 1 μm in thickness to realize 12⁰ around the in-plane texture [14], [19].   

Other alternative materials have been investigated by the IBAD process after the 

development of IBAD YSZ, such as cerium oxide (CeO2) [20], [21], [22], calcium 

fluoride (CaF2) [23], [24], titanium nitride (TiN) [25], [26], and MgO [12], [27]. Rock-

salt-structured materials are promising due to their quick biaxial texture formation 

process. Different from the IBAD YSZ texture evolution process, the rock-salt-

structured materials such as MgO and TiN can realize a biaxial texture at the grain 
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nucleation step [28]. Wang first demonstrated IBAD MgO on amorphous silicon nitride 

(Si3N4) [12]. The texture of IBAD MgO can reach the minimal FWHM even at a 10-nm 

thickness. In this case, the substrate surface may be fully covered by textured MgO 

crystallites once this thickness is reached.  

The reason for the fast texture formation may be the spontaneous preferred 

alignment of (100) rock-salt-structured MgO. Therefore, the assist ion beam can be used 

to align the grains with an in-plane orientation from the very beginning. Besides that, 

the IBAD MgO texture form near room temperature which makes it readily scalable to 

manufacturing.  

Arendt showed that yttrium oxide (Y2O3) could function as a seed layer in addition 

to Si3N4 [29]. Only a few nanometer thick amorphous Y2O3 is needed for IBAD MgO 

nucleation. However, as shown in the third chapter, IBAD TiN has been grown on 

polished Hastelloy without foreign seed layers. The surface roughness (<1 nm) and 

surface energy conditions of the substrate could therefore be the more critical influences 

on IBAD layer growth. 

1.2.2 Rolling-assisted biaxially textured substrate (RABiTS) 

Rolling-assisted biaxially textured substrate (RABiTS) is a large-scale 

thermomechanical process developed in the 1990s with the initial purpose of realizing 

the epitaxial growth of the high-temperature superconductors (HTS) [15]. The process 

of nickel (Ni)-based RABiTs tape is illustrated in Figure 1.6. High-purity (99.99%) Ni 

bar/plate is continuously mechanically cold-rolled to a thin sheet until more than 90% 

reduction in cross sectional area has occurred within a copper-type rolling texture. The 



9 

 

following annealing step induces recrystallization of Ni which consists of cube- textured 

{001}<001> grains. The final biaxially-textured HTS thin film can be realized on top 

of this textured substrate with appropriate epitaxial buffer layers. A biaxially-textured 

germanium (Ge) template has also been demonstrated on textured Ni0.95W0.05 (NiW) 

tape with different cap layers [30]. This technique is promising for applications in the 

semiconductor field, such as solar cells, owing to its flexibility and low costs. 

 

Figure 1.6 Schematic of the RABiTS process [31]. 

However, there only a few kinds of metals that can be used to realize biaxially-

textured tape using the RABiTS technique. Due to the unique cold rolling process, only 

metals with a face centered cubic (FCC) structure such as Ag, Ni, copper (Cu), and Ni-

based alloys can be used [31]. Another drawback is also related to the use of high-purity 

metals since most candidates cannot provide sufficient tensile strength. Nickel-based 

alloys may solve this issue [32]; however, the elements in this alloy such as chromium 

(Cr), tungsten (W), and Cu can influence  recrystallization during the RABiTS process. 
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Besides that, these elements may diffuse to the upper functional layers if an appropriate 

cap layer is not used. In general, the application of this technique is mainly restricted by 

the substrate metals, so it cannot be as universal as the IBAD technique for achieving 

low cost, biaxially-textured functional layers on various flexible substrates for energy 

applications. 

1.3 Buffer structure design for energy applications 

1.3.1 Buffer layers architecture with oxide layers 

Since the IBAD MgO is the most cost-efficient buffer layer for the HTS application, 

different cap layers have been demonstrated for the purpose of achieving functional 

highly-textured REBa2Cu3O7-x (REBCO, RE = rare earth) films [29]. For the 

requirements of large-scale commercial applications, the cap layers should have thermal 

properties similar to those of the REBCO film and good chemical stability [33]. For the 

requirements mandated by the fabrication process, a high deposition rate, good surface 

quality with a smooth surface, and small lattice mismatch with REBCO are more 

desirable [34]. 

 

Figure 1.7 Schematic of HTS layer structure on a flexible Hastelloy with IBAD buffer [35]. 
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Many materials have been used for the cap layers, such as LaMnO3 (LMO) [36], 

[37], [38], (La,Sr)TiO3 (LSTO) [39], [40], La0.7Sr0.3MnO3 (LSMO) [41], [42], LaNiO3 

[43], SrRuO3 (SRO) [29], [38], [44], SrZrO3 (SZO) [45], [46], and CeO2 [21], [47], [48]. 

These cubic oxides buffers have excellent chemical stability, small lattice mismatch 

with REBCO film, and reduce the possible strain-related misorientations in REBCO 

film. LMO is the most-used cap layer material since it has a broader process window 

and a high deposition rate using a LaMn target [36]. 

REBCO tape with LMO/IBAD MgO on Hastelloy has already been demonstrated 

and commercialized by SuperPower Inc [49]. Figure 1.7 provides a schematic view of 

the tape structure. The first film directly deposited on the polished Hastelloy (<1 nm 

roughness) is alumina (Al2O3). The alumina (50-70 nm) can be employed in either an 

amorphous or nanocrystalline form to act as a diffusion barriers to block metal atoms 

from moving to the top functional layer during the following high-temperature 

deposition process. A thin (<10 nm) nanocrystalline Y2O3 layer is deposited on top of 

the alumina as the IBAD MgO seed layer. The surface roughness should remain <1 nm 

after coating these two layers. 

Homo-epitaxial MgO deposited on top of the IBAD MgO can preserve the texture 

of the IBAD layer and improve the texture when a thicker film is applied. Matias found 

that the in-plane texture spread could improve from 5.5⁰ to 1.6⁰ FWHM when the film 

thickness was increased from 120 nm to 1.5 μm [50]. The same texture improvement 

was also observed in our group, but high surface roughness with large MgO grains was 

also seen, as demonstrated in chapter 6. The top LMO cap layer is the intermediate layer 

between the REBCO and the MgO. The lattice constant of the cubic MgO is 4.21Å, 
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which has a 9.26% and 7.60% lattice mismatch with the a, b of orthorhombic REBCO 

(a=3.82Å, b=3.89Å, and c=11.68Å), respectively. The intermediate perovskite LMO 

can narrow down the mismatch. The pseudocubic lattice constant of the LMO unit cell 

is 3.92Å, so the LMO/MgO has a smaller lattice mismatch. The lattice mismatch 

between REBCO a, b, and LMO are also reduced from 2.65% to 0.86%. Besides that, 

the thermal expansion coefficient of MgO, LMO, and REBCO are quite close [51]. In 

conclusion, the LMO/MgO/IBAD MgO is a well-established buffer architecture for the 

large-scale manufacture of REBCO-coated conductors.  

1.3.2 All-electrically conductive buffer architecture 

Intermediate nonconductive buffer layers that are located between the top HTS film 

and bottom metal substrate prevent shunting of overcurrent to the conductive substrate 

which lead to thermal destruction of the tape. This kind of localized thermal destruction 

on the HTS tape is of serious consequence during the use of HTS tape in commercial 

applications at the industrial level, such as the power transmission grid [52]. An optional 

way to manage an overcurrent occurrence is to use an interlock. However, a better way 

to manage this type of risk could be within the HTS tape itself if a conductive material 

is used as a buffer layer. 

An all-conductive architecture using conductive buffer layers may also benefit 

devices with III–V semiconductor functional layers. Multilayer architectures of gallium 

arsenide (GaAs) solar cells [53], [54], and silicon (Si) transistors [55] have been 

successfully developed on Hastelloy-based biaxially-textured germanium/ion-beam-

assisted deposited magnesium oxide (Ge/IBAD MgO) buffer [56]. However, this 
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“device layers/oxide buffer/metal tape substrate” architecture has drawbacks in 

achieving a high-performance device. For example, in the GaAs solar cell device, the 

nonconductive buffer isolated solar cell functional layers from the metal substrate, 

which meant that a lateral design was needed for the back contact (Figure 1.8). This 

lateral design caused higher series resistance and shadowing effects, which could have 

limited device performance. Additionally, the cost of device fabrication would also be 

higher because of the extra steps of etching needed to fabricate a lateral back contract. 

These issues could be overcome if the isolation between the device layer and the metal 

substrate is eliminated (Figure 1.8 b). 

 

Figure 1.8 Single junction gallium arsenide (GaAs) solar cell on the flexible Hastelloy substrate with (a) ion beam-

assisted deposition (IBAD) oxide conductive buffer with both front and back contacts on top; (b) IBAD 

conductive buffer (simplified structure). Different functional layers are marked with a specific color in 

both structures. 
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There are two possible routes of using the metal substrate as the bottom electrode 

for a back contact: (1) use of biaxially-textured metal tape, such as textured nickel 

tungsten (NiW) tape with appropriate conductive cap layers or (2) use of conductive 

materials to replace the IBAD MgO and oxide seed layer on an untextured substrate 

such as Hastelloy. 

Transition metal nitrides, such as titanium nitride (TiN) and niobium nitride (NbN), 

in the rock-salt-structure family are promising candidates for this study since they are 

quite similar to MgO with respect to structure. Besides that, most nitrides have excellent 

electrical conductivity, thermal stability, and high mechanical hardness [57].  

TiN is the most common nitride with a structure similar to MgO. Additionally, the 

TiN thin film can act as a barrier to diffusion of the metallic elements in the substrate 

and protect the top functional layer [58], [25]. TiN also shows superior stability under 

humid conditions (compared with MgO) [45]. Many groups have successfully 

demonstrated IBAD TiN as the biaxially textured buffer layer for HTS coated conductor 

application [59], [60], [61]. However, the seed layers used for the IBAD TiN growth in 

these studies, such as Y2O3, Si3N4, and Al2O3, are electrical barriers since none of them 

are conductive [62], [63].  

 Hühne et al proposed a way to build an all-conductive buffer for biaxially-

textured films  using tantalum nickel (Ta0.75Ni0.25; TaNi) as the seed layer [45]. TaNi is 

a metallic material with low resistivity (200 μΩ/cm) and high thermal stability. They 

demonstrated that the sputtered Ta0.75Ni0.25 remained in the amorphous phase on the 
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electropolished Hastelloy substrate after the homo-epitaxial TiN texture was achieved 

on top at 700 ⁰C.  

 Xia proposed an all-conductive architecture using RABiTS-processed NiW tape 

[64]. Conductive perovskite strontium ruthenate (SrRuO3/SRO) was used as the cap 

layer between YBCO and TiN on textured NiW tape. SRO has only a small lattice 

mismatch with YBCO in addition to low oxidation resistance. They claimed that the 

resistance of the YBCO/SRO/TiN/NiW structure is three orders of magnitude smaller 

than the YBCO/CeO2/YSZ/Y2O3/NiW structure (containing cerium oxide and yttria-

stabilized zirconia) and that YBCO shows good texture (4.7⁰ for Δω and 7.5⁰ for Δϕ) on 

the SRO/TiN/NiW buffer. 

 

Figure 1.9 Different biaxial texture architectures on (a)Hastelloy and (b) rolling assisted biaxially textured 

substrate (RABiTS) nickel tungsten (NiW). (a) For Hastelloy-based conductive buffers, the structure 

containing tantalum nickel (TaNi) could be conductive seed layer in IBADTiN/Ta0.75Ni0.25/Hastelloy 

structure; (b) For the NiW-based conductive buffer, the structure could be conductive 

perovskite/TiN/NiW as described in the references [65], [66], [67].  

In summary, TiN has already been proven to be an ideal candidate for a conductive 

buffer on both the Hastelloy structure and textured NiW tape (Figure 1.9) when used 

together with conductive perovskite cap layers such as SrRuO3 or LaNiO3. However, 

either a textured NiW buffer or conductive seed layer for IBAD TiN is required. A 
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simpler way is to apply the IBAD TiN layer directly on the Hastelloy structure as both 

a biaxially-textured layer and diffusion barrier without the seed layer; that process is 

discussed in chapter 3. 

1.3.3 The influence of biaxial texture quality on top functional layers  

The single-crystal-like biaxially-textured film that was formed using the IBAD 

protocol provides an alternative way for achieving an epitaxial film on various types of 

substrates. However, this single-crystal-like film, which consists of aligned crystalline 

grains, still cannot fully replace the single crystal wafer in certain respects. 

 

Figure 1.10 Evolution of critical current density ratio (Jc
gb/Jc

g) as a function of yttrium barium copper oxide 

(YBCO) grain misorientation angle [68]. 

In the high-temperature superconductor field, the critical current density (Jc) of the 

YBCO film is significantly affected by the alignment of YBCO grains [69]. By 

investigating the relationship between grain misorientation and critical current using 

bicrystal YBCO, Dimos et al. found that the ratio of the critical current density flowing 

through the grain boundaries to that flowing within the grains (Jc
gb/Jc

g) was two orders 
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of magnitude higher at large misorientation angles (Figure 1.10) [68], [70]. This sharp 

drop happened when the oriented angle exceeded 5⁰.  

The Jc of polycrystalline YBCO was improved when grown on a biaxially-textured 

IBAD buffer film [9]. The large-angle grain boundaries were avoided using biaxially-

textured buffer MgO, on which YBCO film could be grown with a narrow texture spread 

[71], [72]. Since the in-plane texture of IBAD MgO-based buffers is about 6º, there is 

still room to improve the YBCO texture by optimizing the buffer texture for minimizing 

the texture spread along both the c and a,b axes.  

The IBAD method also provided a way to achieve a single-crystal-like 

semiconductor film on a flexible substrate. Recently, a high-efficiency GaAs solar cell 

was demonstrated on the IBAD MgO buffered Hastelloy substrate with a single-crystal-

like Ge template [53], [73]. Compared with the similar solar cell device on a single-

crystal wafer, the efficiency of solar cells on this flexible base was still mainly limited 

by the absorption and leakage/recombination at the grain boundaries, sidewall, and 

defects [74]. These can act as potential barriers in solar cell devices and significantly 

diminish the carrier lifetime by promoting recombination velocity. Besides the methods 

that can minimize the recombination, such as device passivation, the texture of the 

functional materials still can be further optimized still by improving the grain alignment 

in the buffer layer. 

Many researchers have tried to improve biaxially-textured films by narrowing the 

texture spread and reducing the defects/grain boundaries. Gsell proposed a concept to 

introduce iridium (Ir) to achieve a near single crystal texture epitaxial thin film on 

IBAD-textured film [75]. A texture <1⁰ in both in-plane and out-of-plane directions for 
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the Ir (002) oriented film corresponded to a Δω of 1.57⁰ and Δϕ of 4.2⁰ for the MgO 

layer. To investigate how the texture evolved when Ir was deposited on the oxide buffer, 

different thicknesses of Ir were deposited on the IBAD YSZ oxide on a Si (001) 

substrate. 

 

Figure 1.11 Texture evolution (a)Δω (b)Δϕ of iridium (Ir) film on IBAD yttria-stabilized zirconia (YSZ) as a 

function of Ir film thickness. Both as-grown and back-etched textures are marked with circles and 

square lines, respectively. The IBAD YSZ substrate texture is also included [75]. 

As shown in Figure 1.11, tilt and twist (Δω and Δϕ, respectively) dropped 

significantly when the Ir film became thicker, which indicates that the Ir texture changed 

dynamically during the growth process. At the very beginning of the deposition process, 

the Ir grains still followed the high-texture spread of the YSZ buffer. Paradoxically, the 

Ir metal film texture showed a constant low spread when the film was etched back. The 

authors indicate that a “massive recrystallization and reorientation of the metal islands” 

may have happened when the Ir became thicker. The Ir metal grains merged, and an 

intermediate orientation was adopted on the newly formed grain. This <1⁰ film texture, 

which is very close to a single crystal film, provides a new route for improving the 

IBAD buffer texture. 
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However, Ir is one of the rarest elements on earth [76]; thus, it is impractical to use 

this element as a buffer material for large-scale manufacturing. Instead, silver (Ag) is a 

potential candidate to replace Ir for texture improvement purposes. Ag is one of the 

most stable transition metals and has a face-centered cubic structure. A highly textured 

Ag growth on IBAD MgO, IBAD TiN, and TiN-coated RABiTS NiW tape has already 

been demonstrated in previous studies [77]. The intermediate Ag layer was proven to 

be a promising metal cap layer for textural improvement on the IBAD buffer. This 

buffer structure on a flexible Hastelloy substrate is an up-and-coming candidate for 

high-efficiency solar cell devices. 

1.4 Flexible non-metallic substrate for HTS application 

1.4.1 Background introduction 

Commercialized 2G-HTS REBCO on metal tape has been developed by large-scale 

roll-to-roll manufacturing in recent decades [78]. Related applications include magnetic 

resonance imaging (MRI), particle accelerators, and high-efficiency power grids [79], 

[80]. However, state-of-the-art REBCO made by thin-film buffer structures on 

Hastelloy tape have limited the application and performance of REBCO material.   

 

Figure 1.12 (a) Receiver head coil for a commercial MRI system [81]; (b) Signal-to-noise ratio for RF coils of 

various sizes [82]. 
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Traditional RF receiver coils in commercial MRI are rigid and cumbersome. Each 

part of the human body needs a unique coil of a specific shape (e.g., Figure 1.12 a) [83]. 

In addition, the resolution of the MRI image created via these MRI coils cannot meet 

the requirements of modern medical diagnosis. The low signal-to-noise ratio (SNR) is 

the main source for the low resolution—there could be two reasons for this. First, the 

rigid shape of the coil leads to a far distance between the coil and the body parts. The 

SNR will be low because the SNR is very sensitive to the distance (Figure 1.12 b) [82]. 

Second, the coil metal could create radio frequency (RF) eddy currents that will lower 

the SNR [84].  

A high SNR is an essential quality for achieving high-resolution MRI. REBCO is 

an ideal candidate for high SNR receiver coil/antennas in MRI systems [85], [86], [87]. 

This is attributed to its low surface resistance at 77 K. REBCO extensively used in many 

applications is based on flexible Hastelloy tape which not applicable in RF coils due to 

the metal base. Many researchers have developed REBCO films on non-metallic 

substrates such as sapphire and MgO wafer [87], [88]. However, this is still not the best 

option because flexibility is sacrificed and the single crystal wafers are very expensive. 

Thus, REBCO on a flexible, non-metallic substrate remains an important goal.  

Next-generation qubits quantum computers also need specific superconducting 

material. The unique qubit coherence work function relies on a hierarchal temperature 

system called dilution refrigerator [89], which could progressively lower the 

temperature from Kelvin to milliKelvin levels to keep the qubits in a coherent state . In 

this temperature hierarchy structure, multiple signal amplifiers work together in 

different temperature ranges to bring the signal from millikelvin qubits to user interface 
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(UI) at room temperature [90]. State-of-the-art qubits signals are still very weak and 

sensitive to noise at such a low temperature [91], [92]. Researchers are dedicated to 

improving the computing accuracy of the qubit quantum computer by reducing the noise 

effect in the structure [93]. 

 

Figure 1.13 (a) Photograph of a dilution refrigerator. Each circular plate works at a progressively lower 

temperature (adopted from MIT Lincoln Laboratory); (b) coaxial microwave transmission cables in the 

setup; (c) cross-section of a typical transmission cable [90].  

One of the opportunities to reduce the noise is the transmission cable. These cables 

used between signal amplifiers and qubits need to cause less attenuation of signals 

transmitted between milliKelvin and Kelvin temperature range. Therefore, the thermal 

resistance of these cables needs to be high. However, state-of-the-art RF coaxial cables 

could introduce massive thermal loads and weaken the cooling efficiency of the dilution 
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refrigerators, even disturbing the coherence of qubits by adding thermal noise. 

Additionally, the physical size of traditional coaxial cable is not compact enough for 

dilution refrigerators because the space to reach milliKelvin is very reduced [94]. Micro 

size superconducting transmission lines on flexible dielectric substrates could solve 

these issues. 

Some researchers have developed a micro transmission line based on a niobium 

(Nb)/polyimide ribbon substrate to replace the coaxial wires [95]. The superconducting 

material on polyimide could provide enough mechanical strength and excellent small 

transmission loss in Kelvin to the milliKelvin range. This transmission line is also 

compact since the Nb metal is “printed” on a flexible dielectric thin film with a small 

cross-section area as demonstrated in Figure 1.14. 

Nb transmission line is limited by its low Tc (9.3 K) [96], which means that the 

coaxial wire will still be needed in the higher temperature range. As a high-temperature 

superconducting material, REBCO can operate over a much broader temperature range 

of up to 92 K [97]. Hence, the signal loss in the cable could be minimized since most of 

the transmission lines could be made of REBCO filaments. 

 

Figure 1.14 (a) thin-film niobium resonator with signal trace (b) Cross-section of the film structure [95]. 
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In general, developing REBCO and related buffer layers on a non-metallic flexible 

substrate could bring new opportunities in RF and microwave applications. In chapter 

4, flexible substrate selection and related buffer layer processes for achieving good 

quality REBCO films are discussed in detail.  

1.4.2 Flexible non-metallic substrate candidates for REBCO thin film  

Flexible, robust, dielectric, low thermal expansion coefficient and low-temperature 

stable substrates are needed for potential RF applications. Two choices include low-cost 

polyimide (PI) and yttria-stabilized zirconia (YSZ) ribbons.  

Polyimide (Kapton)  

Polyimide, also known as Kapton, is a ubiquitous polymer that has been widely used 

in the industry since the 1960s. It is one of the best dielectric materials and is 

lightweight. Outstanding mechanical properties such as its high Young’s modulus, good 

stress tolerance, low thermal conductivity, wide temperature tolerance (from 

milliKelvin to 600-700 K), and anti-radiation aging make it a significant material in the 

aerospace and semiconductor industries [98].  

 

Figure 1.15 (a) (b) Self-standing, flexible 3mol% yttria-stabilized zirconia (YSZ) from ENrG [99]; (c) Polyimide 

tape (Kapton) from DuPont [100]. 
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Kapton films are commercially available in a variety of shapes and thicknesses and 

are already used as a flexible substrate for circuit boards [101], batteries [102], and solar 

cells [103], [104] due to their excellent dielectric properties (Figure 1.15 c) . 

Yttria-Stabilized Zirconia (YSZ) 

Zirconia (ZrO2) is a ceramic with ultra-high thermal stability. The monoclinic phase 

is the most stable crystalline form. At high temperatures, the monoclinic zirconia can 

transform to the tetragonal or cubic form. The cubic form of zirconia shows more 

advantages including thermal, mechanical, and electrical properties. The purpose of 

doping yttria in zirconia is to stabilize the zirconia in cubic form and prevent its transfer 

to the monoclinic phase. In the doping process, some zirconium ions are replaced by 

yttrium ions. Usually 2 to 8 mol% yttria are used as a dopant[105]. 

The flexible YSZ ribbon used in this work and made by ENrG contains 3 mol% 

yttria zirconia after sintering (Figure 1.15 a, b). This ribbon maintains the excellent 

thermal and dielectric behavior of zirconia ceramic. The ribbon can maintain good 

mechanical strength and low thermal deformation at cryogenic temperatures, which 

makes it better as a substrate for cryogenic applications. The high-density and high 

mechanical stability of YSZ over a wide temperature range make it an ideal candidate 

for electronic packaging for harsh environments [106]. It has already been used to 

fabricate flexible mixed NO2 sensors [107], [108], high-temperature sensors [109], 

flexible LED substrates [110], thin-film CdTe PV modules, and solid-state battery 

packages [111]. 

Flexible YSZ ribbon is a candidate for self-standing REBCO-coated flexible 

ribbons. It is compatible with roll-to-roll processing due to its ultra-thin thickness (40 
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μm) and high mechanical strength [112]. In this case, YSZ could be used as a substrate 

for the roll-to-roll deposition of high-temperature REBCO and buffer layers. Compared 

to polyimide, YSZ ribbon offers the benefit of direct deposition of high quality, epitaxial 

REBCO thin films. In chapter 4, development of YSZ ribbon with an appropriate 

planarization layer, IBAD MgO and LMO for REBCO growth will be discussed.  

1.5 Novel high bandgap semiconductors 

Wide bandgap (WBG) semiconductors usually refer to semiconductor materials that 

have a bandgap larger than 3 eV. Unlike conventional semiconductor materials such as 

Ge, Si, and group III arsenide or phosphides, WBG semiconductors such as GaN and 

SiC can offer advantages to electronics and optoelectronics devices since they allow the 

device function at elevated temperatures, voltages, and frequencies [113]. Owing to 

these unique properties, devices such as blue light-emitting diodes, ultraviolet (UV) 

photodetectors, and high-power radio-frequency transistors have been successfully 

developed and commercialized [114], [115], [116].  

Massive data exchange and communication systems have become vital nowadays. 

Modern military and airspace systems require high-speed datalinks between radar, 

guided weapons, satellite, and aircraft [117]. In addition, autonomous cars need high-

speed communication between sensors, control computers, and real-time network 

communications [118]. Current state-of-the-art SiC and GaN power electronics may fit  

these new requirements [118]. However, future massive applications will require highly 

integrated, cost-effective, and high performance that may not be met using standard 

technologies. 
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Ultra-WBG (UWBG) semiconductors such as beta-gallium oxide (ꞵ-Ga2O3), 

aluminum nitride(AlN), diamond, and boron nitride (BN) have come into the spotlight 

in recent years as promising candidates for developing the next-generation high-power 

and high-frequency power electronics as well as solar-blind UV photodetectors [119]. 

Among these candidates, ꞵ-Ga2O3 has attracted increasing attention because of its the 

ultra-wide bandgap of 4.8eV, high Baliga’s figure of merit (FOM), and high thermal 

stability. Besides that, single-crystal ꞵ-Ga2O3 wafer can be made by conventional 

solidification methods such as float zone, Czochralski, and edge-defined film fed 

growth, which are impossible for the growth of some WBG semiconductors such as SiC, 

GaN and diamond [120]. 

1.5.1 Crystal structure of Ga2O3 

Although considered a very new technology, Ga2O3, which is known as a UWBG 

semiconductor, was first discovered and applied in the 1950s. The varieties of Ga2O3 

polymorphs were determined by Roy in 1952, and the Al2O3-Ga2O3-H2O phase 

equilibria system was also mapped out [121].  

Ga2O3 was also used as an insulator on GaAs wafers in the 1970s [122]. Besides 

that, Ga2O3 has been employed as an anti-reflective coating on GaAs since it is 

transparent [123]. Early-stage research used Ga2O3 for chemical sensing [124], catalysis 

[125], and phosphors/electroluminescent devices [126]. There are five different 

polymorphs of Ga2O3, denoted as α, β, γ, δ, and ε. Table 1.1 summarizes the crystalline 

properties of different Ga2O3 polymorphs [127]. The β phase is the most stable phase of 

Ga2O3 with a monoclinic structure. All other phases can convert to the β phase by 
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different heat treatments, as demonstrated in figure 1.16. Since other phases require high 

free energy to form and are unstable at room temperature, the melt growth method is 

only applicable to the bulk β-Ga2O3 because of its ultra-high melt point (1793 ⁰C) [128].  

Table 1.1 Crystalline properties of Ga2O3 polymorphs [127] 

 

 

Figure 1.16 Transformation relations between different phases of gallium oxide (Ga2O3) and their hydrates [121]. 
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The corundum structure α-Ga2O3 may have an even higher bandgap (around 5 eV) 

than the β phase [129]. Some researchers grew α-Ga2O3 on a sapphire (α-Al2O3) 

substrate by exploiting the fact that sapphire shares a similar corundum structure and 

small lattice mismatch with α-Ga2O3 [130]. Different deposition methods have been 

applied, such as halide vapor phase epitaxy (HVPE) [131] and mist-chemical vapor 

deposition (mist CVD) [132], and Schottky barrier diodes (SBDs) have already been 

demonstrated [133]. The ε phase is the second-most stable form of Ga2O3 with a similar 

bandgap as the β phase. This hexagonal Ga2O3 shares a similar structure with GaN and 

SiC [134]. 

Figure 1.17 (a) provides a 3D view of the β-Ga2O3 (ICDD card. 00-043-1012) unit 

cell structure, which illustrates a monoclinic structure with a C2/m space group. The X, 

Y, and Z in the figure correspond with the lattice constants a, b, and c, respectively 

(a=12.21Å, b=3.03Å, and c=5.79Å). The related angles are α=90⁰, β=103.8⁰, and γ=90⁰. 

There are four formula units of β-Ga2O3 in one unit cell with three different O sites and 

two different Ga sites. The O1 and O2 sites in the unit are 3-fold coordinated, and O3 

is 4-fold coordinated. Gallium can also be divided into two kinds crystallographically, 

including the tetrahedral Ga1 and octahedral Ga2. This unique crystal structure results 

in β-Ga2O3 showing anisotropy on physical properties such as thermal conductivity 

[135]. 
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Figure 1.17 Crystal structure of β-Ga2O3 (a)3d view; (b) projection of the unit cell along the c direction; (c) 

projection of the unit cell along the b direction; (d) projection of the unit cell along the a direction. 
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1.5.2 Physical Properties of β-Ga2O3 

The ultra-high bandgap is the most attractive feature of β-Ga2O3. The physical 

properties of Si, WBG semiconductors, and diamond are compared with β-Ga2O3 in 

table 1.2. The 4.9-eV bandgap endows the β-Ga2O3 with many special abilities. A β-

Ga2O3-based photodetector can exclusively respond to light of wavelengths shorter than 

280 nm [136], [137]. This indicates a deep UV coverage range and that it is solar-blind. 

Besides that, the next generation of high-frequency and high-power devices require that 

semiconductors have high breakdown fields, large bandgaps and high electron mobility, 

which align with β-Ga2O3 when appropriate doping is employed [138]. 

Table 1.2 Physical properties of β-Ga2O3 and some regular semiconductors. Few common figure-of-merits also 

listed [127]. 

 

The breakdown field, also called the dielectric strength, is an essential index to 

evaluate the capabilities of a semiconductor for power device application. Basically, 

when an electrical field is applied to a semiconductor with a potential barrier, a depletion 

region forms and increases with increasing voltage. When the applied voltage reaches a 

certain critical point, an avalanche breakdown can occur, since the free electrons are 

sufficient to cause the chain reaction. This critical point depends on material properties 
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and quality of the material. The unit is usually given as volts per centimeter, derived 

from the impact ionization coefficient, and which indicates the difficulty of initiating 

the avalanche [139]. The breakdown field of β-Ga2O3 and diamond are each higher than 

8 MV/cm, since they behave more like insulators when compared with Si and GaAs. 

This ultra-high dielectric strength ensures that a β-Ga2O3 power device can work at an 

ultra-high voltage. 

Another method to evaluate the performance of a power device is the figure of merit 

(FOM). Different FOM have different evaluation standards [140]. For example, the 

Baliga’s figure of merit (BFOM) is to estimate the conduction losses in the low-

frequency unipolar transistor:  

𝐵𝐹𝑂𝑀 = 𝜀𝜇𝐸𝑐
3 

where ε is the dielectric constant, μ is the electron mobility, and Ec is the breakdown 

field. 

Table 1.2 list a few kinds of FOM values. All the numbers in the chart were 

normalized to Si for comparison purposes. The high breakdown field benefits the FOM 

of β-Ga2O3. The BFOM of β-Ga2O3 is almost four times higher than GaN. Owing to its 

high saturation velocity, Johnson’s figure of merit (JFOM) of β-Ga2O3 is the highest 

among these semiconductors, which makes this material good for high power-frequency 

devices. The Huang’s chip area manufacturing figure of merit (HCAFOM) provides 

information about the manufacturability and cost of the semiconductor device. This 

number is still much higher compared to 4HSiC and GaN since β-Ga2O3 is still in the 

early research stage; however, this value may drop with the increased feasibility of bulk 

β-Ga2O3 melt growth [141]. 
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Also, the thermal conductivity of β-Ga2O3 is extremely low, which can cause severe 

self-heating if it is used for power device applications [142]. Since most of the power is 

dissipated in the channel of a high-power device, the resulting localized joule heating 

could significantly increase the channel temperature and cause degradation of device 

performance and even device breakdown [143]. 

Device-level thermal management of β-Ga2O3-based devices is one of the open 

issues in Ga2O3 research. Since GaN electronic devices have been systematically studied 

for many years, researchers have tried to transfer efficient thermal management of β-

Ga2O3 from previous GaN work. Both active and passive cooling solutions such as air-

jet impingement [144], flip-chip heterointegration [145], device-level microchannel 

cooling [146], and several bottom-side cooling methods [147], [148] have been 

investigated for thermal management in Ga2O3 devices. Researchers have also proposed 

a few ways to transfer the device layer to a high thermal conductive substrate, such as 

diamond, Cu, and SiC [149], [150]. However, these methods increase the difficulty and 

complexity of device manufacturing and also hardly fit with future scale-up processes. 

1.5.3 Motivation 

Although β-Ga2O3 has many advantages as the material candidate for next-

generation electronics, there are only a few reports of flexible β-Ga2O3 devices, such as 

a deep UV detector on flexible polyimide [151] and muscovite mica [152]. The 

possibilities and feasibilities of realizing β-Ga2O3 devices on flexible substrates have 

not been fully investigated and exploited yet, although the flexibility requirements 

demanded in future applications such as biomedical detection sensors of skin disease, 
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military communication, and astro-surveillance exist. Besides that, flexibility can 

expand the applications of power devices to higher integrated electronics. In chapter 6, 

heteroepitaxial β-Ga2O3 growth on flexible single-crystal-like IBAD MgO buffered 

Hastelloy by roll-to-roll RF sputter deposition are discussed.  

1.6 Outline 

This dissertation aims to realize different single-crystalline-like buffer architectures 

on both Hastelloy and non-metallic substrates, using an IBAD system, for different 

applications. 

Chapter 3 discusses a simplified IBAD TiN buffer layer that is directly deposited on 

Hastelloy. This conductive buffer structure can provide benefits in both superconductor 

and semiconductor applications. During the IBAD process, surface ion-bombardment 

by an assist beam is the critical step to realize biaxially textured TiN directly on polished 

Hastelloy. 

Chapter 4 discusses the method used to produce a REBCO LMO/MgO buffer 

structure on a non-metallic flexible substrate. HTS on non-metallic flexible substrate 

shows a very promising application for improving the signal to noise ratio (SNR) of 

state-of-art biomedical Magnetic resonance imaging (MRI) system or high SNR 

transmission lines in the cryogenic quantum computing system. 

Chapter 5 is on optimization of the texture of conventional LMO/homoepitaxial 

MgO/IBAD MgO on Hastelloy tape by introducing a silver (Ag) and TiN intermediate 

layer. Different buffer architecture designs with Ag and TiN will be discussed. 
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Chapter 6 proposes a way to produce ultra-wide-bandgap beta-gallium oxide (ꞵ-

Ga2O3) on IBAD MgO-capped flexible Hastelloy tape. This is the first time growth of 

biaxially-textured ꞵ-Ga2O3 on low-cost, flexible, highly thermally conductive Hastelloy 

using a roll-to-roll PVD process has been demonstrated. 
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CHAPTER 2 METHODS OF MATERIAL 

FABRICATION AND CHARACTERIZATION 

2.1 Systems for thin film deposition 

2.1.1 System for biaxially textured IBAD layer growth 

Roll-to- roll IBAD system 

All biaxially-textured templates fabricated in this dissertation were processed by a 

roll-to-roll IBAD system. The configuration of the IBAD system is exhibited in Figure 

2.1. Each subsystem will be discussed in detail. 

 

Figure 2.1 Schematic of IBAD system, front view and 3D view of selected parts. 
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In-situ monitor system: A reflection high energy electron diffraction (RHEED) 

system (STAIB Instruments, EK-35-R) integrated with the chamber was used for 

monitoring the evolution of IBAD film texture during the deposition process. Several 

components are included in this system: a high voltage electron gun with a point-shifting 

control system, a phosphor screen to reveal the electron diffraction pattern, a camera, 

and a real-time display program with an image recording function. A shutter is present 

in front of the phosphor screen to prevent unintentional damage to screen’s coating. The 

electron beam position can be controlled by a beam navigator program during the whole 

process. During the monitor process, the energy level of the electron gun is usually 

maintained between 20 and 21 keV. 

Ion source:  Two 6 cm  22 cm ion sources (Kaufman-type broad-beam sources) 

with a maximum 1500 V accelerating voltage and 100 mA beam current were used for 

the sputter and assist beams. High purity (99.99%) argon (Ar) was used as the gas 

source. Grids inside the ion source were separated by ceramic insulators to extract the 

Ar ion beam. There are also two neutralizers, one for each ion source. The neutralizers 

can provide electrons from a RF source and balance the Ar ions of the beam as well as 

prevent the charge build-up on the target and susceptor. The position of the assist beam 

its angle with the normal direction can be adjusted. 

Vacuum System:  The vacuum system can be divided into two parts. The first is a 

pumping system, and the second is a pressure monitor system. The main chamber uses 

a mechanical pump to reach a low vacuum (5×10-2 Torr) and cryogenic pumps to reach 

a high vacuum (<10-5 Torr). The cryogenic pump temperature is usually maintained 

below 10 K by a helium compressor. The RHEED system has an individual vacuum 



37 

 

system that can be isolated from the main chamber when idling, by a manual valve. This 

vacuum system consists of a turbopump and a dry vacuum pump. The vacuum level is 

maintained around 10-6 Torr. The chamber and RHEED system have separate high 

vacuum convectron ion gauges to monitor the vacuum level. 

Gas flow system:  The Ar and reaction gas flow inside the chamber is controlled by 

two groups of mass flow controllers (MFC). The first MFC group services the Ar, which 

provides separate flow to the two ion sources and corresponding neutralizers. The 

second MFC group services the reaction gases such as O2 and N2 which are directed to 

the target side and susceptor. 

Targets assembly: Two 40 cm  30 cm target materials are mounted on either side 

of a target assembly, held with Cu plates. Both targets are surrounded by a graphite plate 

for better thermal conductivity. Since two films are grown in a typical IBAD process, 

the target can be flipped over after the first film is deposited. The flip move is controlled 

by a step motor and two proximity switches.  

Roll-to-Roll system:  A substrate is mounted between the delivery and take-up 

spool of a roll-to-roll system. Torque and stepper motors control the tape tension and 

tape motion, respectively. The motion of the tape is controlled by a Matlab-controlled 

encoder. The whole tape motion system is covered by shields during the deposition to 

prevent contamination.  

Cooling system: A cooling system with a chiller provides water cooling to the ion 

sources, target, susceptor, and cryogenic pump helium compressor. Each subloop has a 

flow meter for flow monitoring purposes. 
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Control system: An integrated programmable logic controller (PLC) control system 

is used to control all the vacuum valves in the system with built-in interlocks. A metal 

shutter between the target and susceptor is used to control the start and end of the 

deposition process.  

2.1.2 System for epitaxial buffer layers growth 

Two magnetron sputtering systems were mainly used for thin-film buffer layers 

fabrication in this dissertation. The first one used a roll-to-roll dual-chamber magnetron 

sputter deposition to grow the MgO and LMO thin films. The second was a co-

sputtering system with a rotational sample stage for an Ag, TiN growth process. 

Roll-to-roll dual-chamber magnetron sputter system 

This system was used to grow the homoepitaxial MgO film and the LMO film as 

the REBCO cap layers on the flexible IBAD buffer. The details of the system are 

presented below. 

 

Figure 2.2 Schematic of the roll-to-roll dual-chamber magnetron sputtering system. 
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Sputter system in chamber 1: The dual-target assembly system in chamber one is 

used for the MgO sputter deposition. This system uses a mid-frequency (40kH- 300kHz) 

sputtering system with two magnetron cathodes. Two identical magnesium targets were 

used along with O2 supply during the reactive sputtering process. Up to 2000-W MF 

power can be delivered in this system for a high-speed, high-rate MgO deposition 

process on flexible tape. Since the reactive O2 partial pressure could significantly 

influence the deposition rate, an oxygen (lambda) sensor was used to provide real-time 

O2 partial pressure feedback to the MFC for O2 flow control. The normal O2 partial 

pressure with 100 sccm Ar flow during the MgO deposition is approximately 1.5E-4 

mbar. Higher O2 flow should be avoided to prevent target poisoning.  

Sputter system in chamber 2: The sputtering system in chamber 2 is equipped with 

a LaMn alloy target for the LMO deposition process. The alloy target can endure a high 

deposition rate during the process. A maximum 1500W radio frequency (RF) power 

supply and corresponding matching box (RF at 13.56 MHz) are used. The Ar and O2 

flow during the LMO deposition is controlled by a multi-channel gas flow controller 

and related MFCs. 

Vacuum system: The system base pressure can reach 5×10-6 Torr using two 

turbopumps and a corresponding mechanical pump. The turbopump can begin to 

operate when the chamber pressure reaches 5×10-2 Torr. During the deposition process, 

the chamber pressure is usually maintained at 3×10-2 Torr with a 100sccm Ar supply. 

Roll-to-roll system: Similar to the IBAD system, the deposition time and film 

thickness is controlled by the tape speed. The roll-to-toll system can provide tape tension 

and control the tape speed and moving length during the deposition. 
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Heating system: Each chamber has an individual heating stage. The heating system 

contains five K-type thermocouples, twelve halogen heating lamps, and a cooling 

channel. The cooling channel is covered with gold to enhance heat reflection. A 20 cm 

 5 cm susceptor stays on top of the cooling channel/lamps to transfer heat to the 

samples. 

Cooling system: A chiller provides cooling water to the heating, sputtering, and 

turbo systems. 

Co-sputtering system 

The co-sputter system is an RF sputter system with the capability of depositing 

several materials simultaneously or sequentially. This system was used to process the 

TiN and Ag thin films described in this dissertation. As illustrated in figure 2.3, four 

different target positions with corresponding magnetrons can be divided into two groups, 

and each group has an individual RF power supply and matching box. The height of the 

target assembly and the sputtering angle are adjustable. In this case, a multi-layer 

structure by different sputter sources can be processed continuously without unloading 

the sample during the process. 

The sample is loaded into the chamber through a load lock, so the main chamber 

does not need to be vented during the sample loading/unloading process. Also, the 

compact load lock has an exclusive turbopump, so the loading/pumping process can be 

very quick. The main chamber also has a separate turbo/mechanical pump system to 

maintain the chamber base pressure at 3.0×10-7 Torr. The sample is mounted on the 

heater susceptor and is rotated during the deposition process. A shutter is used to control 
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the start/end of the process. The thickness of the film is monitored by a quartz thickness 

monitor. 

 

Figure 2.3 Schematic of co-sputtering system 

2.2 Methods of materials characterization 

IBAD layers and different cap layers deposited on top of the IBAD film were 

analyzed by different methods. Besides the in situ RHEED system introduced before, 

X-ray diffraction (XRD) was used for crystallographic analysis. The surface 

morphology of the film was examined using a scanning electron microscope (SEM) and 

atomic force microscope (AFM). The cross-section of the sample was studied using 

transmission electron microscopy (TEM) to examine the structural quality of the 

different thin films in the architecture. 

Three different XRD systems were used for different purposes. A Rigaku Smartlab 

system was used for -2 scan in Bragg-Brentano (BB) continuous mode and rocking 

curve measurements. Before the measurement, the sample was aligned in an automatic 
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mode with a 5mm slit. The scan range is 20⁰ to 75⁰ for the Hastelloy-based sample. The 

step width was set to 0.05⁰ and 10⁰/min as the speed/duration time. The rocking curve 

scan range is decided by the peak position, and 0.05 ⁰/step with a 5⁰/min scan resolution 

was applied. The full-width-half-maximum (FWHM) (Δω) of the targeted peak can be 

collected from the rocking curve scan. 

A Bruker D8 system was used to conduct a (-180⁰ to 180⁰) Phi scan of the thin film 

at different chi (χ) angles. 0.01 ⁰/step with 1 s/step was selected to ensure the scan 

accuracy. The final FWHM (Δϕ) of each peak could be calculated from the 

corresponding Leptops 7 XRD analysis program. 

A Bruker D8 Discover General Area Detector Diffraction System (GADDS) with a 

two dimensional (2D) detector was used for the -2 scan and pole figure measurement. 

A laser/camera system was used for sample alignment before the measurement. The 

rocking curve mode was used to collect the diffraction pattern (frame). Each frame was 

scanned for 240 s at a specified theta angle in 18⁰ increments. In the pole figure mode, 

phi scan type was selected with a 7 s/step scan speed. In total, 720 steps were performed 

for a 360⁰ scan. The final pole figure image can be plotted by integrating all the frames 

with a selected 2-theta and χ range. All the diffraction patterns can be processed using 

the Bruker DIFFRAC.EVA program and corresponding texture information (Δω and 

Δϕ) can be obtained. 

LEO 1525 SEM system was used to check the surface morphology. Another SEM 

system (JEOL JSM-6330F) equipped with energy-dispersive X-ray spectroscopy (EDS) 

system was used for surface elemental analysis. Each area is scanned for 50 seconds 

with a 15kV beam, and the working distance is typically set to 15 mm. 
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An Oxford Instrument MFP-3D Origin+ AFM system was used to examine the 

surface morphology. The measurement was performed in AC air topography mode with 

HQ:NSC15/Al BS AFM tip from MikoMasch (325 kHz tapping frequency). The scan 

rate was set to 1 Hz with 512  512 pixels per image. The final image and roughness 

data were processed by the Gwyddion program. 

A FEI-235 focus ion beam (FIB) system was used to prepare the TEM cross-section 

samples. Ion milling was done using gallium ions at different beam current levels. The 

TEM images were collected by a JEOL JEM-2010 system, and the images were 

processed by the ImageJ program.  
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CHAPTER 3 SINGLE CRYSTALLINE-LIKE IBAD TIN 

CONDUCTIVE BUFFER LAYER DIRECTLY ON 

METAL SUBSTRATE 

As discussed in session 1.3, buffer structures consisting of nonconductive oxides 

could limit the functionality of the top functional layers. TiN has been reported as a 

promising material for developing conductive buffer layer to replace oxides because of 

its good electrical conductivity and high thermal stability. In this chapter, development 

of biaxially-textured IBAD TiN on polished Hastelloy by a continuous roll-to-roll IBAD 

process is discussed. 

3.1 Development of IBAD TiN on Hastelloy structures with different 

pre-etching times 

The electro-polished Hastelloy C-276 (EPH) structure was used as the substrate. The 

electropolishing process can assure a substrate surface roughness <1 nm (root mean 

square [RMS]), which is a prerequisite for IBAD biaxial texture growth. All EPH 

substrate segments (12 mm wide × 50 μm thickness) were cleaned ultrasonically before 

IBAD. Ultra-high purity (99.999%) argon (Ar) and N2 (99.999%) were used as the 

carrier and reactive gases respectively in the IBAD process. A TiN target (40 cm  30 

cm) fixed with a water-cooled copper plate was used as the sputter source. The angle 

between the assist beam and the substrate was normally maintained at 45⁰. Details of 

the IBAD system follow the description in chapter 1. An in situ reflection high-energy 

electron diffraction (RHEED) system was used to monitor the texture evolution of TiN 

during the deposition process. 

Figure 3.1 shows the real-time RHEED pattern of the EPH surface. No prominent 

peaks or polycrystalline rings were observed on EPH before the deposition (Figure 3.1 
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a). Both sputter and assist beams were used in the next IBAD step; however, only-

random oriented diffraction spots and rings slowly emerged (Figure 3.1 c).  

 

Figure 3.1 Reflection high-energy electron diffraction (RHEED) patterns for (a) bare electro-polished Hastelloy 

structure (EPH), (b) 30 s pre-etched EPH by assist beam, (c) randomly oriented titanium nickel (TiN) 

on bare EPH, and (d) biaxially-textured IBAD TiN on pre-etched EPH. 

The same IBAD process was repeated on the EPH with an extra step before the 

deposition consisting of bombardment of the sample surface with the assist ion beam 

for 30 seconds. The result was quite different and showed a sharp electron diffraction 

pattern of cubic structure TiN (Figure 3.1 d). The surface bombardment before the 

IBAD process could create a surface structure to benefit nucleation of biaxially-textured 

TiN. Improved adatom adhesion and surface energy level altered by ion beam could be 

possible reasons, but the detailed principle is not clear yet (Figure 3.1 b).  

To investigate the effect of ion beam pre-etching on the EPH surface, samples with 

different ion bombardment times were prepared by following the same pre-cleaning 

procedures. IBAD TiN was deposited on these samples with identical beam settings 
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with a constant tape moving speed. The detailed steps and parameters are given in Table 

3.1. A thick homoepitaxial TiN was deposited on top of all samples at 700 ⁰C by radio 

frequency (RF) magnetron sputtering to preserve the texture for the purpose of 

performing X-ray diffraction (XRD) analysis. All XRD measurements were performed 

with a Bruker D8 Discover General Area Detector Diffraction System (GADDS). The 

EPH surface morphology and roughness were also checked by atomic force microscopy 

(AFM) after the pre-etching process. 

Table 3.1 Growth conditions for IBAD TiN with different EPH surface ion etching times. 

 

 

Figure 3.2 Biaxial TiN film texture as a function of ion pre-etching time. 
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 Figure 3.2 shows the evolution of the TiN biaxial texture as a function of surface 

pre-etching time. Both out-of- and in-plane textures show remarkable improvements 

with longer surface pre-etching. For a better understanding, the texture evolution in 

Figure 3.2 is divided into three zones. The first zone includes EPH samples with 0 to 15 

sec pre-etching time. In this zone, the TiN texture showed a sharp improvement, the Δω 

value decreased from 5.0⁰ to 2.8⁰, and the Δϕ value decreased from 24.0⁰ to 14.0⁰. 

GADDS diffraction patterns and TiN (220) pole figures of the 9 and 15 s pre-etched 

samples, are also shown in the figure. The TiN (200) peak narrowed in the χ direction 

indicating a full-width-at-half-maximum (FWHM) improvement. The four-fold 

symmetry peaks in the (220) pole figure also become more apparent. This improvement 

may be attributed to surface cleaning and the energy change caused by the ion 

bombardment, which can modify the surface chemistry by removing foreign particles 

or local terminal oxides.  

The texture improvement became moderate in zone 2, and the Δω and Δϕ values 

dropped 1.2⁰ and 6.5⁰, respectively. The EPH surface was treated at different pre-etching 

times ranging from 15 to 120 s in this zone. A distinct and sharp TiN (200) peak was 

observed in the GADDS diffraction patterns, and four distinct and sharp (220) symmetry 

peaks were also observed in the pole figure of the 120 s pre-etched sample. This 

evidence suggests that the good biaxial textured IBAD TiN (1.6⁰ of Δω, 7.5⁰ of Δϕ) can 

be achieved directly on the EPH without adding any foreign seed layer. In zone 3, in 

which all EPH samples were pre-treated with at least 120 s ion bombardment, 

stabilization of the texture tended to occur, and no significant texture changes were 

observed. The final TiN texture stabilized at Δω (1.5⁰–2.0⁰) and Δϕ (7⁰–8⁰). 
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The surface morphologies of different EPH samples after the pre-etching process 

are shown in Figure 3.3 with corresponding roughness information listed in Figure 3.4. 

At the beginning of surface ion bombardment, particles were still observed (3 s pre-

etching EPH). The surface morphology of the sample pre-etched for 30 s became 

smooth, and foreign particles were removed. At the early stage of surface bombardment, 

the ion beam removed particles on the EPH and then started to modify the EPH surface, 

which could benefit TiN nucleation. This dynamic process also coincides with 

fluctuation of the roughness of the 0 to 30 s ion bombarded samples in Figure 3.4. In 

zone 3 (figure 3.3), all three surface morphologies were similar indicating that the 

surface condition became stable and correlates with the stabilized IBAD TiN texture 

after the 30 s ion bombardment (Figure 3.2, zone 3). 

 

Figure 3.3 Atomic force microscopy (AFM) surface profiles of EPH with different ion pre-etching times. 
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The in situ RHEED images of the EPH surface with different ion bombardment 

times are shown in Figure 3.5. The polycrystalline ring of the Hastelloy substrate could 

be identified in both 0 and 30 s pre-etched samples. The RHEED pattern shifted when 

15 s etching was applied. Multiple rings start to develop, which suggests a surface 

feature started to form, corresponding to samples of zone 2 in Figure 3.2 and 3.3. The 

“surface feature pattern” became apparent when the etching time reached 120 s and 

remained stable when the etching time reached 300 s. This finding is also consistent 

with texture stabilization in zone 3 as shown in Figure 3.2. 

 

Figure 3.4 Surface roughness profile of EPH as a function of ion pre-etching time. 

The surface morphology of IBAD TiN-coated EPH with different pre-etching times 

was also investigated using AFM (Figure 3.6). Many trenches and randomly-oriented 

TiN grains could be observed on the 3 s pre-etch samples and may be attributed to 

insufficient surface pre-etching before deposition. The samples processed with 180 and 

300 s pre-etching show notable differences in which larger grains are more dominant 
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since the lower surface energy of ion bombarded EPH can benefit both the TiN 

nucleation and growth processes. 

 

Figure 3.5 RHEED images of EPH as a function of surface pre-etching time. 

 

Figure 3.6 AFM surface profile of IBAD TiN with different surface pre-etching times. 

In conclusion, the EPH surface profile has a significant influence on IBAD TiN 

nucleation and growth, and ion bombardment before the IBAD could significantly 
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improve the EPH surface condition that contributes to the IBAD TiN texture. Pre-

etching by assist beam for an appropriate time could improve the adatom adhesion and 

also lower the surface energy of EPH. A time of 120 s was selected as the pre-etching 

time for the next steps in ion beam optimization. 

3.2 Optimization of IBAD-TiN texture with different assist beam 

parameters 

In this section, the optimization of TiN texture using different assist beam current 

and voltage is discussed in detail. All EPH samples were treated with 120 s ion 

bombardment which corresponds to 1.67 mm/s tape moving speed. The IBAD TiN 

process proceeded with the identical beam settings as described in section 2.2. Homo-

epitaxial TiN also was deposited on top to improve the IBAD TiN texture. 

 

Figure 3.7 Biaxial TiN film texture as a function of (a) assist beam current; (b) assist beam voltage. 

Figure 3.7 (a) shows the biaxial texture of TiN with different assist beam currents. 

In general, both in- and out-of-plane textures concurrently changed in the same manner. 

The texture improved when the beam current rose from 32 to 42 mA and started to 

degenerate rapidly when >42 mA current was applied. The texture reached the best 

value when the beam current was around 38 to 42 mA. At lower beam current level, the 
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assist beam energy is not capable of sputtering away enough adatoms, which means the 

grains in the non-channeling direction could still grow. On the contrary, a higher current 

could sputter away most of the adatoms and suppress the growth process; thus, the 

texture degraded quickly (particularly the out-of-plane texture) when the current higher 

was >42mA. The texture could reach Δω of 1.7⁰ and Δφ of 7.2⁰ when the beam current 

was maintained at 40 mA at 1000 V assist voltage. 

An assist beam current of 40 mA was used to optimize the assist beam voltage value 

in the following step. As shown in Figure 3.7 (b), the TiN texture could reach a Δω of 

1.2⁰ and Δφ of 5.6⁰ when the beam voltage was set at 1200V. Increasing the beam 

voltage from 800 to 1200 V provided enough energy to achieve good in-plane alignment 

since the ion beam traveled along the <110> direction from the nucleation step. 

However, if the beam voltage exceeds the appropriate level, the excessive assist beam 

energy will not only remove the misaligned grains but also suppress the growth, which 

means the IBAD film will not reach the critical thickness. In short, both beam current 

and voltage needed to be at an appropriate level to maintain the capability of the 

“orientation selection” by the assist beam until the IBAD film reached the critical 

thickness [28]. Assist beam parameters of 1200 V and 40 mA were selected for the next 

step. 

3.3 Optimization of IBAD TiN texture with different ion exposure 

time 

Since TiN has the same rock-salt cubic structure as MgO in which (100) is the 

preferred out-of-plane growth direction, very rapid texture evolution also could be 

observed in the IBAD TiN growth. The effect of ion exposure time on the TiN texture 
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was studied by using the optimized assist beam parameters described above. Figure 3.8 

illustrates the RHEED images of IBAD TiN with different ion exposure times. At the 

beginning stage, the RHEED pattern of cubic TiN can be recognized from 30 s onwards 

after which the pattern became intense when the texture was gradually evolved. The 

changes in the RHEED pattern from 100 to 123 s indicates the deterioration of IBAD 

TiN texture in this step. Polycrystalline tails can be identified on in-plane (022) spots of 

RHEED image when 123 s deposition was reached. The middle out-of-plane spot also 

shifted to a broader shape, which illustrates the degradation of the out-of-plane texture. 

A fully polycrystalline ring-shaped RHEED pattern emerged when the IBAD TiN film 

reached 150 s growth [153].  

Unlike YSZ, the biaxial texture formation of rock-salt cubic material only required 

a short time since the grains only needed to be aligned along the in-plane axis by the 

assist beam. In Figure 3.8, the texture evolution curve can be seen to perfectly fit with 

the changes in the corresponding RHEED patterns. Both Δω and Δϕ reached the best 

value at 110 s processing time (1.82 mm/s tape speed). At the beginning of the 

nucleation step, the grains start to become aligned by the assist beam along the 

channeling direction and then gradually grow larger and coalesce until they fully 

covered the substrate. Once the film thickness reached a critical level, the texture of the 

IBAD TiN degrades quickly. Thus, in general, the IBAD TiN could reach and maintain 

the best texture at its critical thickness when 1.82 mm/s was selected as the tape moving 

speed.  



54 

 

 

Figure 3.8 Biaxial TiN film texture with different IBAD ion exposure times (Corresponding RHEED images are 

also included) 

3.4 Texture summary by XRD analysis of TiN buffer layer 

Based on the previous discussion, the pre-etching time, assist beam parameters, and 

tape ion exposure time were fully optimized to achieve a highly biaxially-textured TiN 

film. The final process parameters are summarized in table 3.2. 

Figure 3.9 (a) shows the theta-two theta scan of homo-epitaxial TiN growth on 

biaxial-textured IBAD TiN, which was processed with the previously described 

optimized parameters. Only the high-intensity TiN (200) peak was observed at 2θ = 

42.21⁰ in addition to the peak next to the Hastelloy peak (marked with a cross). The 

rocking curve (ω-scan) of the TiN (200) peak in Figure 3.9 (b) demonstrates an excellent 

out-of-plane texture since the FWHM was only 1.8⁰. Figure 3.9 (c) and (d) provide the 

in-plane texture quality of the homo-epitaxial TiN film. The four-fold symmetry of the 
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peaks in TiN (220) pole figure confirmed the excellent alignment of the TiN in-plane 

texture, and the phi scan of these four peaks revealed an average FWHM (Δϕ) of 5.6⁰. 

Table 3.2 Optimized growth conditions of IBAD TiN 

 

 

 

Figure 3.9 (a) θ–2θ X-ray diffraction (XRD) scan of homo-epitaxial TiN film grown on optimized IBAD-TiN/EPH; 

(b) Rocking curves of TiN (200) peak from(a); (c) (220) Pole figure of TiN (220); (d) Phi scan of four-

fold symmetric TiN (220). 
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3.5 Summary 

In conclusion, biaxially-textured TiN was successfully deposited on a polished 

Hastelloy substrate without using any foreign seed layer. Out-of-plane and in-plane 

textures (Δω of 1.8⁰ and Δϕ of 5.6⁰, respectively) could be reached after optimizing the 

pre-etching time, assist beam parameters, and ion exposure time. The surface pre-treated 

with Ar ion bombardment was very crucial for realizing the IBAD TiN biaxial texture 

on the EPH. A more micro-level smoothed EPH surface was realized that improved 

adatoms adhesion for IBAD TiN.High-temperature sputter deposited homo-epitaxial 

TiN on top preserved the IBAD layer texture, so a fully-conductive buffer was achieved 

on the polished Hastelloy substrate without the use of any oxide buffers.  
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CHAPTER 4 BIAXIALLY-TEXTURED BUFFER 

GROWTH ON A NON-METALLIC FLEXIBLE 

SUBSTRATE 

4.1 Surface Planarization for YSZ ribbon 

As a non-metallic flexible ribbon, YSZ meets several requirements for a substrate 

for HTS tapes for high-frequency applications as discussed in chapter 1. However, as a 

powder-sintered ceramic, the original roughness of the YSZ ribbon could be very high. 

Growth of biaxially-textured thin films by the IBAD process requires a very low surface 

roughness (<1nm) substrate. So surface planarization of the YSZ ribbon is necessary to 

be used as the substrate in the IBAD process [154], [155]. Conventional mechanical 

polishing process may not satisfy the surface roughness requirement and is also 

expensive. A suitable surface planarization method has been developed in this work and 

IBAD MgO and LMO layers were successfully grown on this planarized YSZ ribbon. 

 

Figure 4.1 (a) Real-time RHEED pattern of as-received YSZ (b) IBAD MgO/Y2O3 growth on as-received YSZ (c) 

optical image of the ENrG YSZ surface. 
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Figure 4.1 (c) shows an optical image of the surface of an as-received YSZ ribbon. 

The dense YSZ shows a very rough surface as received which was confirmed by AFM 

morphology measurements (Figure 4.1 a). No peak was seen in real-time RHEED 

images (Figure 4.1 a) for as-received YSZ, which indicates the translucence property of 

the YSZ ribbon. IBAD MgO/Y2O3 buffer was directly grown on as-received YSZ, and 

the resulting RHEED pattern is shown in Figure 4.1 (b). Misoriented polycrystal peaks 

and rings in the RHEED image could be due to the rough YSZ surface that could have 

hindered biaxial texture growth. Therefore, surface planarization is a prerequisite for 

epitaxial growth of the buffer layer on YSZ. 

4.1.1 Material selection for surface planarization 

In the semiconductor industry, surface planarization is critical due to the 

requirements for sophisticated micro-level multilayer stacking structure of the modern 

integrated circuit (IC) [156]. In contrast to traditional chemical-mechanical polishing 

for ultra-flat surfaces of a wafer via mechanically abrasive and chemically corrosive 

slurries, a sol-gel coating method is used to planarize the surface. The sol-gel usually 

contains the desired precursor and a specific solvent. It could be coated on a surface by 

spinning, dip coating, blade coating, ink printing, or any other roll-to-roll method [157]. 

Large-scale surface coating can be achieved with appropriate surface pre-treatment. 

Spin-on glass (SOG) is a very common sol-gel used in the semiconductor industry 

for surface planarization, diffusion doping, or dielectric layer coating [158]. It contains 

different silicon-based precursors and specific solvent. The choice of SOG mainly 

depends on the coating application. 
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Commercial SOG is classified as silicates, dopant silicates, organic silicon 

compounds, and dopant-organic compounds [159]. For example, phosphosilicates are 

silicate-type SOG for phosphorous doping. Methylsiloxanes and methyl silsesquioxane 

are two types of SOG with organic silicon compounds that are better for surface 

planarization. 

Filmtronics 700B spin-on glass was used for YSZ ribbon surface planarization in 

this work. 700B is silicate-based SOG that densifies into a SiO2 film after the high-

temperature curing process [160]. All YSZ ribbons used in this work were cleaned 

before the coating process. The surface roughness of the YSZ ribbon is reduced from 

51.89 nm to 3.23 nm by two-layer coating at 3000 rpm for 60 seconds (Figure 4.2) (a) 

(b). However, surface was observed to be cracked after the two-layer coating process as 

shown in Figure 4.2 (c). The reason for cracking may be due to the SOG itself. The 

silicate-based 700B SOG exhibits high shrinkage (15%). This shrinkage could induce 

high tensile stress at the interface between film and substrate and give rise to a crack.  

 

Figure 4.2 AFM surface profile of (a) as-received YSZ ribbon (10 μm x 10 μm); (b) YSZ surface planarized with 

Filmtronics 700B SOG (10 μm x 10 μm ); (c) optical image of YSZ surface after coating. 
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Another kind of SOG has been studied in this work is IC1-200 which is a 

polysiloxane based SOG with lower shrinkage. The same spin coating process was 

applied used for the planarization process with IC1-200 [161]. In contrast to the 700B 

SOG, the film maintains integrity after three layers of spin coating. The coated YSZ 

surface becomes densified and glossy after the curing process. Only at a micrometer 

level cracks are seen on very edge sides due to sharp thickness gradients.  

In summary, low shrinkage and low tensile stress organic silicon-based SOGs are 

appropriate surface planarization materials for YSZ ribbon.  A detailed coating process 

will be discussed next. 

4.1.2 YSZ ribbon surface planarization by multilayer SOG 

IC1-200 Spin-on Glass from Futurrex Inc. was used here for the coating process. 

The YSZ ribbon used for spin coating here was laser cut to a 10 mm  20 mm size to fit 

the spinner. Pre-treatment procedures include: 

30 minute furnace baking at 600 ⁰C with N2 flow to remove the organics on as-

received YSZ.  

Ultrasonic cleaning using acetone and water, and ozone cleaning occurred in 

sequence for ten minutes each to remove any contaminants from the handling process. 

All the cleaning and coating process were performed in a class 100 cleanroom. 

The spinning coating processing recipe consisted of multiple steps of coating each 

layer: 

• 3000 rpm, 40 seconds spin coating with PDMS-made YSZ ribbon holder 

• 100⁰C bake, 60 seconds, 200⁰C bake, 60 seconds 
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 This recipe was repeated multiple times to achieve a low roughness surface on the 

YSZ ribbon. The baking process evaporates the solvent and stabilizes the polysiloxane 

gel. 

After the multilayer coating process, all samples were baked in a furnace at 400⁰C 

with N2 flow. The organic compounds in SOG are decomposed and condensed to a 

silicon dioxide film after this curing process. 

Figure 4.3 (a) is an optical microscope image of the YSZ surface after the 

planarization process.  a uniform surface was observed on the entire surface area without 

any cracks. Figure 4.3 (b) demonstrates that the YSZ ribbon maintains its flexibility 

after the coating process. A 150 cm long YSZ ribbon was coated with multilayers of 

SOG via a specially-designed holder and is also shown in Figure 4.3 (c).  

 

Figure 4.3 (a) Optical image of the YSZ surface with SOG coating film; (b) Photograph of 10mm  20mm SOG 

coated YSZ ribbon; (c) Photograph of 10mm  150mm SOG coated YSZ ribbon. 

4.1.3 Characterization of YSZ surface morphology after multilayer 

planarization 

The surface morphology was checked on uncoated as well as two, three, and four 

SOG layer coated YSZ ribbons. All measurements were done by AFM (Oxford 

Instrument MFP-3D Origin+ Atomic Force Microscope) in air tapping mode. 
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Roughness data was averaged from three points of analysis to ensure accuracy. Figure 

4.4 shows the surface morphology of the as-received YSZ ribbon in dimensions of 5μm 

 5μm and 20μm  20 μm. The roughness (RMS) for these two scales is 28.35 nm and 

28.45 nm, respectively. Large grains with a few pits were observed on the surface. A 

similar roughness at different scales indicates that the surface is uniform. Some deep 

pits on the surface may have been from the sintering process of the YSZ ribbon.  

 

Figure 4.4 AFM surface profile of (a) as-received YSZ ribbon surface in 5 μm  5 μm scale, Rq (RMS) is 28.35 nm; 

(b) as-received YSZ ribbon surface in 20 μm  20 μm scale, Rq (RMS) is 28.45 nm; (c) 3D view of as-

received YSZ ribbon surface in 5μm  5μm scale surface; and (d) 3D view of as-received YSZ ribbon 

surface in 20 μm  20 μm scale. 

The surface morphologies of two, three, four layers SOG-coated YSZ ribbons in 5 

μm  5 μm scale are shown in Figure 4.5. No apparent asperities and particles observed, 

and the surface becomes flatter after the coating process. Some shallow dents were also 

noted on both two layer and three layer coated samples, which may be the remaining 

pits in the as-received YSZ. The Rq (RMS) roughness drops to 6.17 nm for the two-
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layer coating sample and 1.84 nm for the three-layer coating samples. The average Rq 

(RMS) on four layer coated YSZ becomes 1.07 nm which is the same level as 

electropolished Hastelloy tape used to for IBAD TiN buffer layers. This implies that the 

YSZ ribbon after planarization should be qualified for the IBAD buffer growth. 

Figure 4.6 summarizes the roughness change with an increasing number of SOG 

coating layers. The average roughness drops to 5 μm after two layers of coating. 

However, the large error range of the two-layer-coated film roughness indicates the 

uniformity of the surface cannot be guaranteed since pits exist on as-received YSZ even 

after two layers of coating. The surface roughness dropped to 1-2 nm after three to four 

layers of coating, which indicates low roughness and uniform surface morphology can 

be achieved after at least three rounds of SOG planarization process. In conclusion, three 

layers of SOG coating on the YSZ ribbon are necessary to ensure the surface roughness 

in an acceptable range for IBAD biaxial texture film growth. 

 

Figure 4.5 AFM surface profile of (a) two layer SOG  coated YSZ  ribbon surface in 5 μm  5 μm scale, average Rq 

(RMS) is 6.17 nm; (b) three layer SOG-coated YSZ ribbon surface in 5 μm   5μm scale, average Rq 

(RMS) is 1.84 nm; (c) four layer SOG-coated YSZ ribbon surface in 5 μm  5 μm scale, average Rq 

(RMS) is 1.07 nm; (d),(e),and (f) are 3D views of two, three, four layer SOG-coated YSZ, respectively. 
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Figure 4.6 Summary of SOG-coated surface roughness with increasing number of coating layers. Roughness data 

is an average of three points of each sample. 

4.1.4 IBAD MgO texture with different number of planarization layers 

In order to study the relationship between YSZ surface roughness and the buffer’s 

biaxial texture quality, IBAD MgO/Y2O3 was deposited on planarized YSZ ribbons. 

The parameters are detailed in Table 4.1. An in situ RHEED system was used to check 

the quality of IBAD MgO during the IBAD process. 

Table 4.1 Growth condition for IBAD Y2O3/MgO. 

 

Figure 4.7 shows the RHEED pattern for IBAD MgO on the YSZ ribbon with a 

different number of planarization layers. All the in situ RHEED pictures were captured 

after the deposition process using the same aperture and focus parameters. The RHEED 

diffraction pattern of IBAD MgO/YSZ shows similar features as IBAD MgO/Hastelloy, 
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so indicating that (100)-oriented biaxially-textured IBAD MgO was successfully 

achieved on the flexible YSZ substrate as well. The diffraction spots of biaxially 

textured MgO become brighter and sharp when using more planarization layers which 

indicates that the texture is better developed. All of the texture figures discussed in the 

next sections refer to MgO (200) and LaMnO3(LMO) (002) as out-of-plane orientations 

MgO (220) and LMO (110) as in-plane orientations. 

 

Figure 4.7 RHEED pattern of IBAD MgO on YSZ ribbon with different numbers of planarization layers. 

In order to quantify the texture quality of IBAD MgO, 150 nm homoepitaxial MgO 

and 150 nm LMO thin films were deposited on IBAD MgO film at heater susceptor 

temperatures of 850⁰C and 900⁰C respectively with a roll-to-roll PVD system. The O2 

partial pressure was maintained at 1.5 E-4 mbar for MgO deposition and 4 sccm O2 and 

100 sccm Ar were used for LMO process. Out-of-plane and in-plane texture information 

of the MgO layer and LMO layer were collected from XRD data (Figure 4.8). Multiple 

repeat samples were performed in this experiment. 
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Figure 4.8 Biaxial film texture as a function of planarization layers number. (a) (b) Out-of-plane (Δω) and in-plane 

(Δϕ) texture of MgO layer, respectively; (c) (d) Out-of-plane (Δω) and in-plane (Δϕ) texture of LMO 

layer, respectively. 

In Figure 4.8 (a) (c), the full-width-at-half-maximum (FWHM) of the omega scan 

(Δω) of the MgO/LMO layer decreases when more planarization layers are used. The 

RHEED diffraction pattern also indicates that the Δω improved. The (002)/(004) spots 

gradually narrow in width direction and extend in the height direction, and become close 

to the tear-drop shaped diffraction spots of homoepitaxial MgO. However, the in-plane 

texture (Δϕ) (Figure 4.8 b, d) obtained from phi scans are broad: around 9⁰ for MgO and 

10⁰ for LMO layer. The in-plane texture did not show too much change when more 

coating layers were added. The shape of the (024) and (024) diffraction spots did not 

change much when more coating layers were added. A low roughness surface is crucial 
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for the IBAD biaxial texture formation since the growth orientation selection in the 

IBAD process mainly relies on the ion channeling direction. If the normal direction of 

the substrate is locally tilted, then the misoriented MgO could get more chances to grow, 

which means that the MgO could be tilted both in-plane and out-plane. The MgO (002) 

growth could be suppressed due to the high ion bombardment rate caused by 

misalignment. The chance for misoriented MgO grain growth is less when the surface 

roughness decreases, which is also indicated by the smaller Δω of the thin film. As noted 

in Figure 4.8 (a) (c), the MgO and LMO buffer structure on flexible YSZ already 

reached the same level as the out-of-plane texture of a standard buffer on metal tape.  

4.2 Biaxially-textured MgO buffer on flexible YSZ via the IBAD 

process 

Besides the surface roughness, the IBAD buffer layer process conditions were 

optimized for texture improvement. The investigated IBAD parameters include assist 

beam voltage (VA) and assist beam current (IA). In situ RHEED systems were also used 

here to check the quality of IBAD MgO. To verify the texture quality from in situ 

RHEED, homoepitaxial MgO and LMO layers were grown on these YSZ samples by 

roll-to-roll PVD methods using the same conditions as described before.  

4.2.1 Buffer texture optimization with IBAD-assisted beam voltage  

Based on the previous findings, four layers of SOG coating were applied to the 

YSZ ribbon. In the IBAD deposition process, the SOG film surface was pre-etched for 

5 seconds to remove any possible contamination and homogenize the entire surface. 

The Y2O3 seed layer was then deposited using the parameters listed in Table 4.1. Next, 

IBAD MgO was grown using different VA conditions and constant IA (100 mA); the 
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sputtering beam parameters are also listed in Table 4.1. 40 seconds of deposition was 

performed for all samples. 

 

Figure 4.9 RHEED pattern of IBAD MgO with different assist beam voltage on four layers planarized YSZ 

(a)870V, (b)900V (c)930V (d) 950V. 

Figure 4.9 shows the RHEED pattern images for IBAD MgO on YSZ when the 

assist ion beam voltage is increased from 870 V to 950 V. The diffraction spots become 

sharper at 930 V. So, a higher assist ion beam voltage may benefit the IBAD MgO 

texture. However, the MgO films deposited at 930 V and 950 V are difficult to 

distinguish from the RHEED image. The high voltage likely ensures that the grain is 

aligned at the early nucleation stage. However, the in-plane orientation (022) spot is still 

not as sharp as the middle out-of-plane (002) spot. This weak in-plane peak indicates 

that the assist ion beam energy is still insufficient to obtain a strong in-plane alignment. 

150 nm thick MgO and 150 nm thick LMO were deposited on the IBAD MgO film 

of these YSZ samples. XRD texture analysis for both in-plane and out-of-plane texture 

is shown in Figure 4.10. 
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Figure 4.10 Biaxial LMO texture change with different assist ion beam voltage (VA). (a) Out-of-plane (Δω) of 

LMO layer; (b) In-plane (Δϕ) texture of the LMO layer. 

The XRD results also reflect the same trend as the RHEED patterns. The out-of-

plane texture (Δω) drops from 3.8⁰ to 3.4⁰ at the highest assist beam voltage, and it is 

already lower than the Δω of LMO texture on metal tape. However, the 10⁰ level in-

plane Δϕ is still much higher compared to LMO in-plane texture on metal tape. The 

beam current was investigated in the next step. 

4.2.2 Buffer texture optimization with IBAD-assisted beam current  

To investigate the influence of assist beam current on the buffer layers texture, the 

YSZ ribbon with four layers of surface planarization was used for the IBAD buffer 

growth process. All samples had the same IBAD Y2O3 layers and the same sputter beam 

parameters as before. An assist beam voltage VA = 950V was selected from the 

optimization in the previous step. 

The RHEED patterns are very different at different assist ion beam current IA used 

in the IBAD MgO growth process. Figure 4.11 shows that the RHEED pattern becomes 

more explicit when IA shifts to a higher level. However, this trend changed when the 
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current level reaches 120mA. The in-plane spots and surrounding pattern become blurry, 

and polycrystalline features start to appear in the RHEED pattern. The MgO texture has 

degenerated when a IA higher than 140mA is used. In the low IA range (90 mA), the ion 

beam energy cannot control the orientation of MgO in the nucleation process, and parts 

of the grains become misoriented. The deposition rate should fit with the assist beam 

energy for balance. If the deposition rate is too high (using a higher sputter beam voltage 

and current) and the assist beam energy is relatively low, then the orientation cannot be 

adequately controlled before reaching the critical thickness of IBAD MgO. In contrast, 

if a high assist beam energy is applied here, then the ion bombardment will be more 

active instead of orientation selection. The blurry RHEED pattern images of 120 mA 

and 140 mA IA samples could be similarly explained.  

 

Figure 4.11 RHEED images of IBAD MgO with different assist beam currents on four layers of planarized YSZ. 

The texture details were also studied by XRD of the homoepitaxial MgO and LMO 

grown under the same conditions as used before. The texture of both the MgO and LMO 
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are shown in Figure 4.12. The dashed line in the figure indicates an optimized standard 

buffer layer texture on Hastelloy tape. 

 

Figure 4.12 Biaxial LMO and MgO texture changes with different assist ion beam current (IA) (a) Δω and Δϕ of 

MgO layer; (b) Δω and Δϕ of LMO layer. 

In Figure 4.12 (a), the Δω of MgO drops from 3.1⁰ to around 2.2⁰ when the beam 

current is increasing from 90 mA to 110 mA. It suddenly increases to 7.4⁰ when the IA 

reaches 120 mA. The 140-mA sample does not have any data points in the figure 

because no peaks were observed in the XRD scan. The deterioration of the Δω is due to 

the excessive surface ion-bombardment and is consistent with the RHEED analysis. The 

Δω of LMO also decreases from 3.37⁰ to 2.87⁰ when IA increases. This slight change 

indicates that there is not too much room left for out-plane texture optimization. In 

general, both MgO and LMO texture reach the same level as the optimized standard 

buffer on Hastelloy metal tape when 110 mA IA and 950V VA were used. 

The in-plane texture shows significant improvement when the IA is raised in the 

IBAD MgO deposition process. No MgO (220) peak was observed in XRD when 120 

mA and 140 mA IA are applied in the IBAD MgO process. The in-plane texture trend 

of MgO in Figure 4.12 (a) suggests that the in-plane texture suddenly degenerated after 

the texture reaches the best at 110 mA IA. This might indicate a slight change of IA at a 
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high VA level could significantly alter the energy density of the assist ion beam. This 

possible reason could also be used to explain the significant difference of IBAD MgO 

RHEED images between different IA levels.  

Since the MgO Δϕ decreased from 8.2⁰ to 4.8⁰ when higher IA was applied, a good 

LMO Δϕ was also expected. In Figure 4.12 (b), the Δϕ of the LMO sample processed at 

100 mA beam current and 950V beam voltage is 7.8⁰, which is significantly lower than 

the previous 10.5⁰. All texture values in Figure 4.12 are better partly because the 

measurements were conducted with a new GADDS XRD tool which has a higher 

resolution. Besides that, the data shown in Figure 4.12 were obtained from samples 

processed with new targets and accordingly a higher O2 flow during homoepitaxial MgO 

growth, which could have influenced the in-plane texture too. With the increase of ion 

beam current, the LMO in-plane texture decreases from 9.5⁰ to 6.4⁰ at 110 mA IA. A 

higher IA at this assisted beam voltage level can only damage the texture; thus, no XRD 

data are available when IA is beyond 110 mA. In conclusion, 110 mA is the best assist 

ion beam level for achieving good biaxial buffer layer texture on top of the planarized 

YSZ ribbon when a 950 V ion beam voltage applied. 

4.2.3 Buffer texture optimization with IBAD MgO deposition time 

Biaxial texture MgO on the amorphous Y2O3 needs time for the nucleation and 

growth process. As illustrated in chapter 1, the IBAD biaxial film texture will improve 

until it reaches a critical thickness after a specific deposition time. The in situ RHEED 

system be used to monitor this texture development during the growth process. The 

IBAD MgO RHEED pattern growth on YSZ starts to emerge at around 7 s to 10 s when 

the sample surface is exposed to both assist beam and sputtering beam. A MgO 
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polycrystalline ring is usually observed after 50-60 s of exposure time. This timeline is 

not constant since this growth process is mainly controlled by the energy level of the 

sputtering beam and assist beam. For example, a higher assist beam energy could 

intensify the ion bombardment, and this can cause the biaxial RHEED pattern to emerge 

slowly. 

 

Figure 4.13 RHEED pattern of IBAD MgO with different MgO deposition times on four-layer planarized YSZ. 

The influence of ion exposure time on biaxial IBAD MgO texture quality was 

studied. Two deposition times lengths were examined: 20 s and 40 s. The Y2O3 

deposition followed Table 4.1 parameters, and 950 V VA and 110 mA IA were used as 

the assist beam settings for the IBAD MgO process. Figure 4.13 shows the RHEED 

patterns of both samples after the IBAD process. The shape of MgO (004) spots remain 

identical in both RHEED patterns. The (024) in-plane peak becomes brighter and 

sharper in the 40 s sample. This is attributed to the cubic structure of MgO; the c-axis 

<100> out-plane direction is aligned at the very beginning of MgO nucleation. The 

assisted beam has a 45⁰ angle with the normal direction of the substrate and is mostly 

used for in-plane <110> direction alignment after the initial nucleation step. In this case, 

the in-plane orientation needs a longer time to achieve the preferred orientation. The 

homoepitaxial MgO and LMO texture are listed in Table 4.2. 
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The slight changes in both MgO and LMO Δω confirm that the out-of-plane 

alignment may reached the ceiling level at the beginning step during the IBAD MgO 

growth. The Δϕ keeps decreasing with more protracted process time. For achieving 

better IBAD MgO texture on YSZ, the IBAD MgO deposition time should be 

investigated with different sputter/assist beam energy level. 

Table 4.2 Homoepitaxial MgO and LMO texture summary -YSZ samples with different time of IBAD MgO 

deposition. 

 

In general, the biaxial LMO/MgO buffer structure texture quality can reach a level 

same as the texture quality of LMO/MgO/Hastelloy. The optimized assist beam voltage, 

current, and deposition time parameters, as well as details of the XRD pattern, will be 

summarized in the next section. 

4.2.4 Summary of growth condition and texture of biaxially-textured 

MgO/LaMnO3 buffer on surface-planarized YSZ ribbon 

Based on the discussion in the previous sections, the optimized condition to achieve 

a biaxial texture of films on YSZ ribbon has been summarized in table 4.3. The texture 

quality of functional layers such as REBCO on YSZ ribbon will depend on the 

optimized buffer texture.  
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Table 4.3 Optimized conditions for achieving biaxially-textured IBAD MgO on a YSZ ribbon. 

 

4.3 Homoepitaxial layer buffer layers on YSZ ribbon 

All samples were processed with homoepitaxial MgO and LMO as the buffer 

structure for REBCO growth. The condition for these two layers’ growth was already 

optimized and discussed in previous studies. The details of XRD analysis described next 

are these buffers on YSZ ribbons with optimized IBAD MgO.  

4.3.1 XRD analysis for the homoepitaxial buffer layer on surface 

planarized YSZ 

XRD analysis was performed on the homoepitaxial LMO and MgO buffer layers 

with the optimized IBAD MgO condition on the YSZ ribbon. The same XRD 

measurement was also conducted on the standard buffer on Hastelloy with the same 

buffer layer structure. All measurements were performed by the GADDS system. 

Figure 4.14 (a) shows the 2D GADDS XRD scan of the standard buffer layers on 

the Hastelloy. The peak intensity is shown by the colored log scale. The background 

contrast was adjusted in the Bruker GADDS image process program (EVA) to reach a 

clear and sharp picture. The scan range is 1⁰ to 58⁰ in two theta direction and 18⁰ in χ 
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direction. The polycrystalline diffraction rings from Hastelloy and YSZ are marked in 

(a) and (b), respectively. The peak intensities are relatively low in Hastelloy buffer 

structure, which means that the film thickness is less than that of the buffer films on 

YSZ. Figure 4.14 (b) shows a χ direction shift between LMO and MgO; this may 

because of the quality issue with the as-received YSZ. Micro-sized pits were observed 

on as-received YSZ, which could cause film nonuniformity in a local region. Only slight 

twins of LMO (001) exist, and these do not affect the texture quality. No peak was 

observed for the densified SOG layer. 

 

Figure 4.14 GADDS diffraction patterns for (a) LMO/MgO/IBAD MgO/Hastelloy buffer structure; (b) 

LMO/MgO/IBAD MgO/SOG/YSZ buffer structure. 

YSZ with a homoepitaxial MgO buffer was also checked by the RHEED system 

(Figure 4.15 a, b). The image in Fig 4.15 (b) is slightly tilted due to the mounting. 

Nevertheless, bright, sharp uniform diffraction spots were seen, which suggests that the 

MgO layer texture been strengthened after the high-temperature homoepitaxial layer 

growth. Figure 4.15 (c) shows that the YSZ has excellent flexibility after all the buffer 

layers deposition process. The surface is glassy and uniform, which means the 

underneath SOG film maintains its density and is still intact after all the high-

temperature roll-to-roll deposition processes. 
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Figure 4.15 RHEED images of (a)IBAD MgO/YSZ and (b) homoepitaxial MgO/IBAD MgO/YSZ; (c) photo of 

flexible YSZ ribbon after the buffer process. 

 

 

Figure 4.16 Pole figure analysis of epitaxial LMO (110) and MgO (220) on different substrates (a) MgO/IBAD 

MgO/Hastelloy, (b) MgO/IBAD MgO/YSZ, (c) LMO/MgO/IBAD MgO/Hastelloy, and (d) 

LMO/MgO/IBAD MgO/YSZ. 
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Figure 4.16 shows the pole figures of each epitaxial film on different substrates. The 

pole figures clearly show four symmetry peaks. The peak intensity is also lower for the 

films grown on the Hastelloy substrate. The background ring may come from the 

GADDS system since it has been observed in every measurement. No twins were 

observed. This also indicates excellent film quality. 

4.3.2 Investigation of uniformity of buffer layer on surface-planarized 

YSZ 

The uniformity of the buffer layer texture has been checked for quality control 

purposes. The out-of-plane texture was checked at multiple points via the GADDS. As 

illustrated in Figure 4.17, multiple points of out-of-plane texture were measured with an 

XRD system with a 0.5-mm wide shutter. The position of measurement is controlled via 

a high-resolution 3-axis step moving stage and related laser position indicator. 

 

Figure 4.17 (a) XRD moving stage setup, the YSZ sample is place on the sample holder with a XY moving stage; 

(b)Schematic of the position mark with same coordinate axis on YSZ sample (red dots are XRD 

measure positions). 
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A virtual coordinate axis was constructed on the 10 mm  20 mm YSZ ribbon. The 

central point and near edge points (2 mm from the edge on X-axis, 5 mm from the center 

on Y-axis, and four corner positions) were selected for the out-of-plane 2theta scan. The 

sample used is a 4-layer SOG-planarized YSZ ribbon with homoepitaxial MgO. All the 

FWHM values of the MgO (200) peaks are summarized in Table 4.4. The sample shows 

a similar strong texture on all the points. The maximum error is only 3.1%. The uniform 

buffer on the YSZ surface proves that it qualifies for the REBCO growth. 

Table 4.4 Homoepitaxial MgO texture summary on multiple positions on YSZ ribbon. 

 

4.4 Summary 

In this work, a biaxially-textured buffer thin-film structure was developed on YSZ 

ribbon with multiple layers of planarization. A low surface roughness critical for IBAD 

biaxial texture formation was demonstrated using an appropriate spin-on-glass and an 

optimized number of coating layers. The assist beam voltage, beam current, and ion 

exposure (deposition) time were optimized. The optimized parameters of the assist 

beam during the IBAD MgO growth was found to be VA=950 V and IA=110 mA with 

40 s of deposition time. Homoepitaxial MgO on this YSZ sample can reach (200) Δω 

of 2.2⁰ and (220) Δϕ of 4.8⁰, and the heteroepitaxial LMO texture can reach (001) Δω 
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of 2.87⁰ and (110) Δϕ of 6.48⁰. The YSZ remains in good shape after all the buffer layer 

coating process and is very uniform throughout the entire area. 
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CHAPTER 5 TEXTURE IMPROVEMENT BY USING 

HIGH-ORIENTED AG/TIN LAYERS ON IBAD 

BUFFER 

As described in section 1.3.3, Ag is a suitable candidate to improve the texture of 

biaxially-textured buffer for better single-crystal-like top functional layers. However, 

there is no report yet on the use of an Ag layer to improve the texture of an HTS REBCO 

tape. In this chapter, different buffer architecture designs and optimization using 

Ag/TiN intermediate layers for achieving highly textured REBCO film will be discussed. 

5.1 Epitaxial growth of LaMnO3/MgO cap layers on the IBAD MgO 

substrate with an Ag intermediate layer 

A Hastelloy-based IBAD single-crystal-like MgO with a homoepitaxial layer was 

used as the substrate for Ag and related layer growth. All TiN/Ag layers were grown in 

an RF magnetron co-sputtering system (co-sputter) with Ag and Ti metal targets. The 

Ag layer was deposited on the IBAD MgO tape with 100 W RF power at 500 ⁰C for 15 

min. The sample was then annealed at 700 ⁰C for two hours to remove possible surface 

pits. The same Ag process for multiple samples was repeated and coated with TiN for 

the next step. The TiN layer was deposited at 700 ⁰C with 250 W RF power for 30 min. 

The final thickness of the Ag and TiN was 320 and 160 nm, respectively. The MgO and 

LaMnO3 (LMO) films were then deposited on both the Ag/IBAD MgO (AM) and 

TiN/Ag/MgO (TAM) samples as buffer layers for rare-earth barium copper oxide 

(REBCO) in the roll-to-roll magnetron sputter deposition system (PRB). The deposition 

conditions for the TiN and Ag layers were optimized in a previous study [77], so the 

cap layer texture is the focus of this chapter.  
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The deposition conditions of the MgO and LMO layer were chosen according to the 

previously-optimized parameters for oxide buffers [162]. The MgO film was processed 

at 820 ⁰C with 1200W MF power and 5 sccm oxygen flow. The tape speed was kept at 

3 cm/min during MgO deposition. The LMO film was processed at 850 ⁰C with 600 W 

RF power, 4 sccm oxygen, and 2 cm/min tape feed speed. Figure 5.1 shows the XRD -

2 scan of the IBAD MgO substrate, Ag/MgO (AM), TiN/Ag/MgO (TAM), and 

samples after LMO/MgO (LM) buffer layer growth (marked as LM, LMAM, and 

LMTAM, respectively). The “X” peaks belong to the Hastelloy tape. 

 

Figure 5.1 XRD -2 scans of LMO/MgO cap layers on different kinds of buffer: MgO, Ag/MgO(AM), 

TiN/Ag/MgO (TAM). XRD curves of the different buffers are also included. 

Both AM and TAM samples showed high-intensity Ag (002) and MgO/TiN (002) 

peaks. However, the LMO (001) and (002) peaks are very weak when LMO/MgO was 
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directly deposited on the AM structure. For the LMTAM sample, distinct LMO (001) 

and (002) peaks were observed, which indicates good epitaxial growth of LMO and 

MgO was achieved on the Ag with the TiN layer. The top TiN film could have acted as 

a protective layer for the underneath Ag by blocking possible O2 diffusion and providing 

mechanical support during the high-temperature deposition of MgO and LMO.  

Several other peaks were also observed in the XRD scan of AM, MAM, TAM, and 

LMTAM samples. The peak at 38⁰ 2theta angle appeared, which could be Ag (111) 

since it was observed for the AM sample. Many strained peaks, such as the peaks around 

35⁰, also appeared after TiN/MgO was deposited on the AM sample. Since these peaks 

were observed only when the Ag layer was introduced (compared with LM XRD curve), 

the strain in the TiN/MgO films could be due to a large thermal expansion mismatch 

with the highly-oriented Ag film with a large thermal expansion coefficient. This 

finding suggests that the growth condition and buffer structure still require further 

optimization.  

5.1.1 TiN/Ag/IBAD MgO (TAM) buffer architecture 

The TiN/Ag/MgO (TAM) buffer structure, processed by co-sputter was used for the 

LMO/MgO cap layers growth. Figure 5.2 (a) and (b) provides the GADDS diffraction 

patterns of IBAD MgO buffer. The individual MgO (002) peak indicates the c-axis 

growth of the IBAD MgO buffer, and four-fold symmetric peaks in the MgO (220) pole 

figure demonstrates the good in-plane alignment of biaxial texture. The (002) out-of-

plane texture of 2.34⁰ FWHM and a (220) in-plane texture of 6.42⁰ FWHM, are in the 

normal texture range of standard IBAD MgO. In the GADDS diffraction pattern of the 

TAM sample (Figure 5.2 c), both MgO/TiN (002) and Ag (002) peaks showed a narrow 
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shape along the 2 and χ direction as a “dot shape”. In a similar manner, four-fold 

symmetric “dot” shaped peaks were observed on the Ag (220) and TiN (220) pole 

figures. This finding indicates that the texture spreads of Ag and TiN are extremely 

small in both the out- and in-plane directions. Also, no ϕ direction rotation was observed 

from the Ag and TiN pole figures, which indicates that Ag and TiN growth followed 

the c-axis of MgO buffer. The orientation relationship of TAM buffer architecture can 

be concluded to be (001)100TiN  (001)100Ag  (001)100MgO.  

 

Figure 5.2 (a) General Area Detector Diffraction System (GADDS) diffraction pattern of MgO buffer; 

(b)Corresponding MgO (220) Pole figure; (c)GADDS diffraction pattern of TAM; (d)corresponding Ag 

(220) Pole figure; (e)corresponding TiN (220) Pole figure;(f) TAM architecture and the corresponding 

texture data. 

The TiN texture data listed in Figure 5.2 consists of an overlap of top TiN and 

bottom MgO since (002) peaks of both films are located at the same diffraction angle. 
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Nevertheless, both Δω and Δϕ of TiN already reached 0.81⁰ and 1.69⁰, respectively, 

which are very small compared with the normal buffer. In general, Ag films coated on 

IBAD MgO buffers show significant texture improvement, and the TiN layer can 

duplicate the high-quality texture of the Ag layer. 

5.1.2 Epitaxial growth of LMO/MgO cap layers on the TAM buffer 

architecture 

The texture of MgO and LMO cap layer-coated TAM samples is discussed in this 

section. First, the MgO texture on the TAM samples (MTAM) was investigated as a 

function of as-deposited MgO thickness. All samples were welded with bare Hastelloy 

tape and moved during the deposition process at a constantly speed. The deposition 

conditions followed the same steps as the previous experiment. Two kinds of tape feed 

speed were applied: (1) 1 cm/min and (2) 5 cm/min, corresponding to approximately 

300 and 40 nm in top MgO thickness, respectively. Figure 5.3 shows the GADDS 

diffraction pattern and in-plane MgO (220) pole figures of the MTAM samples 

processed at the two tape moving speeds. There is no evident difference observed in the 

GADDS diffraction patterns of two samples. The Δω of MgO (002) of the 1 cm/min 

tape and MgO (002) of the 5 cm/min tape are 1.11⁰ and 1.13⁰, respectively. The Δϕ of 

MgO (220) is around 1.85⁰ for both samples. There was no significant texture 

degradation when the MgO film thickness was increased.  
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Figure 5.3 GADDS diffraction patterns & MgO (220) Pole figure images of MTAM samples with different 

thickness of MgO on top: (a) (c) MgO deposited with 1cm/min tape moving speed; (b) (d) MgO 

deposited with 5 cm/min tape moving speed. 

The influence of O2 flow on the MgO texture was also investigated. Two levels of 

O2 partial pressure were used during MgO deposition: (1) 1.5E-4 mbar and (2) 1.2E-4 

mbar corresponding to 6.5 and 4.5 sccm O2 flow, respectively. All samples were 

processed with a 1cm/min tape moving speed. The sample which was deposited with a 

higher oxygen flow showed an evident (002) peak spread along the χ direction of the 

GADDS diffraction pattern (Figure 5.4 a). Larger values of MgO (002) Δω and MgO 

(220) Δϕ were observed for the MTAM sample, which was processed with high O2 flow. 

The high O2 flow may have affected the TAM surface by forming titanium oxides layers 

before the MgO growth. In this case, the O2 flow would need to be limited for roll-to-

roll deposition of MgO on the TAM structure. This texture spread was also observed 
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later on the roll-to-roll-processed MgO on the Ti/MgO (TM) structure samples where 

no Ag layer was used. 

 

Figure 5.4 GADDS diffraction patterns and MgO (220) pole figure images of MTAM samples with different O2 

flow: (a) (c) MgO deposited with 6.5 sccm O2; (b) (d) MgO deposited with 4.5 sccm O2 

The LMO cap layer texture for the MTAM structure with different MgO thicknesses 

was investigated in the next step. The previous MgO (process speed 5 and 

1cm/min)/TAM was used as the substrate. All LMO layers were processed at 600 W, 

850 ⁰C, and the tape moving speed was maintained at 2 cm/min. In figure 5.5 (b), the 

GADDS diffraction pattern of the LMTAM sample with a thicker MgO cap layer 

demonstrated a clear χ direction polycrystalline spread of LMO (002) peak adjacent to 

the Ag (111) and TiN (111) twins. Since the Ag (111) twins were previously observed 

in the GADDS diffraction pattern of the annealed AM sample, it is possible that the twin 

defects originated from the interface between the Ag layer and bottom MgO buffer and 
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influenced the top layers. On the other side, the 2theta scan of the LMTAM sample with 

the thinner MgO cap layer also showed a slight LMO (200) peak spread, which indicates 

the LMO texture was mostly decided by the underneath MgO conditions, such as texture 

and roughness.  

 

Figure 5.5 GADDS diffraction patterns and lanthanum manganite (LMO) (110) pole figure images of the LMTAM 

samples with different thicknesses of upper MgO: (a) (c) MgO deposited with 1 cm/min tape moving 

speed; (b) (d) MgO deposited with 5 cm/min tape moving speed. 

Multiple twin peaks were also identified in the LMO (110) pole figures of both 

samples (Figure 5.5 c and d), and more twins were observed in the LMTAM sample 

with a thicker MgO cap layer. This finding shows that the LMO texture degraded when 

a thicker MgO was used. The twin defects that arise from the interface of Ag and IBAD 

MgO propagated during top layer growth and appeared on the XRD pattern when the 

MgO cap layer reached a certain thickness.  
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The texture of LMTAM architecture is summarized in table 5.1 and shows that the 

LMO on the TAM can still maintain the narrow texture of the Ag layer. Compared with 

standard LMO on the IBAD MgO buffer layer, the Δω improved from 3.62⁰ to 1.7⁰, 

showing a 53% improvement. The Δϕ decreased from 6.64⁰ to 2.807⁰, showing a 58% 

improvement. The LMTAM sample with thicker MgO only showed a slight texture 

deterioration (Δω of 2.15⁰, Δϕ of 3.04⁰), but the substantial twin defects could cause 

problems in REBCO growth.  

Table 5.1 Texture data summary of IBAD MgO, AM, TAM, MTAM, LMTAM, and standard LMO 

 

REBCO deposited by the metal-organic chemical vapor deposition (MOCVD) 

method requires a higher temperature than that used in the buffer process. Based on this 

concern, a heat test in the roll-to-roll MOCVD chamber was performed to verify 

whether the LMTAM structure could survive the REBCO deposition process. The 

LMTAM sample was loaded into the roll-to-roll MOCVD chamber (M1) and passed 

through the heating zone at 955 ⁰C at a speed of 2.1 cm/min.  

The sample was checked by optical microscopy and energy-dispersive X-ray 

spectroscopy (EDS) measurements after the heat test. T 
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he optical image and corresponding scanning electron microscope (SEM) images 

are shown in Figure 5.6 (a) and (b). Many bubble-like delaminated regions were 

observed in the optical and corresponding SEM images. Figure 5.6 (c) exhibits a high 

magnification image of a delaminated region. The middle layer became unbound from 

the bottom and humped up during the heating process, which caused cracking of the top 

layer. EDS measurements were performed on these three points (Figure 5.7). 

 

Figure 5.6 (a) optical microscope image of LMTAM sample after heating test; (b)corresponding scanning electron 

microscopy (SEM) image; (c)high magnification image of the delaminated region; (d)GADDS 

diffraction pattern of the LMTAM sample after heating test  

All elements from the buffer layers could be identified on position one. This finding 

indicates that the complete LMTAM buffer structure still existed at position one. The 

swollen middle layer on position two only showed Mg, Ag, and Ti, indicating it may 

have been the Ti/Ag layer. Position three mostly showed the elements from the 

Hastelloy substrate (Ni, Mo, Cr, Fe) and Mg, so it could have been the IBAD MgO 
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substrate. In this case, it is highly possible that the Ag/TiN layer underwent deformation 

first followed by delamination from the underneath IBAD MgO during the heating 

process and caused breakage of the top layers due to mechanical deformation. The 

GADDS diffraction pattern of the sample after the heating test shows a broad peak 

spread and multiple polycrystal curves, which also confirms that the texture was fully 

damaged by mechanical delamination (Figure 5.6 d). 

 

Figure 5.7 Energy-dispersive X-ray spectroscopy (EDS) spectra of three scanned positions as mentioned in figure 

5.6. 
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In summary, the TiN/Ag/IBAD MgO buffer structure could ensure the top LMO 

and MgO cap layers reached very low texture misalignment. However, a few defects 

still existed: (1) weak bonding between Ag and underneath MgO could not guarantee 

that the sample maintained good physical shape during high-temperature deposition of 

MOCVD REBCO. The twin defects which originated from the Ag/IBAD MgO interface 

could be propagated to the top layer and counteract the excellent texture by adding 

second phase twins. Besides that, Mg particles were previously observed on the Ag 

surface and may have resulted from diffusion from the IBAD MgO, which could cause 

deterioration of top layers.  

5.2 Epitaxial growth of LaMnO3/MgO cap layers on IBAD MgO 

substrate with an Ag/TiN intermediate layer 

In this section, a possible route for optimizing the TAM buffer architecture on IBAD 

MgO is proposed. Ag/IBAD TiN has been established as a conductive buffer 

architecture and has been previously demonstrated as a substrate for epitaxial Ge layers. 

The Ag-TiN structure could provide very strong bonding at the interface, which would 

yield less chance for thermal deformation and twin formation compared with Ag-MgO 

structure. In this case, a TiN layer was first deposited on the IBAD MgO as the 

modification of TAM architecture before the Ag deposition.  

A thin TiN layer (35 nm, 5 min deposition at 700 ⁰C) was deposited on the IBAD 

MgO before Ag layer deposition. The top TiN and Ag layers were still grown using the 

same process as the TAM sample. This TiN/Ag/TiN/IBAD MgO (TATM) architecture 

showed a clear GADDS diffraction pattern, which was free of twins and foreign peaks, 

in the 2theta range (Figure 5.8 c). Figures 5.8 (b) and (d) show the corresponding 
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scanning electron microscopy (SEM) surface images of the TAM and TATM with 

annealed Ag layers, respectively. A smooth surface was observed on the TATM samples 

instead of a TAM sample’s rough surface. 

 

Figure 5.8 GADDS diffraction patterns and corresponding SEM surface image of (a)(b) TAM samples; (c)(d) 

TATM samples. 

The thickness effect of this extra TiN layer has also been investigated. The 

LMO/MgO cap layers were deposited following previously optimized conditions on 

multiple TATM samples, which had different thicknesses of the bottom TiN layer. The 

first row in figure 5.9 shows a log scale GADDS diffraction pattern of TATM samples 

with 15, 35, 65, and 85 nm bottom TiN layer at the same image contrast. All samples 

maintained the same out-of-plane texture level as the TAM sample. The GADDS 

diffraction patterns of these samples after undergoing the same MgO/LMO process is 

illustrated in the second row of figure 5.9. Other than the normal c-axis Ag(002), 
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MgO/TiN (002), and LMO (001) (002) peaks, only very weak twins without any peak 

spread were observed on LMO (001) and (002) peaks. This proved that the a well-

textured LMO still could obtained from the underneath Ag layer in the LMTATM 

architecture. 

 

Figure 5.9 GADDS diffraction patterns of TATM and LMTATM samples with different thicknesses of the bottom 

TiN layer. 

Figure 5.10 provides the in-plane texture details of LMTATM samples with 

different thicknesses of the bottom TiN layer. The first and second rows (from top to 

bottom) show the GADDS diffraction patterns of TATM and LMTATM samples 

respectively, when χ angle is set as 54.7⁰. Clear LMO (011) peaks can be identified after 

LM cap layers were deposited. Only a very weak polycrystal spread was observed for 

the samples with 65 and 85 nm thick bottom TiN layers. However, the LMTATM 

sample shows better in-plane texture since the peak spread is much less when compared 

with the LMTAM sample (Figure 5.10, bottom row left). This in-plane oriented spread 

may have been caused by the different thermal expansion coefficients between the MgO 

and Ag layer. The TiN layer on Ag was subjected to high strain conditions when the 

TAM sample cools down after deposition. This strain may be released by top films by 
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misoriented grains. Since the bottom TiN could improve the mechanical strength of the 

Ag layer and share the strain, much less misoriented grains could be expected when the 

top film is deposited. 

The third row of Figure 5.10 exhibits the LMO (110) pole figure for all samples. An 

apparent four-fold symmetry can be observed in the pole figures of the LMTATM 

samples, which were all free of twins. Based on these findings, a 35 nm bottom TiN was 

employed in subsequent work since the thickness should be enough to block Mg 

diffusion from the bottom and mechanically support the Ag layer. 

 

Figure 5.10 Rows 1 and 2:GADDS diffraction patterns of TATM and LMTATM (011) at 54.7⁰ χ with different 

thickness of bottom TiN film; Row3:LMO(110) pole figures of LMTATM samples with different 

thickness of bottom TiN film; Row4: GADDS diffraction patterns at 54.7⁰ χ and LMO(110) pole figure 

of LMTAM  
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The Δω of the LMO(002) and Δϕ of the LMO (110) in the LMTATM architecture 

was 1.7⁰ and 2.45⁰, respectively, with 35 nm bottom TiN. This Δω matches the LMO 

texture on the TAM buffer. The Δϕ showed a slight improvement from 2.85⁰ to 2.45⁰. 

The successful of use of bottom TiN is also promising for replacement of the IBAD 

MgO by IBAD TiN as the bottom buffer, which would simplify the structure and also 

maintain the good mechanical strength of the whole architecture.  

5.3 Geometric optimization of TATM buffer structure for high-

temperature REBCO MOCVD process 

The Ag on the edge of Hastelloy tape could electrically couple to the substrate in 

ohmic heating in the REBCO MOCVD process which will alter the resistance and 

current path. So, a mask was designed and applied in the TiN/Ag deposition process to 

isolate the Ag layer laterally from the Hastelloy tape edge. In this way, the Ag layer 

could be encapsulated by the TiN/MgO film from both lateral and vertical directions. 

Figure 5.11 illustrates the whole deposition process of the LMTATM sample when the 

mask applied. A specific shape of the mask was cut with a laser from a standard LMO-

buffered Hastelloy tape which was then mounted on the IBAD MgO substrate before 

Ag deposition. The LMO buffer side of the mask keeps faced downward on the IBAD 

MgO tape during the whole deposition process to ensure no metal elements of the 

Hastelloy diffused onto the growing film. The mask can be removed either after the Ag 

layer or after top TiN layer deposition since both layers were processed in the same 

sputter system. In method 1 (Mark as Md1) route shown in figure 5.11, the mask was 

removed after Ag layer deposition so that the TiN layer could encapsulate the whole Ag. 
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In method 2 (Mark as Md2) route, the mask was removed after the TiN process so that 

the TiN/Ag would not reach the edges of the MgO layer. 

Figure 5.12 (d) shows the TATM sample by Md1. The TiN layer covers the edge 

side of this sample. The sample in Figure 5.12 (e) processed by Md2, which only has 

MgO on edge. Figure 5.12 (f) illustrates both kinds of the sample after the LMO/MgO 

process, which indicates the TATM structure buffer still maintained its good shape after 

all buffer processing. 

 

Figure 5.11 Schematic diagram showing the two fabrication routes of LMTATM sample when a mask was applied. 

 

Figure 5.12 (a) Mask design for two kinds of size sample (b) IBAD MgO mounted with a mask before deposition (c) 

AM process when mask applied (d) TATM sample by Md1 method (e) TATM sample by Md2 method 

(f)top: LMTATM by Md1 method; bottom: LMTATM by the method 
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Figure 5.13 GADDS diffraction patterns and corresponding LMO (011) pole figure of (a)(b)Md1 LMTATM; 

(c)(d)Md2 LMTATM 

The texture of both kinds of samples was also examined after cap layer deposition. 

Figure 5.13 shows the 2theta GADDS diffraction patterns and LMO (011) pole figures 

of Md1 LMTATM and Md2 LTATM. All XRD scans were performed in the middle 

part of the sample, where the mask did not cover the sample. All peaks showed similar 

texture spread compared with the regular LMTATM sample. However, dot-like ghost 

peaks near both LMO (001) and (002) peaks appeared. These peaks occasionally 

showed up before for the regular LMTATM sample (Figure 5.9). The SEM pictures in 

figure 5.14 provide a possible explanation for these weak peaks. Figure 5.14 (a) and (d) 

are SEM images of Md1 and Md2 TATM sample surfaces, respectively. Many small 

pits could be observed on the surface. The Ag grains grown on the TiN could not fully 

coalesce and left pits until the Ag film reached a certain thickness or treated with post-
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deposition annealing. Figure 5.14 (c) and (e) shows both samples after the MgO 

deposition. It can be seen that the pits were by the secondary phase and propagated to 

the top of the LMO surface (Figure 5.14 c and f). These misoriented grains could have 

grown from the position of the pit, and are likely reflected by the ghost peaks in the 

GADDS pattern. The mask mounted on top could change the thermal condition of the 

sample surface during the TiN/Ag deposition process, which means the deposition 

condition developed for the normal TATM sample may not be appropriate. The TiN/Ag 

layer still needs to be optimized by an appropriate annealing process when a mask is 

applied. 

 

Figure 5.14 SEM images of (a )Md1TATM (b) Md1 MTATM (c) Md1 LMTATM (d) Md2TATM (e) Md2 MTATM (f) 

Md2 LMTATM. 

Besides the texture issue, mechanical delamination still could happen when the 

masked LMTATM sample is used for REBCO deposition in the ohmic heating roll-to-

roll MOCVD system. Both kinds of mask samples were loaded into the roll-to-roll 

MOCVD (PM) for REBCO deposition. The sample was heated using the ohmic heating 

method. Figure 5.15 (a) and (b) shows the optical and corresponding SEM images, 

respectively, of the Md1 LMTATM sample after the YBCO process. The cross-section 
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of a delaminated region prepared by focused ion beam (FIB) milling reveals that the Ag 

layer was split into two parts attached to the top and bottom TiN layers. Besides that, 

the roll-to-roll MOCVD process way could have created scratches on the LMTATM 

buffer structure. The delaminated region shown in figure 5.15 (c) occurred mainly along 

the scratch line. The scratch line on the sample surface may have caused localized Ag 

deformation and evolution into delamination during the heating process. 

 

Figure 5.15 (a) Optical image of Md1 LMTATM after MOCVD YBCO process (b) SEM image of delaminated 

region; (c) corresponding cross-section by focused ion beam (FIB)milled region 

5.4 Epitaxial growth of LaMnO3/MgO cap layers on IBAD MgO 

substrate with a TiN intermediate layer 

A single TiN intermediate layer was tested in this study for buffer texture 

improvement. The TiN layer was deposited on IBAD MgO in the co-sputter system 

using the same parameters as described previously. The thickness of the TiN was 

controlled at 160 nm, which was the same as the top TiN layer thickness in the TAM 
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sample. LMO/MgO cap layers were also processed with optimized conditions, as 

previously described. 

The influence of the O2 level on the quality of the top MgO layer was investigated. 

Figure 5.16 (b) and (c) shows SEM images of MgO/TiN/MgO (MTM). The top MgO 

layer was deposited with two different O2 partial pressures: 1.5E-4 mbar and 1.2E-4 

mbar O2 (marked as MTM1 and MTM2, respectively). The TM sample surface appeared 

flat under low magnification and showed a wrinkle-shaped grain in a high magnification 

image (Figure 5.16 a). In Figure 5.16 (c), a flat surface with fine MgO grains was 

observed in the MTM2 sample. However, the surface became very rough, and larger 

grains emerged when high O2 was used. Since both samples underwent an identical 

MgO deposition process, it is possible that higher O2 flow altered the TiN surface 

conditions during the beginning stages and more O atoms were created for the purpose 

of MgO nucleation. Besides that, higher O2 partial pressure could have caused a 

decrease in the mean free path of ions in the plasma, creating an excessive collision, 

which could have then impeded the ion migration, producing a rough surface. 

 

Figure 5.16 SEM images of (a) TM (b) MTM1 (c) MTM2; GADDS diffraction patterns of (d)TM; (e) LMTM1; (f) 

LMTM2. 
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Figure 5.16 (e) and (f) illustrate the GADDS diffraction patterns of both MTM1 and 

MTM2 after the LMO deposition, respectively. Both samples show similar texture 

spread of the MgO/TiN (002) peak despite the different surface morphologies, while a 

very different LMO texture emerged after identical LMO deposition processes on both 

samples. LMTM1 showed broad LMO (001) and (002) peaks with polycrystal spread 

but LMTM2 showed very sharp LMO peaks. Also, the LMO (011) twins at 32⁰ and 

LMO (111) polycrystal ring seen in LMTM1 indicates that some LMO grains tilted and 

did not follow c-axis growth. In brief, LMO growth on rough MgO surface could have 

created more misoriented grains, which caused the deterioration in the LMO texture. 

 

Figure 5.17 AFM surface morphology of (a)TM; (b)(c) MTM1; (d) IBAD MgO (e) homoepitaxial MgO/IBADMgO. 

Figure 5.17 (a)-(c) shows the AFM surface morphologies of TM and MTM, 

respectively. Many small wrinkle-shaped grains and a few coalesced grains could be 

identified on the TM substrate (Figure 5.17 a), which fits with the SEM image (Figure 

5.16 a). Two kinds of surface morphologies were identified on MTM1 sample, which 

was processed with high O2 flow. Both of them show much larger grains, and the 
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corresponding RMS roughness values were 8.60 and 7.85 nm, respectively. Both values 

are much higher than the TM surface roughness (1.08 nm). A similar roof tile 

morphology (Figure 5.17 c) was observed by Xue [71] on the MgO surface during the 

IBAD process where MgO islands may have undergone tilting caused by the ion beam 

which is aligned at an angle to the substrate. Based on the better surface and texture 

quality, 1.2E-4 mbar O2 partial pressure was used for further MgO processes. 

Figure 5.17 (d) and (e) shows the surface morphology of the IBAD MgO before and 

after the homo-epitaxial MgO deposition, which was under the same conditions as 

MTM. The surface roughness was maintained at 1.8 nm, and fine MgO cubic grains can 

be seen. The homoepitaxial growth of MgO showed a much smaller grain size compared 

with the MgO/TiN process, which may have been due to the different surface energy of 

TiN. MgO growth on TiN may have happened more rapidly. 

 

Figure 5.18 SEM images of (a)MgO on TM with 5cm/min tape moving speed; (b)corresponding LMTM; (c)MgO on 

TM with 1cm/min tape moving speed; (d)corresponding LMTM 
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Figure 5.19 (a) GADDS diffraction patterns of (a) LM(5cm/min)TM; (c) GADDS diffraction patterns of 

LMO/homoepitaxial MgO/IBADMgO; (b)(d )corresponding LMO(110) Pole figure respectively. All the 

corresponding texture data is listed below. 

The surface morphology of MgO with different thicknesses was also investigated. 

MgO was deposited on the TM buffer at two different speeds: (1) 5 cm/min and (2) 1 

cm/min corresponding to thicknesses of 55–70 and 300–400 nm, respectively. Figure 

5.18 (a) and (c) shows the SEM images of both MTM samples. The surface became 

rough and consisted of a few misoriented grains when MgO became thicker. Abundant 

misoriented grains were observed after the sample was coated with LMO (Figure 5.18 
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d), which is consistent with the LMO polycrystalline spread in the GADDS diffraction 

pattern. In contrast, the LMO grown on thin MgO/TM showed a much flatter surface 

with only a few particles (Figure 5.18 b). 

Figure 5.19 (a) and (b) shows a distinct, sharp GADDS diffraction pattern of LMTM 

sample with optimized MgO conditions. Figure 5.19 (c) and (d) provides texture 

information of the reference LM/IBAD MgO sample that was prepared via an identical 

LM process. The homoepitaxial MgO growth appears to provide reasonably good 

quality biaxial texture. However, the extra TiN layer led to an improvement of the LMO 

Δω from 2.82⁰ to 2.2⁰, a 22% improvement. The in-plane texture also changed from 

5.85⁰ to 4.55⁰ at the same time. Besides that, LMO still can maintain a smooth surface 

when optimized MgO was used on the TM buffer.  

5.5 Summary 

In this chapter, thin film architectures using Ag and TiN to develop highly biaxially-

textured REBCO buffer was described. Different buffer structures based on Ag were 

tested for LMO/MgO cap layer growth, and TAM was selected as the candidate because 

of good mechanical bonding between TiN and Ag and the similar crystal structures of 

TiN and MgO. The LMO/MgO cap layers deposited on the TAM buffer architecture 

appears to achieve an excellent texture by optimizing MgO thickness and O2 partial 

pressure. The final LMO can achieve a Δω of 1.7⁰ and Δϕ of 2.8⁰ on the TAM 

architecture. However, this architecture still has flaws since LMO (002) and (110) peaks 

showed texture spread in two-dimensional (2D) XRD scan. Besides that, Ag (111) and 

TiN (111) twins were also observed, which caused film texture degradation. The 
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debonding of TiN/Ag from the IBAD MgO substrate during the heating test of the 

LMTAM structure introduced the necessity for further optimization of Ag buffer. 

Another TiN layer was employed in the TAM structure before Ag deposition. The 

thickness of this TiN layer was optimized to ensure that a smooth top surface could be 

achieved and block Mg diffusion simultaneously. Ag and TiN (111) twins can be 

avoided, and no significant peak spread was observed on the final LMTATM GADDS 

diffraction pattern.  

The TATM architecture was also optimized by using a mask method to prevent the 

Ag film from suffering lateral damage. However, the pits on the Ag layer caused second 

phase growth on the buffer. Further when REBCO was grown by MOCVD on the 

masked LMTATM sample, the Ag was found to delaminate from the middle, which 

suggests the stationary, low-temperature REBCO deposition method may be favorable 

since the mechanical strength of Ag is low.  

Further, a more simplified TM architecture was tested for buffer texture 

improvement. The MgO layer deposited on TiN tended toward a rough surface if a 

higher deposition rate was used, which matched the finding from MTAM sample. 

Appropriate tape moving speed and O2 level are essential for realizing smooth surface 

MgO on a TM structure. The final LMO texture improved by around 20% when 160 nm 

TiN intermediate layer was used. This good-textured LMO with a flat surface should 

also be a good candidate for future REBCO deposition. 
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CHAPTER 6 BIAXIAL-TEXTURED EPITAXIAL 

GALLIUM OXIDE THIN FILMS ON LOW-COST, 

FLEXIBLE METAL SUBSTRATE 

6.1 Epitaxial growth of β-Ga2O3 on IBAD MgO 

Single-crystalline-like MgO film made by roll-to-roll continuous IBAD process on 

different low-cost, flexible substrates has already been implemented in superconducting 

[36], photovoltaics [53], and flexible electronics applications [55]. β-Ga2O3 thin films 

grown on this low-cost, flexible, metal substrate could provide a novel possible pathway 

for large-scale manufacturing of low-cost UWBG devices on a flexible substrate, which 

could also address the thermal management issue of UWBG devices. 

Epitaxial growth of β-Ga2O3 has been demonstrated on various kinds of substrates 

in the past decades—for example, differently oriented sapphire [163], differently 

oriented β-Ga2O3 wafers [164], silica glass [165], YSZ [166], and MgO wafers of 

different orientations [167]. Different deposition methods such as molecular beam 

epitaxy (MBE) [168], pulsed laser deposition (PLD) [169], atomic layer epitaxy (ALE) 

[170], halide vapor phase epitaxy (HVPE) [164], and chemical vapor deposition (CVD) 

[171] have been employed, and the specific processes /systems have been optimized to 

grow β-Ga2O3 film with better quality and less defects. However, most deposition 

processes mentioned above still have some issues, such as low deposition rates and high 

costs. 

Heteroepitaxial growth of β-Ga2O3 on cubic MgO wafers of different orientations 

was demonstrated by Víllora in 2006 [172] and was later investigated in detail and 

confirmed by Kong [173], Mi [174], Matsuo [175], and Nakagomi [176] using different 

deposition methods. In these studies, (100), (111), and (110) oriented MgO wafers were 
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employed as substrates for β-Ga2O3 growth and β-Ga2O3 of different orientations was 

demonstrated. Replacing the MgO wafer with MgO-capped Hastelloy tape provides 

benefits such as flexibility, compatibility with low-cost roll-to-roll process, and high 

thermal conductivity. Hastelloy-based (100) oriented biaxial textured IBAD MgO film 

with the homoepitaxial layer was used as the substrate for β-Ga2O3 growth in this work. 

The crystal orientation relationship between the IBAD MgO and heteroepitaxial β-

Ga2O3 will be discussed in detail. 

6.1.1 Experiment setup 

The epitaxial β-Ga2O3 layer was grown in a roll-to-roll RF sputter deposition system 

with an undoped Ga2O3 ceramic target (99.99% purity). A schematic of the system is 

shown in Figure 6.1. The system contains few subsystems, including the roll-to-roll tape 

moving system with tension, speed control; a pressure control system with pressure 

controller and throttle valve; a vacuum system with rough pump and turbopump; a gas 

flow system with two separate gas flow controllers for Ar and O2, respectively; a heating 

system with 13 halogen lamps with power supply and temperature controller, and a K 

type thermocouple-integrated susceptor to transfer the heat to the substrate and provide 

temperature feedback; and finally, an RF sputter source with a related matching box to 

provide 500 W maximum power. Besides that, few sensors (e.g., ion gauge, residual gas 

analyzer [RGA]) were used to monitor the chamber vacuum and gas conditions. 

IBAD MgO with a homoepitaxial MgO layer was loaded into the system as the 

substrate. The samples were processed through the 12 cm deposition zone at a certain 

speed. Different heater temperatures, tape moving speeds, and deposition pressures have 

been investigated for β-Ga2O3 texture optimization. Besides that, the IBAD MgO 
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substrate with different thicknesses of homoepitaxial layers have also been tested for β-

Ga2O3 growth. The specific growth conditions will be illustrated in each section. All 

samples were processed with at least 4 hours of pre-sputter. The RF power is maintained 

at 300 W for the entire deposition process. After the deposition and cooldown, the 

samples are removed for the next characterization step. 

 

Figure 6.1 Schematic of roll-to-roll radio frequency (RF) magnetron sputter deposition system 

6.1.2 Epitaxial growth of β-Ga2O3 on IBAD MgO as a function of the 

deposition temperature 

The growth of β-Ga2O3 has been studied at deposition temperatures of 500 ⁰C, 600 

⁰C, 700 ⁰C, and 800 ⁰C. All samples were processed with 1.15 sccm O2 flow within an 

Ar atmosphere. The chamber pressure was maintained at 31 mTorr during the deposition 

process. The samples passed the 12-cm deposition zone at a speed of 1.4 cm/min. 

The tape remains flexible and has a shiny surface after the deposition process, as 

illustrated in figure 6.2 (c). The XRD -2 scan of β-Ga2O3/IBAD MgO with different 

deposition temperatures has been demonstrated in Figure 6.2 (a). The β-Ga2O3 (400) 
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peak, which is located at a 30⁰ two-theta angle, shows ascending intensity when the 

deposition temperature increases. The peaks labelled “X” belong to the Hastelloy tape. 

The (400) peaks match with previous reports from other research and demonstrate that 

out-of-plane (100)-oriented epitaxial growth of β-Ga2O3 could be achieved on the 

biaxially-textured IBAD MgO buffer. The (400) peak intensity is nearly doubled when 

the deposition temperature reaches 800 ⁰C. Besides that, the knee at the MgO (002) peak 

may indicate the development of the β-Ga2O3 (600) peak, which also confirms (100)-

oriented epitaxial growth of β-Ga2O3 on MgO (100) plane. However, the peak intensity 

remains low compared with MgO, which means the growth process needs further 

optimization. 

 

Figure 6.2 (a) XRD -2 scan of β-Ga2O3 deposited on IBAD MgO at different temperatures; (b) β-Ga2O3 (400) 

peak intensity changes with temperature; (c) Photograph of β-Ga2O3 coated IBAD MgO on flexible 

Hastelloy tape. 
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Further experiments of β-Ga2O3-deposited on MgO shows that the higher 

temperature is more favorable for achieving a better-textured β-Ga2O3 film. Figure 6.3 

shows the rocking curve of the β-Ga2O3 (400) peak of samples processed at 820 ⁰C, 840 

⁰C, and 860 ⁰C. The corresponding FWHM (Δω) values of the (400) peak are 3.5⁰, 3.22⁰, 

and 2.78⁰, which illustrate that the highly crystalline β-Ga2O3 could be achieved if a 

higher temperature is used in the RF sputter deposition process. 

 

Figure 6.3 (400) peak XRD rocking curve of β-Ga2O3 film deposited at different temperatures from 820⁰C to 860⁰C. 

6.1.3 Epitaxial growth of β-Ga2O3 on IBAD MgO as a function of O2 flow 

The relationship between O2 flow and the β-Ga2O3 texture was investigated next. 

All deposition conditions remained consistent with the previous run, and the deposition 

temperature was set 800 ⁰C. Three different O2 flow levels were employed.  

In figure 6.4, when 0 sccm O2 was applied, no (400) peak was observed, and the 

possible (-601) peak was identified instead. This peak was observed when the β-

Ga2O3/MgO sample annealed in the N2 atmosphere [177], which indicates possible 

oxygen atom loss from the as-deposited β-Ga2O3 film during the annealing process. 

Therefore, the absence of O2 flow during the RF sputter deposition could cause the 
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growth of β-Ga2O3 in an another orientation different from (400). There was no 

significant difference observed in the XRD scan when 1 sccm and 2 sccm O2 used 

applied, although (400) peaks of both samples showed low intensity. 

 

Figure 6.4 (a) XRD -2 scan of β-Ga2O3 deposited on IBAD MgO with different O2 flow; (b) -2 scans 

magnified in the range of 40⁰ to 46⁰.  

6.1.4 Epitaxial growth of β-Ga2O3 on IBAD MgO as a function of the 

deposition pressure 

In this section, the texture of β-Ga2O3 was investigated as a function of deposition 

pressure. All samples were processed with the same parameters (800 ⁰C, 1 sccm O2), 

except the deposition pressure. The pressure during the β-Ga2O3 deposition was 

controlled by a throttle valve. The pressure was at 4.2 mTorr when the throttle valve is 

fully open. 

As shown in figure 6.5 (a) and (b), the β-Ga2O3 (400) peak intensity increases when 

the pressure rose from 4.2 mTorr to 31 mTorr and drops when the pressure is increased 

from 31 mTorr to 61 mTorr. The smallest FWHM (Δω) of β-Ga2O3 (400) was also 

observed for the sample processed at 31mTorr, which indicates the high deposition rate 

with good textured film can be achieved simultaneously at this pressure level. 
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Figure 6.5 (a) XRD -2 scan of β-Ga2O3 deposited on IBAD MgO at different chamber pressures; (b) -2 scan 

curves magnified in the range of 27⁰ to 31⁰. (c) FWHM (Δω) of β-Ga2O3 (400) peak as a function of 

chamber pressure. 

There is another peak located at 44.5⁰ 2-theta angle with the highest intensity at a 

deposition pressure of 30 mTorr. Wakabayashi suggests that there could a metastable γ-

Ga2O3 interfacial layer that exists between the MgO and (100)-oriented β-Ga2O3. Since 

γ-Ga2O3 (400) shares the same 44.5⁰ 2theta angle with β-Ga2O3 (600), the 44.5⁰ peak 

may be the mixed peak between β-Ga2O3 (600) and metastable γ-Ga2O3 (400) [167]. In 

this case, the peak located at the 44.5⁰ 2-theta angle could be dominated by γ-Ga2O3 

(400) when a relatively low deposition rate was used. On the contrary, this peak will be 

dominated by β-Ga2O3 (600) if the film becomes thicker with a higher deposition rate, 

at 30 mTorr.  
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6.1.5 Epitaxial growth of β-Ga2O3 on IBAD MgO as a function of the tape 

feed speed 

The relationship between the tape feed speed and the as-deposited β-Ga2O3 film 

texture was also investigated. Two speeds, 1.4 cm/min and 0.5 cm/min, were used for 

samples passing through the 12-cm length deposition zone (Mark as GOX1 and GOX2, 

respectively). All the samples were processed with 1 sccm O2 flow and 800 W RF power. 

The deposition processed at 860⁰C after better textured β-Ga2O3 film demonstrated at 

this temperature in previous run. The system pressure of 31 mTorr was maintained, as 

previously optimized. 

 

Figure 6.6 (a) XRD -2 scans of β-Ga2O3 deposited on IBAD MgO with different tape feed speed; (b) -2 scans 

magnified in the range of 27⁰ to 31⁰. (c) (400) peak XRD rocking curves of β-Ga2O3 film. 
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Figure 6.6 (a) and (b) show the XRD -2 scans of both samples. The β-Ga2O3 (400), 

(600), and (800) peaks have been identified in the XRD 2theta scan. Also, the peak 

intensity of β-Ga2O3 (400) reaches the same intensity as the MgO (002) peak, which 

indicates that a highly textured (100)-oriented β-Ga2O3 film achieved on the IBAD-

MgO-capped Hastelloy tape. Figure 6.6 (c) provides the omega scan of (400) peaks for 

both GOX1 and GOX2. The FWHM (Δω) of GOX1 (400) is 3.1⁰ and decreased to 2.78⁰ 

for GOX2, which means that the thicker film has a better texture. 

A slower tape speed (0.25cm/min) was also tested for β-Ga2O3 growth. Figure 6.7 

provides the General Area Detector Diffraction System (GADDS) diffraction pattern of 

β-Ga2O3 on IBAD MgO when a 0.25cm/min tape speed was used. The bottom right 

corner shows the sample photo. The tape may have been overheated since the β-Ga2O3 

(400) peak is spread and twins showing up, and possible MgO (002) peak split. Besides 

that, the sample tape shows severe curvature along the width direction. In general, the 

long-time heating brought about by the slow tape speed caused deterioration of the β-

Ga2O3 texture. 

 

Figure 6.7 General Area Detector Diffraction System (GADDS) diffraction patterns for the β-Ga2O3 film deposited 

at 0.25cm/min tape feed speed; the sample photo is shown at the bottom right corner.  
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6.1.6 Epitaxial growth of β-Ga2O3 on IBAD MgO buffer of different 

thickness 

The relationship between the IBAD MgO buffer layer and β-Ga2O3 was also 

investigated. IBAD MgO with different thickness homo epitaxial MgO layers was used 

as the substrate. The MgO thickness of the substrate is around 50-60nm (IBAD MgO1) 

and 150-200nm (IBAD MgO2), with corresponding MgO(002) FWHM(Δω) of 2.5⁰ and 

2.0⁰, respectively. All deposition processes followed the previously optimized 

conditions. 

 

Figure 6.8 (a) XRD -2 scans of β-Ga2O3 deposited on IBAD MgO with different thickness of homo-epitaxial 

MgO buffer layer; (b) -2 scans magnified in the range of 27⁰ to 31⁰. (c) (400) peak XRD rocking 

curves of β-Ga2O3 film. 

As shown in Figure 6.8 (a) and (b), the intensity of the β-Ga2O3 (400) and (600) 

peaks increased with the corresponding MgO (002) peak. The omega scan of β-Ga2O3 
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(400) in Figure 6.8 (c) shows the Δω of (400) peak improved from 3.31⁰ to 2.87⁰ when 

the MgO substrate is thicker. 

 

Figure 6.9 AFM surface profile of (a)IBAD MgO1; (b)IBAD MgO2; (c)β-Ga2O3/IBAD MgO1; (d) β-Ga2O3/IBAD 

MgO2. 

Figure 6.9 shows the surface profiles of the IBAD MgO substrate and corresponding 

β-Ga2O3 measured by atomic force microscope (AFM). All AFM images illustrate the 

surface morphology at a 5 μm  5 μm scale. Figures 6.9 (a) and (b) demonstrate the 

AFM surface profiles of IBAD MgO1 and IBAD MgO2 with corresponding Rq (RMS) 

roughness of 1.84 nm and 6.27 nm, respectively. It is evident that the biaxially-textured 

MgO cubic grains are larger when the MgO film becomes thick. Figures 6.9 (c) and (d) 

show the AFM profiles of IBAD MgO1 and IBAD MgO2 surfaces after the β-Ga2O3 

deposition. β-Ga2O3 on IBAD MgO1 shows many small fine grains with RMS of 1.36 

nm, which is close to the substrate. The β-Ga2O3 on IBAD MgO2 shows large grains, 

with an RMS roughness of 4.87 nm. It is not yet clear how this high roughness and large 
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grains could affect the next step of device fabrication or homoepitaxial growth by the 

MOCVD method. 

6.1.7 Epitaxial growth of β-Ga2O3 on IBAD MgO buffer with Si-doped 

target 

For device application, appropriate control of conductivity is an essential 

requirement for UWBG semiconductors like β-Ga2O3. N-type doping of β-Ga2O3 could 

be achieved by group IV elements such as Si, Ge, and Sn. These IV group dopants can 

substitute the Ga site in β-Ga2O3 and become shallow donors [178]. The deposition of 

β-Ga2O3 was repeated with a Ga2O3 target doped with 1wt% SiO2 using the previously 

optimized conditions. Both IBAD MgO1 and IBAD MgO2 were used as the substrates 

in this run. 

Figure 6.10 shows the AFM surface profiles and GADDS diffraction patterns of β-

Ga2O3 on both kinds of IBAD MgO substrates. The Δω of β-Ga2O3 (400) reaches 1.685⁰ 

and 1.541⁰ on IBAD MgO1 and IBAD MgO2, respectively. Both β-Ga2O3 (400) and 

(600) peaks show much higher intensities. Besides that, only weak twins are observed 

near the (600) position on β-Ga2O3/IBAD MgO1, which may be caused by the Si doping. 

The AFM surface profiles also demonstrates the excellent texture of the β-Ga2O3 film. 

The grain size of β-Ga2O3 on IBAD MgO2 is still larger than that on IBAD MgO1, 

which is the same as before in films made with undoped target. However, all the grains 

are aligned in a diagonal orientation, 45⁰ to the those of the MgO film, like knitted fabric. 

This is a good demonstration of the in-plane epitaxial relationship (β-Ga2O3[001] || 

MgO<011>) between the MgO and β-Ga2O3. This kind of AFM surface morphology is 

quite different compared to the previous sample, which was processed with an undoped 

Ga2O3 target. Further experiments are necessary to investigate if there was any 
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contribution from the Si atom to this excellent texture of β-Ga2O3 film with highly 

oriented grains. 

 

Figure 6.10 AFM surface profiles of (a) β-Ga2O3/IBAD MgO1;(b)β-Ga2O3/IBAD MgO2 when β-Ga2O3 processed 

with Si-doped target. (d) (e) Corresponding GADDS diffraction patterns, respectively. 

6.2 Epitaxial relationship between the MgO and β-Ga2O3 

As previously demonstrated, the out-of-plane epitaxial relationship between the 

IBAD MgO and β-Ga2O3 is β-Ga2O3(100)  MgO(100). The four-fold peaks of β-Ga2O3 

(002) were observed at the same angle as MgO (222) in the XRD ϕ scan, which means 

that the β-Ga2O3 grains are in-plane titled 45⁰ from the cubic MgO surface. An XRD in-

plane ϕ scan was also performed on the β-Ga2O3/IBAD MgO2. Peaks with a four-fold 

symmetry was observed, and the average FWHM (Δϕ) of the {002} peaks was 4.8⁰, 
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which indicates the excellent in-plane texture of β-Ga2O3 grown on IBAD MgO (Figure 

6.11). 

 

Figure 6.11 XRD {002} Phi scan of β-Ga2O3/IBAD MgO2 when β-Ga2O3 processed with a Si-doped target. 

The in-plane epitaxial relationship could also be explained by the small lattice 

mismatch between the monoclinic β-Ga2O3 and the cubic MgO. The lattice constant 

(Mark as a1) of the cubic MgO is 4.22 Å. For the monoclinic β-Ga2O3, the lattice 

parameters of a, b, and c are different: a=12.21Å, b=3.03Å, and c=5.79Å. In the MgO 

<011> direction, √2𝑎1=5.97Å, which is similar to the lattice constant c in β-Ga2O3 (2.9% 

lattice mismatch). On the other side, the lattice mismatch between 2b (6.08Å) and √2𝑎1 

is only -1.8%.  

In addition, the surface atomic arrangement of β-Ga2O3 helps this epitaxial growth. 

Figure 6.12 (a) and (b) provides two side views of two β-Ga2O3 unit cells along the b 

and a direction, respectively. Only part of the O atoms are shown here. The distance 

between the O atoms matches with the lattice parameters of 2b and c, which means β-
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Ga2O3 could achieve a suitable epitaxial atom arrangement with a twisted, diagonal 

orientation of MgO.  
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Figure 6.12 Crystal structure of β-Ga2O3, showing only Ga and O atoms at position 3  (a) projection of two unit 

cells along the b direction, the distance between two surface O atoms is 5.8Å; (b) projection of three 

unit cells along the a direction, the distances between O atoms in two end unit cells is 6.08Å, equal to 

2b. (c) Schematic top view of β-Ga2O3 unit cells stack on top of MgO with different domains with 

corresponding AFM profile; (d) 3D view of β-Ga2O3 unit cells stack on MgO; 

However, due to the unique monoclinic structure of β-Ga2O3 (β=103.8⁰), the lattice 

match between β-Ga2O3 and MgO could create four symmetry domains along [011], 

[01-1], [0-11], and [0-1-1], respectively [173]. Figure 6.12 (c) shows the schematic view 

of the β-Ga2O3 domains on the MgO substrate. This alignment relationship is also 

confirmed by the corresponding AFM surface image, as shown in Figure 6.12 (c) also. 

Figure 6.12 (d) provides a 3D view of β-Ga2O3 unit cells stack on top of MgO crystal. 

Figure 6.13 shows the transmission electron microscopy (TEM) cross-section image 

of the (100)-oriented β-Ga2O3 on the IBAD MgO buffer. Many defects in the MgO layer 
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propagates to the top β-Ga2O3, as shown in figure 6.13 (b). There is also a 10-nm 

thickness interfacial layer between the β-Ga2O3 and MgO. This layer has been identified 

before by other researchers and is believed to be γ- Ga2O3. The γ-Ga2O3 phase may be 

easier to form at a temperature higher than 550 ⁰C, and it has a cubic structure, which is 

similar to MgO [176]. Besides that, it is evident to identify the faces parallel to β-Ga2O3 

(100) in the TEM image of the β-Ga2O3 phase. Different twin domains also exist in the 

top β-Ga2O3 film, as demonstrated in figure 6.13 (d). 

 

Figure 6.13 Cross-sectional transmission electron microscopy (TEM) image of β-Ga2O3 grown on IBAD-MgO-

capped Hastelloy (a) a low-magnification view of the multilayer architecture; (b)high-magnification 

view of multilayer architecture;(c)(d) high-magnification view of β-Ga2O3 layer. 
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6.3 Summary 

In this chapter, the heteroepitaxial β-Ga2O3 thin film was achieved on the biaxially-

textured IBAD-MgO-capped flexible Hastelloy tape. The deposition temperature, 

pressure, O2 flow, tape feed speed, and different thickness of the IBAD MgO were 

optimized for better β-Ga2O3 texture. The 1wt% SiO2-doped β-Ga2O3 was used as the 

sputter source for doping purposes. The (100) oriented β-Ga2O3 deposited on the IBAD 

MgO with a Si-doped target can reach (400) Δω of 1.541⁰ and {002} Δϕ of 4.81⁰. The 

as-deposited β-Ga2O3 film is highly textured with a knitted-fabric shape aligned β-

Ga2O3 grains, which are 45⁰ in-plane twisted from the MgO substrate. The crystal 

orientation relationship proved to be [100] β-Ga2O3  <011> MgO for the in-plane and 

(100) β-Ga2O3  (100) MgO for out-of-plane orientations. The TEM images reveal that 

a γ-Ga2O3 thin film exists at the interface between β-Ga2O3 and MgO. This highly-

textured Si-doped β-Ga2O3 could provide a new avenue for fabrication of UWBG 

devices on a flexible and thermally-conductive substrate. 
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CHAPTER 7 SUMMARY AND FUTURE WORKS 

7.1 Summary 

Biaxially-textured TiN film was demonstrated on electropolished Hastelloy (EPH) 

substrate without using any foreign seed layer during the IBAD process. The Ar+ ion-

bombardment process before the IBAD removes foreign particles and smoothens the 

surface, helping to achieve better adatom adhesion. More than two minutes pre-etching 

is found stabilize the EPH surface morphology. IBAD TiN was grown on the pre-etched 

EPH surface with a (002) Δω of 1.8⁰ and (220) Δϕ of 5.6⁰. 

Biaxially-textured LMO/MgO/IBAD MgO has been realized on planarized yttria-

stabilized zirconia (YSZ) flexible tape. A low surface roughness (<1 nm) was reached 

by the multilayer spin coating planarization process. As a following step, the IBAD 

MgO process parameters were optimized to achieve improved texture on the planarized 

YSZ. LMO with (200) Δω of 2.87⁰ and (220) Δϕ of 6.48⁰ was demonstrated on flexible 

YSZ tape. 

Ag/TiN intermediate layers were employed to improve the texture of the well-

established LMO/MgO/IBAD MgO buffer architecture on flexible Hastelloy tape. A 

TiN/Ag/IBAD MgO structure was developed first for texture improvement. LMO/MgO 

deposited on the buffer structure showed dramatic texture improvement with a Δω of 

1.7⁰ and Δϕ of 2.8⁰. This architecture has been optimized further to eliminate the twins 

generated from the IBAD MgO. An extra TiN layer has been added on top of the IBAD 

MgO before Ag deposition to prevent the Mg diffusion and enhance bonding between 

the Ag and TiN layers. LMO/MgO deposited on this TATM buffer also showed similar 

texture improvement compared with the TAM. A simplified TM buffer was also 
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designed and optimized for LMO/MgO texture improvement, and the LMO showed a 

20% percentage texture improvement when 160 nm TiN intermediate layers were used 

in the LMTM structure. 

Single-crystal-like, biaxially-textured ꞵ-Ga2O3 has been demonstrated for the first 

time on biaxially-textured IBAD MgO/Hastelloy flexible tape by a roll-to-roll RF 

sputtering process. The texture of this ꞵ-Ga2O3 film shows strong (100) out plane 

orientation growth over the (100) MgO. The epitaxial relationship between ꞵ-Ga2O3 and 

MgO substrates was found to be [100] β-Ga2O3  <011> MgO and (100) β-Ga2O3  (100) 

MgO for in-plane and out-of-plane orientations, respectively. The ꞵ-Ga2O3 deposited 

with a Si-doped target showed an excellent texture with (400) Δω of 1.54⁰ and {002} 

Δϕ of 4.81⁰. The final film shows a knitted-fabric shape aligned ꞵ-Ga2O3 grains with 

45⁰ rotated in-plane from the MgO lattice. 

7.2 Future works 

The biaxially textured conductive buffer structure developed on Hastelloy tape has 

several attractive features since it can help minimize the risk of localized thermal 

damages in HTS tape and also simplify the GaAs solar cell device structure on flexible 

Hastelloy tape. As a future work, REBCO tapes need to be fabricated with IBAD TiN 

conductive cap layers. The EPH surface after ion bombardment needs further 

characterization by EDS and secondary-ion mass spectrometry (SIMS) to examine if 

any seed layer formed. Initial work that has been done to fabricate and test vertical GaAs 

solar cells needs to be continued. 

Biaxially-textured buffers developed on flexible YSZ tape has a lot of promise for 

use of HTS in high signal-to-noise ratio MRI imaging and cryogenic quantum 
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computing transmission lines. Although good biaxially texture has been achieved on 

flexible ceramic substrate, there remains room for further optimization. The IBAD MgO 

texture can be optimized further as a function of different sputter beam energies. The 

REBCO deposition process needs to be developed to fit with the ceramic tape. Also, an 

appropriate coating method needs to be established to realize the planarization coating 

on long YSZ tapes in a continuous process. Mechanical bending test is necessary to 

evaluate the REBCO/buffer layer bonding strength on the YSZ tape. 

Even though excellent texture was achieved using Ag in the buffer architecture for 

REBCO tapes, since the thermal expansion coefficient of Ag is quite different from the 

oxide buffers, the buffer architecture hardly survived during the roll-to-roll high-

temperature REBCO MOCVD process. A modified REBCO deposition could be 

pursued to benefit from the improved texture of the buffer architecture with Ag/TiN 

layers. 

Ultra-wide bandgap semiconductors are promising for next-generation high-power 

devices and ultraviolet photodetectors and the demonstration of epitaxial ꞵ-Ga2O3 on 

flexible metallic substrate has much potential. The electrical properties of Si-doped ꞵ-

Ga2O3 film demonstrated in this work still needs further characterization such as the 

Hall mobility measurement. Since the surface roughness of ꞵ-Ga2O3 on metal substrate 

is higher compared with the homoepitaxial growth on a ꞵ-Ga2O3 wafer, multi-step 

deposition may be necessary to achieve low surface roughness. This sputter-deposited 

ꞵ-Ga2O3 can be now used as a template for MOCVD homoepitaxial growth. 
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