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Abstract 

Molecular Beam Epitaxy of Perovskite BaSnO3 and Antiperovskite 

Sr3SnO Thin Films 

 

 By Wangzhou Wu 

 
This thesis aims to explore and understand the structural and electrical properties of the 

antiperovskite Sr3SnO and the perovskite BaSnO3. Despite both being stannates, their 

properties are very different. Highly Sr-deficient Sr3-xSnO has been proposed as a possible 

topological superconductor because of its band structure is theoretically predicted to be 

topologically non-trivial, and a superconducting transition in bulk Sr3-xSnO (x ~ 0.5) 

polycrystalline ceramics is experimentally observed at ~ 4 K. In contrast, BaSnO3 is not 

topological, but it is a candidate as a next-generation transparent conducting oxide and wide 

band-gap semiconductor for power electronics. Bulk BaSnO3 crystals are reported to have 

room temperature mobilities above 300 cm2V-1s-1.  

The challenges in the research of Sr3SnO and BaSnO3 are also different. To date, the 

superconductivity in Sr3SnO has only been observed in highly Sr-deficient bulk polycrystalline 

ceramics containing secondary phases. The impurity phases make the study of the intrinsic 

properties of Sr3SnO difficult. Most importantly, the roles of these phases in the origin of 

superconductivity are poorly understood. Molecular beam epitaxy (MBE) of Sr3SnO films has 

been reported, but phase purity is not assured. As for BaSnO3, high-quality thin films are 

desired because they can be epitaxially integrated with various other perovskites to make 

advanced devices. Different MBE methods to grow BaSnO3 thin films have been developed. 

Still, the highest room-temperature carrier mobility values in films are between 150 to 180 
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cm2V-1s-1, well below the value observed in bulk crystals. Prior to the work discussed in this 

thesis, the upper limit of the carrier mobility inside BaSnO3 films was mainly attributed to 

threading dislocations.  

In this work, oxide MBE is demonstrated to be capable of growing phase-pure Sr3SnO 

thin films. Exploration within the phase-pure growth window achieved a film with a hole 

mobility of 400 cm2V-1s-1 (highest in literature) and carrier density of 3.7 × 1018 cm-3 (lowest 

in literature) at 10 K. However, none of the phase-pure films were superconductive, raising 

questions as to whether the hole carrier density was high enough given that the superconductive 

bulk Sr3-xSnO polycrystalline ceramics have carrier densities above 1021 cm-3. This motivated 

research using indium as a dopant to increase the hole carrier density. It was found that the 

hole carrier density could be precisely tuned by varying the indium source temperature. 

Unfortunately, even a film with a hole carrier density above 1021 cm-3 was still not 

superconductive. Therefore, the superconductivity observed in bulk Sr3-xSnO polycrystalline 

ceramics is possibly extrinsic. 

The same oxide MBE system was used to grow BaSnO3 thin films. Lattice-matched 

substrates were used to reduce the threading dislocations inside the BaSnO3 films. However, 

this reduction did not improve carrier mobility, indicating that other defects may play 

important roles. Therefore, point defects were investigated as the potential mobility limiting 

defect. Carbon concentrations in BaSnO3 films were measured using secondary ion mass 

spectroscopy. The result showed a mid-to-low 1018 atoms/cm3 carbon density. The origin of 

the carbon was found to be the SnO2 source material and associated with surface adsorbents. 

In addition, an analysis of the growth rate, x-ray diffraction patterns, and lattice constant 

indicates that Sn-rich and O-poor growth conditions were present during all the growths. The 



x 
 

excess Sn ions were accommodated into the Ba sites to form SnBa antisite defects. Both point 

defects may pose an upper limit to thin film mobility. 
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Vacuum Society.                                                                                                                                            99 

Figure 6-4: BaSnO3 growth rate as a function of Ba beam equivalent pressure. Figure reprinted 

from [122], Copyright (2020) by the American Physical Society.                                                   100 

Figure 6-5: 2θ-ꞷ scans for BaSnO3 films grown with different SnO2/Ba flux ratios. The 

measurements are performed around 002 reflection on the samples grown with (a) no oxygen, 

(b) molecular oxygen, and (c) oxygen plasma. (d)-(f) are the rocking curves for the samples in 

(a)-(c), respectively. Figure reprinted from [122], Copyright (2020) by the American Physical 

Society.                                                                                                                                   101 

Figure 6-6: The out-of-plane lattice parameter and carrier mobility for BaSnO3 films grown 

with different SnO2/Ba flux ratios. The samples are grown with (a) no oxygen, (b) molecular 
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oxygen, and (c) oxygen plasma. Figure reprinted from [122], Copyright (2020) by the 

American Physical Society.                                                                                                                                    102 

Figure 7-1: A system used to test the functionality of metalorganic precursors. The precursor 

is filled in a bubbler that valves can seal. A supply line connects the bubbler with a T-shape 

tube equipped with an ion gauge. The T-shape tube simulates the environment of a MBE 

growth chamber and is pumped by a turbo. The bubbler and the supply line are warped by 

heating tapes and Al foils to increase the temperature to achieve sufficient vapor pressure.    109 
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This thesis will discuss the molecular beam epitaxy, characterization, and electrical 

properties of BaSnO3 perovskite and Sr3SnO antiperovskite thin films. This chapter serves as 

a background introduction and motivation for the work in this thesis. In section 1.1, I will first 

give an overview of the properties of ABO3 perovskite oxides and then BaSnO3, followed by 

the recent progress in the materials synthesis of BaSnO3. Motivations and the accompanying 

challenges of growing high-quality BaSnO3 thin films are further discussed. In section 1.2, I 

will discuss the previous BaSnO3 growth and characterization work done by Santosh Raghavan, 

Timo Schumann, Omor Shoron, Chris Freeze, Nick Combs, and Honggyu Kim here at UCSB, 

on which my work is based. Section 1.3 will discuss A3BO antiperovskite oxides and Sr3SnO 

using the same logic as section 1.1.  

Figures 1-1 and 1-2 in this chapter are reprinted from APL Mater. 4, 016106 (2016), 

with the permission of AIP Publishing. The license number is 5406200779503. Figure 1-3 is 

reprinted from Phys. Rev. Mater. 4, 014604 (2020), with copyright (2020) by the American 

Physical Society. Figure 1-5 is reprinted from Phys. Rev. B. 104, 045411 (2021), with 

copyright (2021) by the American Physical Society. The license number is 

RNP/22/OCT/058841. Figure 1-6 (a) is reprinted from Nat. Commun. 7, 13617 (2016). Figure 

1-6 (b) is reprinted from Sci. Rep. 9, 1831 (2019). The license link for Figure 1-6 is 

https://creativecommons.org/licenses/by/4.0/. Full reference citations are provided in this 

thesis's bibliography, and the citation numbers are marked under the Figures’ caption.   

1.1 ABO3 perovskite oxides and BaSnO3 

The perovskite oxide family (chemical formula ABO3, where A and B can be a variety 

of metal cations) has continuously attracted attention because the members contain an 

extensive range of materials properties. All three common electronic states, metals, insulators, 

https://creativecommons.org/licenses/by/4.0/
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and semiconductors, have been observed in the perovskite family. There are also rich physics 

and engineering opportunities in these materials. For example, SrTiO3 is found to have 

ferroelectricity and superconductivity [1-4], and BaSnO3 has been considered as a great 

candidate as a next-generation transparent conducting oxide [5-11]. The differences in 

properties of the perovskite family members are associated with different combinations of A 

and B cations, despite the perovskites all sharing the same general crystal structure. 

BaSnO3 has recently gained attention because of its property as a transparent 

conducting oxide. BaSnO3 has a direct band gap of 3.36 eV, and a smaller indirect gap of 3.1 

eV [12]. The values of the band gaps make BaSnO3 transparent. The conduction band of 

BaSnO3 is mainly determined by the Sn 5s orbital that has a high dispersion [13]. This leads 

to a relatively low effective mass experimentally measured to be 0.19 ± 0.01 in films [14]. 

Dopants, such as La, can sit on the Ba site, fill the conduction band minimum with electrons, 

and make BaSnO3 conductive. It has been reported that BaSnO3 single crystals can have carrier 

mobilities above 300 cm2V-1s-1 with carrier densities around 1020 cm-3 at room temperature 

[5,6]. The mobility of BaSnO3 single crystals surpasses that of the most well-known transparent 

conducting oxide, indium-doped tin oxide, whose room temperature mobility is only slightly 

above 100 cm2V-1s-1 [15-19]. Therefore, BaSnO3 has been heavily discussed for its potential 

to be a novel transparent conducting oxide. [5-11]. 

Extensive efforts have also been made to replicate the excellent performance of 

BaSnO3 single crystals in thin films, which can allow for epitaxial integration with other 

perovskite oxides [20-24]. Molecular beam epitaxy (MBE) of BaSnO3 thin films using SnO2 

as the source material for Sn and ozone for oxidant has achieved the highest mobility values 

up to 180 cm2V-1s-1 [24]. Previous work at UCSB (see section 1.2) can achieve comparable 
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mobilities up to 170 cm2V-1s-1 by using SnO2 and oxygen plasma [25]. Both values are still 

well below 300 cm2V-1s-1. Therefore, exploring the mobility-limiting factors is critical for 

further improvement of BaSnO3 thin film performance.  

The most prominent defects that exist in BaSnO3 thin films are threading dislocations 

caused by the strain-relaxation process during thin film growth. The fundamental reason is the 

large lattice mismatch between BaSnO3 and most commercially available perovskite substrates. 

For example, SrTiO3 has a lattice mismatch of about 5.1% with BaSnO3, and that of DyScO3 

is about 4.2%. The large mismatch makes the critical thickness of BaSnO3 only a few 

nanometers, after which the films start to relax by introducing misfit dislocations that can 

further extend to threading dislocations. Threading dislocations can serve as a scattering source 

for electronic carriers.  

Threading dislocations are, however, not likely to be the only scattering source. When 

the lattice mismatch is below a certain level, it has been seen that the mobility does not 

significantly increase with the reduction of lattice mismatch [24,25]. Moreover, the work here 

at UCSB has seen a significant difference in the mobility by varying stoichiometry. This 

indicates that there are possibly point defects capping the upper limit of mobility in BaSnO3 

thin films. However, the study of point defects in BaSnO3 is minimal because the focus has 

been mainly on the threading dislocations. 

The work of BaSnO3 in this thesis begins by validating the hypothesis that the mobility 

is limited by defects other than threading dislocations by growing BaSnO3 on lattice-matched 

substrates (Chapter 5). The results show that despite the elimination of threading dislocations, 

the mobilities of the BaSnO3 thin films is not improved substantially. Therefore, exploration 

of point defects (Chapter 6) follows, where secondary-ion mass spectrometry (SIMS) finds a 
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high carbon impurity concentration in the BaSnO3 films. Another study based on varying the 

growth conditions and analyzing the lattice constant of BaSnO3 thin films sheds light on the 

defects on the Ba sites. 

1.2 Previous work on BaSnO3 at UCSB [25] 

Previous work on BaSnO3 at UCSB starting in 2016 was built on the background that 

the carrier mobility of La-doped BaSnO3 thin films grown using the traditional source materials 

(elemental Sr, Sn, La, and oxygen plasma) could not exceed 100 cm2V-1s-1 [20-24]. The reason 

was that oxygen plasma was not active enough to fully oxidize the evaporated Sn. Likely, most 

Sn was only partially oxidized into SnO, which may substantially desorb from the substrate 

due to its high volatility. An experimental evidence was that Sn was not incorporated at all 

when the substrate temperature was higher than 600 ºC.  

To solve this problem, SnO2 powder was used as a new source material where the Sn 

was pre-oxidized. It has been reported that the flux from heating SnO2 source is mainly a 

mixture of SnO and O2 [26-29]. Moreover, this method allowed for the adoption of substrate 

temperatures higher than 800 ºC and therefore achieved high ad-atom mobility to ensure high 

structural quality. Details of the MBE growth method of BaSnO3 will be introduced in Chapter 

2.  

Figure 1-1 shows the x-ray diffraction (XRD) and transmission electron microscopy 

(TEM) data for BaSnO3 films grown using the SnO2 powder source. The BaSnO3 film grown 

on (110) PrScO3 substrate has a thickness of 32 nm. The 2θ-ω scan of the film is shown in 

Figure 1-1 (a), with the presence of Laue fringes indicating a high-quality interface and surface. 

Figure 1-1 (b) is the reciprocal space map of the region near the 103 BaSnO3 peak along with 
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the 332 PrScO3 peak. The difference in the in-plane lattice parameters indicates that the 

BaSnO3 film is not fully strained. This is expected because the lattice mismatch between 

BaSnO3 film and PrScO3 substrate is about 2.18%. Due to the lattice mismatch, misfit 

dislocations are seen in the high-angle annular dark-field scanning TEM and the diffraction 

contrast dark-field TEM images (Figure 1-1 (c) and (d), respectively) at the BaSnO3/substrate 

interface. Figure 1-1 (c) shows a Burgers circuit near a misfit dislocation at the BaSnO3/SrTiO3 

interface, identifying the Burgers vector as a[100]. The periodic spacing between these misfit 

dislocations is about 8 nm at the BaSnO3/SrTiO3 interface, and between 20 and 30 nm at 

BaSnO3/PrScO3 interface, as seen in Figure 1-1 (d).  

Figure 1-2 (a) compares the carrier mobility (measured by the Van der Pauw method) 

of the La-doped BaSnO3 films grown on SrTiO3 and PrScO3 substrates in this previous work 

with the other literature reported values before 2016. The main result is that by replacing the 

elemental Sn source with SnO2, the transport property of La-doped BaSnO3 films is 

significantly improved.  

To date, using the same method as in this previous work, the highest mobility we can 

achieve is 170 cm2V-1s-1. The highest mobility value reported in the literature is 180 cm2V-1s-

1 [24]. These two values are statistically the same because the measurement error in Hall 

mobility [30] and film nonuniformity is more significant than a few 10’s of cm2V-1s-1 

difference in mobility between different films. This can be seen in Figure 1-3, which shows 

that the fabricated Hall bar structures on different regions of the same sample have a variation 

of Hall mobility on the order of 10’s of cm2V-1s-1 [31].  

Figure 1-2 (b) shows the temperature dependence of the carrier density and sheet 

resistance of the BaSnO3 films. No carrier freeze-out is observed, indicating charge trapping 
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is of a minor extent at these very high carrier densities. Metallic behavior is seen in the films, 

which is expected in degenerately doped semiconductors. Figure 1-2 (c) shows the carrier 

mobility in the temperature range between 300 and 4 K. The mobility starts to saturate below 

100 K as the mobility becomes limited by disorder which is not temperature dependent. 

Therefore, the low-temperature mobility reflects the level of defects inside the material. As is 

seen, the low-temperature mobility for the BaSnO3 film grown on PrScO3 substrate is about 

300 cm2V-1s-1, almost twice the mobility for the film grown on SrTiO3 substrate. This indicates 

that the defects introduced by the large lattice mismatch (> 2.18%) limit the transport in 

BaSnO3 films. The defect is likely to be the threading dislocations extending from the misfit 

dislocations all the way to the sample surface, as seen in Figure 1-4. 

In summary, this previous work points out that threading dislocations can limit carrier 

mobility when the lattice mismatch is larger than 2.18%. This, however, does not conclude that 

threading dislocations are the only scattering source. Therefore, it motivates the study of 

growing BaSnO3 on lattice-matched substrates (Chapter 5). The result in Chapter 5 shows that 

eliminating threading dislocations does not further improve the transport, indicating that other 

defects are capping the upper limit of mobility. This result further motivates the study of point 

defects in BaSnO3 films (Chapter 6). 

1.3 A3BO antiperovskite oxides and Sr3SnO 

Antiperovskite oxides, A3BO, are compounds where A cations of the perovskite 

structure are replaced by oxygen ions and vice versa. The B ion takes a formal 4- valence state 

to keep charge neutrality, which is unusual for a metal element. This structural and electronic 

configuration has been predicated on being a cradle for topological band structures. Therefore, 

a significant number of experimental studies have been performed to explore the existence of 
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Dirac fermions in antiperovskite oxides [32-50]. Sr3SnO, for example, is predicted to be a 

topological crystalline insulator in which superconductivity and topological transport 

behaviors have been experimentally observed [43-46, 49, 50].  

The discovery of Sr3SnO was due to an accident intended to synthesize Sr3Sn alloy 

[51]. The result showed that the combination of Sr and Sn with a stoichiometric ratio of 3:1 

could only be stable by incorporating oxygen, forming an antiperovskite Sr3SnO structure [51]. 

The space group of Sr3SnO is the same as the cubic perovskite (𝑃𝑚3̅𝑚), but the lattice constant 

of Sr3SnO (5.16 Å) [52] is larger than most of the perovskite materials due to the exchange of 

positions between Sr cations and oxygen ions.  

A feature of Sr3SnO is that the outer-shell electrons of the Sr atom are almost entirely 

transferred to the more electronegative Sn atom, making Sn take a formal 4- valence state. 

Such an electronic configuration makes Sr3SnO a topological crystalline insulator that hosts 

gapped Dirac nodes in the band structure (Figure 1-5). As is shown, a gapped Dirac node 

resides along the ℾ-X direction with a very narrow band gap of about 10 meV [53]. In three 

dimensions, due to the cubic symmetry of the material, there are six equivalent Dirac nodes 

along the six ℾ-X directions. Moreover, Sr3-xSnO (x~0.5) is the first reported superconducting 

antiperovskite oxide with a transition temperature around 5 K (Figure 1-6 (a)), making it a 

candidate for an intrinsic topological superconductor [43-45].  

Despite the progress in theory and experiment, understanding of the intrinsic properties 

of Sr3SnO is still poor. This is mainly because of the creation of impurity phases when the 

stoichiometry is deliberately changed to create Sr vacancies which provide holes as the carriers 

in Sr3SnO. For those superconductive Sr3-xSnO polycrystalline ceramics, approximately 10% 

of the Sr site is vacant such that the density of holes is above 1021 cm-3 [43-45]. The impurities 
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can be SrO, Sn, a variety of Sr-Sn alloys, and hydroxides (see Figure 1-6 (b) for XRD). The 

effects of the impurity phases on the properties of Sr3-xSnO are barely understood.  

Recent studies on the MBE growth of Sr3SnO thin films show clean XRD with no 

impurity peaks. However, XRD alone is insufficient to ascertain the phase purity since 

impurity peaks can hide if the phases are poorly crystallized, randomly oriented, or present in 

small quantities. Therefore, supplementary characterization methods, such as electron 

microscopy, are needed to ensure the phase purity. Nevertheless, this is not easy due to the 

extreme air sensitivity of Sr3SnO. 

This background of Sr3SnO research motivates the work in this thesis. In Chapter 2, I 

will introduce the methodologies that overcome the air-sensitivity issue in the structural 

characterizations and electrical measurements of Sr3SnO. With these tools, Chapter 3 shows 

that phase pure Sr3SnO can be achieved by MBE, followed by a discussion on the structural 

data and intrinsic transport properties. It is found that the film closest to being stoichiometric 

can have a carrier density as low as 4 × 1018 cm-3. Chapter 4 introduces a carrier density tuning 

method by using indium as a dopant to provide holes above 1021 cm-3, in which magnitude the 

Sr3-xSnO polycrystalline ceramics are found to be superconductive. This method avoids the 

deliberate change in the stoichiometry to introduce more carriers and therefore steers clear of 

impurity phases. The In-doped Sr3SnO film with carrier density higher than 1021 cm-3 is, 

unfortunately, not superconducting. An effect of the dopant on the temperature dependence of 

sheet resistance is discussed in section 4.3. 
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Figure 1-1: (a) XRD 2θ-ω scan around the 002 BaSnO3 reflection. (b) Reciprocal space map 

near the 103 BaSnO3 reflection for a 32 nm BaSnO3 film on (110) PrScO3. (c) HAADF-STEM 

image of a BaSnO3/SrTiO3 heterostructure. The Burgers circuit (yellow circle) identifies a 

misfit dislocation with a Burgers vector a[100]. (d) Cross section dark-field TEM images of 

BaSnO3 on SrTiO3 and PrScO3 substrates. The white arrows identify periodic misfit 

dislocations. The figure is reprinted from [25] with the permission of AIP publishing. 
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Figure 1-2: (a) Room temperature mobility as a function of carrier density for BaSnO3 films 

grown at UCSB and from reports in literature [20, 22, 23]. A film on SrTiO3 (starred) is 64 nm, 

while the rest of the films are 32 nm thick. (b) Carrier density, sheet resistance, and (c) mobility 

µ in the temperature range of 300 to 4 K. The BaSnO3 films are on SrTiO3 (orange squares) 

and PrScO3 (red dots) substrates, respectively. The figure is reprinted from [25] with the 

permission of AIP publishing. 
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Figure 1-3: (a) Hall mobilities as a function of 2D carrier densities for two different BaSnO3 

films. Different data points are extracted from Hall bars fabricated on different regions of the 

films. The stars mark the mobility measured by the Van der Pauw method. (b) Optical 

micrograph of a BaSnO3 Hall bar. The Figure is reprinted from [31], with copyright (2020) by 

the American Physical Society. 
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Figure 1-4: (a) Low- and (b) high- magnification plan-view HAADF-STEM images of 50 nm 

BaSnO3 grown on DyScO3 (001). White arrows mark dislocations. TEM courtesy of Honggyu 

Kim.  

(a) 

(b) 
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Figure 1-5: Band structure of Sr3SnO calculated with taking spin-orbit coupling into 

consideration. The figure is reprinted from [53], with copyright (2021) by the American 

Physical Society. 
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Figure 1-6: (a) Superconducting transition of Sr3-xSnO polycrystalline ceramics under different 

magnetic fields, reprinted from [43]. (b) XRD scan of Sr3-xSnO samples with various Sr 

vacancies, reprinted from [45]. The license link for reprint is 

https://creativecommons.org/licenses/by/4.0/. 
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This chapter discusses the experimental methodologies used in this thesis. Section 2.1 

presents the molecular beam epitaxy (MBE) method by which all the investigated Sr3SnO and 

BaSnO3 films in this work were grown. Section 2.2 introduces the methods to characterize the 

structural and electrical properties of Sr3SnO. This includes methods to overcome the 

experimental challenges caused by the air sensitivity of Sr3SnO. Section 2.3 discusses the 

growth and measurement methods for BaSnO3 films on small (3 × 3 mm) SrZrO3 substrates. 

It is shown that uniform growth and accurate electrical measurements are difficult to achieve 

on films grown on these small substrates. In this thesis, a newly designed 3 × 3 mm MBE 

faceplate (i.e. sample holder) is introduced for uniform BaSnO3 film growth, and Hall bar 

structures are used to measure the transport properties accurately. Section 2.4 briefly discusses 

secondary-ion mass spectrometry (SIMS) technique that measures the carbon concentration in 

the BaSnO3 films. 

2.1 MBE and the growth of Sr3SnO and BaSnO3 films 

MBE is a powerful materials growth technique that serves as a frontier to explore high-

quality single crystal thin films with ultra-high structural perfection. It is unparalleled among 

various vacuum deposition methods due to its precise control of composition, purity, and 

quality [54, 55]. The base pressure of MBE can be as low as 10-11 Torr, which makes the mean 

free path of a particle inside the chamber a few hundred kilometers [54, 55]. This allows for 

low degrees of contamination and high-purity growths. Additionally, the source materials are 

thermally sublimated from effusion cells, and the energies of the atomic fluxes are on the order 

of 0.1 eV [56], which is a few magnitudes lower than that of other physical deposition methods, 

such as sputtering and pulsed laser deposition. This allows for the minimization of energetic 
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defects. Finally, MBE is typically equipped with an in-situ monitoring technique that can give 

instantaneous information about the surface morphology of the film during the growth. 

Operators can use this information to understand the growth mechanism and adjust the 

parameters to achieve desired growth properties. 

Figure 2-1 presents the basic configuration of an oxide MBE growth chamber (buffer 

chamber and load lock chamber not shown). The entire chamber is shrouded by liquid nitrogen 

to lower the base pressure, which is monitored by an ion gauge. The source materials are 

evaporated from effusion cells that point towards the substrate holder. Shutters are placed at 

the outlet of the effusion cells to turn the fluxes on or off. A heater is located behind the 

substrate holder to provide heat to the substrate, increasing the adatom mobility during the 

growth. Another ion gauge called the beam flux monitor (BFM) is located behind the substrate 

heater. The BFM can be rotated (by a motor) to face the effusion cells and measure the beam 

equivalent pressure (BEP) of the flux from each cell. The in-situ monitoring technique, as 

mentioned above, is reflection high-energy electron diffraction (RHEED). This technique 

directs a high-energy electron beam towards the film surface at a low incident angle and the 

resulting diffraction pattern is observed on a phosphor screen. The electron beam only 

penetrates a few atomic layers, and thus the pattern is a representation of the reciprocal lattice 

of the surface [57]. For example, a perfect surface lattice would show spots along the Laue 

circle. A residual gas analyzer can detect the mass spectrum of the chemical species in the 

main chamber. In addition, the substrate holder can be rotated to face the buffer chamber to 

allow for sample transfer using a mechanical arm. The buffer chamber isolates the main 

chamber from direct contact with the load lock chamber, to further reduce main chamber 

contamination.  
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The Sr3SnO films in this work were grown by an oxide MBE (GEN 930, Vecco 

Instruments). Elemental Sr (4N, Sigma Aldrich) and SnO2 (4N, Kurt J. Lesker) were co-

evaporated from effusion cells as source materials during the growth. High-purity In (7N, 

United Mineral Corp) was co-supplied when a dopant was needed (discussed in Chapter 4). 

The main flux from the SnO2 cell is SnO and O2, where the pre-oxidized Sn facilitates high-

quality stannate growth, as mentioned in Chapter 1. The substrate was chosen to be LaAlO3 (a 

= 3.79 Å). The lattice mismatch between Sr3SnO (5.12 Å) and the substrate is about 4% when 

the growth proceeds as the unit cell of Sr3SnO having a 45º in-plane rotation relative to the 

substrate (5.12 Å /√2 = 3.62 Å, see Figure 2-2 (a) for the in-plane epitaxial relationship). 

Therefore, the Sr3SnO films are expected to be relaxed. This 45º in-plane rotation is confirmed 

by an x-ray diffraction (XRD) ϕ scan (Figure 2-2 (b)), where the 202 peaks of Sr3SnO and 

LaAlO3 are offset by 45º. A 350 nm layer of Mo was deposited on the backside of the substrate 

to improve the heat transfer from the substrate heater. The substrate was cleaned in acetone 

and isopropanol before loading into the load lock chamber, where it was then baked at 200 ºC. 

After transferring into the main chamber, the substrate was heated to the growth temperature 

of 650 ºC and kept for 10 mins to ensure the substrate was homogeneously heated. The growth 

was then started by opening the shutters of Sr and SnO2 cells. The temperatures of the cells 

were pre-determined (using the BFM measurement before growth) to precisely control the 

atomic fluxes and therefore the films’ stoichiometry. In the case of Sr3SnO, Sr flux was kept 

constant, and SnOx flux was varied to achieve different BEP ratios. RHEED was used for real-

time characterization. 

The BaSnO3 films in this work were grown in the same MBE system. The source 

materials were Ba (4N, Sigma Aldrich) and SnO2 (4N, Kurt J. Lesker). In most films, oxygen 
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plasma was co-supplied to help the oxidization. Oxygen was not supplied in a few film growths 

for the study of point defects and will be discussed in detail in Chapter 6. La was used to 

degenerately dope the BaSnO3. The commercially available substrates used were SrTiO3, 

DyScO3, and PrScO3. All have relatively large mismatch with the lattice of BaSnO3. A study 

of using lattice-matched substrates (not widely commercially available) is discussed in Chapter 

5. Similar to those used for Sr3SnO growth, the substrates were backed with a 350 nm layer of 

Mo and cleaned before loading into the load lock chamber. The substrate temperature for 

BaSnO3 film growth varied between 700 to 900 ºC. The substrate was annealed at the growth 

temperature for 10 mins under oxygen plasma (10-5 torr), after which the growth proceeded by 

opening the source shutters while keeping the plasma on. The method for varying the flux ratio 

is similar to that used for Sr3SnO growth, only here, the Ba flux is kept constant while the SnOx 

flux is varied. RHEED was also used for in-situ monitoring. 

2.2 Methodologies for the structural and electrical characterization of Sr3SnO 

Ex-situ characterization of Sr3SnO is challenging due to its extreme air sensitivity. 

Covering the Sr3SnO samples with grease (or vacuum sealant) can enable XRD measurements, 

but the protection is not perfect. These Sr3SnO samples have a tendency to degrade during a 

relatively long XRD measurement, and thus the diffraction pattern may not reflect that of a 

non-degraded film. Moreover, the phase purity of the samples cannot be ascertained because 

non-epitaxial impurity phases with a low volume fraction may not be detected in XRD.  

A solid capping layer was used to replace the grease layer to solve this problem. Either 

TiO2 or ZrO2 was chosen as the protection layer (see Figure 2-3 (a) for the schematic of the 

structure). These were grown by using metalorganic precursors, titanium isopropoxide (TTIP), 

and zirconium tert-butoxide (ZTB), respectively. The precursors were delivered to the MBE 
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growth chamber via a gas inlet tube that was heated to ~100 ºC to avoid condensation of the 

precursors. The precursor flow rate was measured by a capacitive manometer and controlled 

via a linear leak valve. The substrate temperature was 375 ºC during the growth, at which point 

the precursors decompose into TiO2 or ZrO2, respectively. It was found that a ~300 nm capping 

layer was needed to protect the center of the Sr3SnO films from degradation for a few hours in 

the air while the sides were still exposed and degraded. The structural characterization was 

therefore performed on the center of the films.  

The longer sample lifetime afforded by the structure shown in Figure 2-3 (a) allows for 

cross-section imaging using a scanning electron microscope (SEM) equipped with a focused 

ion beam (FIB) source after the XRD measurements are performed. A schematic of the 

FIB/SEM is shown in Figure 2-3 (b). The FIB can be used to cut a rectangular groove, leaving 

one wall to be the cross-section. The electron beam is positioned at an angle to the film surface 

such that the cross-section can be imaged. The entire FIB/SEM process is typically performed 

at pressures of ~ 10-5 - 10-7 Torr and thus is not likely to degrade the exposed regions. A Pt 

protection layer is usually deposited on the selected surface prior to FIB cutting.  

The structure in Figure 2-3 (a), however, cannot be used for electrical measurements. 

This is because the electrical contacts must be put on the sides for Van der Pauw measurement, 

but the sample sides are typically degraded. Therefore, the protection layer must fully cover 

the entire film (including the sides). In addition, the time of air exposure of the films, even 

with protection, should be minimized as much as possible because the presence of a small 

amount of the degradation products, such as Sn [43-46], can significantly impact the transport 

behavior. 
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The first attempted method involved In soldering to make the electrical contacts and 

then using Apiezon-N grease to cover the rest of the exposed surface. The contact-making 

process was performed in a glove bag filled with N2 (Figure 2-4 (a)). After In contacts were 

made and grease was put on, the Sr3SnO film was moved to a smaller N2 bag and then 

transferred to a physical property measurement system (PPMS) for electrical measurements. 

The PPMS chamber pressure was kept below 10-3 Torr. This method resulted in a few initial 

successful measurements that show similar electrical behaviors as those reported in other 

works [43-50]. However, working in a glove bag was found to be difficult due to the small size 

of contacts and wires. The process was long (~20 to 30 mins), and the films were partially 

degraded. The glove bag was later upgraded to a glove box (Figure 2-4 (b)), in which the 

soldering work could be finished faster (~10 to 20 mins). Soldering in the glove box, however, 

was later found to degrade the films slightly, compared to a more advanced method (transport 

data will be discussed in Chapter 3). 

A modified method further minimizes the contact-making time by avoiding the need to 

solder electrical contacts directly to the sample. It instead relies on mechanical attachments, as 

shown in Figure 2-5 (a). The connection between the PPMS puck and the attachments can be 

pre-soldered before placing the sample in the glove box (Figure 2-5 (b)). Thus, once a Sr3SnO 

film was transferred into the glove box, the only remaining task was to position the film on the 

puck (shown in Figure 2-5 (b)), slide in the attachments, and tighten the screws such that the 

In could mechanically contact the corners of the film (see a schematic of the mechanical 

contacts in Figure 2-5 (c)). This process only takes about ~2 to 3 mins and therefore can 

significantly reduce the degradation. In addition, the Apiezon-N grease was diluted with a few 
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drops of toluene such that it had a sufficiently low viscosity, allowing it to cover the entire film 

(including the sides). 

2.3 MBE growth and electrical measurement of BaSnO3 on 3 × 3 mm SrZrO3 substrate 

Eliminating threading dislocations is critical for the study of transport of BaSnO3 thin 

films because only then we can understand if other defects also limit the carrier mobility, as 

mentioned in Chapter 1. Most commercially available MBE substrates are lattice-mismatched 

with BaSnO3 and thus can create threading dislocations by strain-relaxation. The motivation 

for growing BaSnO3 on a relatively small SrZrO3 substrate is that SrZrO3 is lattice-matched 

with BaSnO3 (~ 0.3%) [58] but the largest substrate that the vendor (MatTek) was able to 

provide were 3 × 3 mm squares. 

A significant challenge in MBE on a 3 × 3 mm substrate is the faceplate design (i.e. 

MBE substrate holder). The faceplate design for 10 × 10 mm substrate is shown in Figure 2-

6. However, this design cannot be scaled down and used for 3 × 3 mm substrate because the 

support pins are ~1 mm in length, and they would cover most of the area of the small-sized 

substrate. Therefore, a customized faceplate redesign was needed. 

The initial design is shown in Figure 2-7. The idea is to replace the support pins with 

four wire springs that can clamp the substrate by its edges. The four wire springs are installed 

by piercing through the metal plate (see Figure 2-7 (b) for the back view). A wire grid is placed 

on the backside of the center hole (where the substrate sits) to prevent the substrate from falling 

through. MBE growths were performed using this faceplate design. However, this design is 

not optimal because the back grid causes non-uniform heating and the exposed part of the wire 
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springs on the backside of the faceplate does not allow for the use of a quartz plate to increase 

heat transfer.  

To solve the inhomogeneous and insufficient heating problem, an improved design is 

shown in Figure 2-8. The center hole in this faceplate design is slightly smaller than 3 × 3 mm, 

so the slightly larger size of the substrate can prevent it from falling through. This allows for 

the elimination of the back grid and leads to more uniform heating. In addition, the wire springs 

in this new design are installed using screwed stages and therefore do not extend through the 

backside. A quartz plate can then be placed behind the faceplate to improve heat transfer 

(Figure 2-8 (b)). 

The faceplate design shown in Figure 2-8 allows 3 × 3 mm BaSnO3 thin films to be 

grown with similar quality to those grown on 5 × 5 mm substrates. However, a remaining 

question is how to perform electrical measurements on these 3 × 3 mm films, since Van der 

Pauw method generally utilizes electrical contacts placed on the edges, but the edges of these 

samples are poorly heated during growth due to the faceplate design. One solution is using a 

Hall bar structure (Figure 1-3 (b)) processed on the film’s center, which allows for the region 

being measured to be of higher-quality material. In a 3 × 3 mm BaSnO3 film grown on a 

DyScO3 substrate, it was seen that the Van der Pauw mobility was measured to be 53 cm2V-1s-

1 while the Hall bar mobility was 124 cm2V-1s-1. 

2.4 Introduction to SIMS and SIMS measurement of carbon in BaSnO3 

SIMS is a technique used to determine the concentration of impurities in a solid. It 

utilizes a focused ion beam to sputter the surface of the solid and measures the ejected 

secondary ions [59]. These secondary ions are collected and filtered according to their atomic 
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mass. The resulting mass spectrum can be used for elemental, isotopic, or composition analysis 

[59]. SIMS is the most sensitive elemental analysis tool that can measure the concentration of 

impurities at the level of parts per million. In addition, high energy can be applied to the ion 

beam such that it can etch into the specimen and provide a depth profile along the etching path 

[59]. Because the ionization probabilities of species sputtered from dissimilar solids are very 

different, a standard sample with a known concentration profile of the target species is 

necessary for quantitative analysis. The conversion from SIMS signal intensity to a quantitative 

concentration distribution is achieved by using a relative sensitivity factor (RSF), defined by: 

                                  𝐶𝑖(𝑡) = 𝑅𝑆𝐹 ×  
𝐼𝑖(𝑡)

𝐼𝑅(𝑡)
    ,                              (2-1) 

where Ci(t) and Ii(t) refers to the concentration and intensity of the element of interest, and IR(t) 

is the intensity of a reference element (any other element in the material). The standard sample 

(with known Ci(t), and measured Ii(t) and IR(t)) is first used to derive the RSF, and the RSF is 

then used to calibrate the element of interest in unknown samples. 

This thesis uses SIMS to determine the carbon concentration depth profile for BaSnO3 

thin films. A ~40 nm amorphous Si layer was pre-deposited on the BaSnO3 films using Ar 

plasma sputtering to allow for reaching a steady state etching condition before the primary ion 

beam reaches the BaSnO3 layer. The amorphous Si guarantees no preferential etching along 

grain boundaries. Prior to the measurement, the samples were cleaned in acetone, isopropanol, 

and de-ionized water, and then loaded into the entry/exit chamber for an 80 ºC overnight bake. 

The base pressure of the SIMS chamber was ~10-10 Torr. A 15 kV Cs+ primary ion beam 

(Cameca IMS 7f) was used to sputter and etch the samples. During the measurement, a 5 kV 

electron flood was co-supplied to charge-neutralize the films. The beam raster area was 100 × 
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100 μm2, and the 12C− secondary ions were received from the center of the 33 μm2 etched crater. 

The etch rate was about 2.5 nm/s. The average RSF of the carbon element (using Sn as the 

reference species) for two standard BaSnO3 thin films implanted with 13C (CuttingEdge Ions, 

LLC, Anaheim) was first determined and then used to calibrate the 12C depth profile in other 

BaSnO3 thin films. 
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Figure 2-1: A schematic of a MBE growth chamber. 

 

 

 

 

 

 

 

 

 



28 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-2: (a) The epitaxial relationship of Sr3SnO grown on LaAlO3 (001) substrate with a 

45º in-plane rotation. Courtesy of Nick Combs. (b) XRD ϕ scan of 202 reflections of the 

Sr3SnO thin film and the LaAlO3 substrate. 
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Figure 2-3: (a) The heterostructure of Sr3SnO and oxide capping layer. The sketch does not 

reflect the real dimensions. (b) A schematic diagram of the FIB/SEM configuration. 
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Figure 2-4: (a) Glove bag and (b) box attached to the entry/exit chamber of an oxide MBE 

(GEN 930, Vecco). Photos taken at the MBE laboratory at UCSB. 
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Figure 2-5: (a) Attachments that can be used to make electrical contacts. (b) PPMS puck with 

two pre-soldered attachments. The position for the placement of the film is drawn at the center 

of the puck. (c) A schematic diagram of the electrical contacts made by the attachments. 
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Figure 2-6: (a) Front and (b) back side of an oxide MBE faceplate with a 10 × 10 mm center 

hole for the substrate. 
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Figure 2-7: (a) Front and (b) back side of a four wires design of an oxide MBE faceplate with 

a 3 × 3 mm center hole for the substrate. 
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Figure 2-8: (a) Front and (b) back side of a two wires design of an oxide MBE faceplate. The 

center substrate hole is slightly smaller than 3 × 3 mm. 
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Highly Sr-deficient Sr3-xSnO has been proposed as a possible topological 

superconductor because it is a topological crystalline insulator, and a superconducting 

transition in bulk Sr3-xSnO (x ~ 0.5) polycrystalline ceramics is experimentally observed at ~ 

4 K. However, a variety of impurity phases, such as Sn, are also found in these superconducting 

Sr3-xSnO samples. Sr3SnO thin film studies have also been performed, but none of them could 

conclusively prove the phase purity of Sr3SnO due to its extreme air sensitivity. This 

background motivates this chapter’s work (see Chapters 1 and 2 for detailed introduction and 

methodologies, respectively). 

I acknowledge that Figures 3-1 to 3-8 in this chapter are reprinted from Appl. Phys. 

Lett. 119, 161903 (2021), with the permission of AIP Publishing. Figures 3-9 to 3-11 are 

reprinted from Appl. Phys. Lett. 121, 233101 (2022), with the permission of AIP Publishing. 

3.1 Stoichiometric control and phase purity determination 

As is discussed in Chapter 2, thin film growth of Sr3SnO is achieved by oxide MBE, 

which can control the film stoichiometry by varying the Sr/SnOx beam equivalent pressure 

(BEP) ratio. The films discussed in this section are capped with an oxide layer for structural 

characterizations (Figure 2-3 (a)). In this study, the Sr BEP is kept at 5.0 × 10-7 Torr, and the 

BEP from the SnO2 cell is varied to grow four films with the Sr/SnOx BEP ratios of 12.5, 8.7, 

4.2, and 2.1, respectively. The corresponding growth rates of these films are 140, 200, 480, 

and 850 nm/hr, and are therefore SnOx flux limited. The substrate is LaAlO3 and is kept at 650 

ºC during the growth. 

Figure 3-1 shows these four films' reflection high-energy electron diffraction (RHEED) 

patterns. Spotty features are observed in all the patterns, indicating the formation of three-
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dimensional islands. The spotty-ness turns more pronounced when the growth condition 

becomes more Sn-rich. The following discussions on the x-ray diffraction (XRD) patterns and 

images taken by scanning electron microscope (SEM) equipped with a focused ion beam (FIB) 

will show that only the film shown in Figure 1 (a) is phase pure. 

Figure 3-2 (a) shows 2θ-ω XRD patterns of the Sr3SnO films shown in Figure 3-1. All 

the on-axis peaks can be assigned either to the (001) Sr3SnO film or the (001) LaAlO3 substrate, 

with no other reflections detected. However, absence of other reflections is not sufficient 

evidence that the Sr3SnO films are phase-pure because the peaks can be of low intensity if the 

impurities are poorly crystallized, randomly oriented, or present in small quantities. Moreover, 

another well-known issue of using on-axis XRD to characterize the purity of Sr3SnO is that 

SrO is a possible secondary phase. SrO has a lattice constant close to that of Sr3SnO [52, 60], 

and thus the on-axis peaks of SrO cannot be distinguished from those of Sr3SnO. The crystal 

structure of SrO is face-centered cubic [60] in which the 00l (when l is odd) peaks are forbidden. 

Therefore, the appearance of Sr3SnO 001 and 003 peaks can indicate the existence of the 

Sr3SnO phase but is insufficient to ascertain the absence of SrO impurity. The intensity of the 

Sr3SnO 001 peaks (Figure 3-2 (b)) is higher in films grown with lower Sr/SnOx BEP ratios 

because of the higher growth rates (and therefore, thicker films) resulting from the larger SnOx 

fluxes. 

To address the issues, cross-sectional SEM images are used to probe for secondary 

phases (See methodology in Chapter 2). As is shown in Figure 3-3 (a), the film grown with a 

Sr/SnOx BEP ratio of 12.5 does not include any additional phases. Therefore, combined with 

the appearance of 001 and 003 peaks in XRD, this film appears to be phase-pure. 
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In the films grown with more Sn-rich conditions (Figure 3-3 (b)-(d)), a secondary phase 

shows up as a columnar and dark region. The volume fractions of the dark areas are 25%, 30%, 

to 45% in the films grown with Sr/SnOx BEP ratios of 8.7, 4.2 to 2.1, respectively. The 

increasing impurity volume fraction with increased SnOx flux indicates that the impurity phase 

is Sn-rich (such as a Sr-Sn alloy). Of importance, the Sn-rich impurity phase was not detected 

in XRD even in a film as thick as 850 nm. This result is significant because on-axis XRD is 

commonly used in Sr3SnO thin film growth studies as evidence to assure phase purity [47, 48]. 

Still, here it is concluded that XRD alone is insufficient. Only at extremely Sn-rich growth 

conditions (Figure 3-4) where the columnar region has distinctively changed morphology can 

the impurity phase be detected in XRD (Figure 3-5). 

3.2 Transport results 

This section examines the electrical properties of two Sr3SnO films grown with Sr/SnOx 

BEP ratios of 12.5 and 4.2, respectively. As introduced in Chapter 2, the Sr3SnO films used 

for electrical measurement are not capped. They were grown straight after the growth of their 

capped counterparts (discussed in section 3.1) to ensure reproducibility. In the work of this 

section, the electrical contacts were made by soldering in a glove bag (Figure 2-4 (a)). 

Figure 3-6 shows the sheet resistance, Rs, as a function of temperature for the Sr3SnO 

films grown by Sr/SnOx BEP ratio of 12.5 and 4.2. Both films show metallicity followed by 

localization behavior (an upturn starting around 20 K) at low temperatures. This is consistent 

with other Sr3SnO thin film results [47-50]. P-type transport behaviors are observed in both 

films (see Figure 3-7 for Hall effect), which can be attributed to Sr vacancies [43-50]. The 

carrier concentrations are 9.6 × 1018 cm-3 and 1.5 × 1019 cm-3, respectively, with no carrier 

frozen at low temperatures. These carrier concentrations are well below those needed to induce 
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superconductivity in bulk Sr3-xSnO polycrystalline ceramics, which require a hole carrier 

density of at least 1021 cm-3 [43-46]. Moreover, even though the Sr/SnOx BEP ratio of 4.2 

provides 200% more SnOx flux, the carrier density of the resulting Sr3SnO film is only 50% 

higher than that of the phase-pure film. This is, as observed in Figure 3-3, because the excess 

Sn is not entirely incorporated into the Sr3SnO phase to contribute more Sr vacancies but 

instead forms Sn-rich secondary phases. Surprisingly, the temperature dependences of these 

two Sr3SnO films are qualitatively similar. It indicates that the impurity phases have very little 

influence on the transport, probably because the phase is not percolated to create a conductive 

path. The only difference is the higher Rs in the phase-pure film, but it is simply because of its 

lower carrier density. I note that by using more advanced measurement methods (see Chapter 

2 for an introduction, Chapter 4 for data discussion), only the carrier mobility is improved but 

the temperature dependence of Rs still has the same qualitative behavior. 

Figure 3-8 shows the magnetoconductance of the phase-pure Sr3SnO film at low 

temperatures (2 K, 10 K, 50 K, and 150 K), with a perpendicular magnetic field applied from 

-14 to 14 T. The conductance is obtained by the inversion of resistance. The 

magnetoconductance at 150 K is proportional to B2, which indicates the domination of classical 

orbital effects originating from the Lorentz force. The 50 K, 10 K, and 2 K data can be fitted 

to the Hikami-Larkin-Nagaoka model for weak antilocalization in the strong spin-orbit 

coupling limit (Figure 3-8 (b)) [61], described by: 

∆𝐺𝑥𝑥 = 𝛼
𝑒2

ℎ
[ln (

𝐵𝜑

𝐵
) − 𝜓 (

𝐵𝜑

𝐵
+

1

2
)]  ,                     (3-1) 

where e is the elementary charge, h is Planck’s constant, 𝑙𝜑 = √ℎ/(8𝜋𝑒𝐵𝜑) is the phase 

coherence length, 𝜓 is the digamma function. The factor 𝛼 takes -1 for weak localization (WL) 
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and ½ for weak antilocalization (WAL) [61]. The extracted values for 𝛼 are 0.08, 0.30, and 

0.45, and for 𝑙𝜑 are 44 nm, 87 nm, and 146 nm, at 50 K, 10 K, and 2 K, respectively. The 

observation of WAL in Sr3SnO thin films is consistent with other work [49] and is also reported 

in other topological materials [62-70]. The fact that 𝛼 approaches to 0.5 at 2 K indicates a 

Berry phase of π. It is important to note that the Rs upturn in Figure 3-6 is a characteristic of 

WL (not WAL). Therefore, the two seemingly incompatible behaviors, WL, and WAL, coexist 

in Sr3SnO. This apparent contradiction is not uncommon in topological materials, while the 

physical cause is still under discussion [71-75]. One possible theory is that a system consisting 

of Dirac fermions can simultaneously host two processes, electron-electron interaction, and 

quantum interference [63]. Both processes are functions of magnetic field and temperature. 

The theory points out that the WL observed in the temperature dependence of Rs is caused by 

electron-electron interaction that decreases the conductivity to a more significant extent than 

the enhancement from the quantum interference, while the WAL shown in the 

magnetoconductivity is supported by both processes but mainly contributed by quantum 

interference [63]. 

3.3 Improved carrier mobility by reducing degradation 

As introduced in chapter 2, the soldering work in an N2 glove bag leads to a certain 

degree of degradation in the Sr3SnO thin films due to the leakage of the bag and the trace 

amount of oxygen mixed even in the ultra-high purity N2. To reduce the degradation, better 

dealing, and a faster way to make the electrical contacts are needed. Therefore, a glove box 

(Figure 2-4(b)) and a mechanical contact-making method (Figure 2-5) were applied.  
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Figure 3-9 shows the significant improvement (compared to soldering in the glove box) 

in the carrier mobility (Hall mobility measured at 10 K) of the Sr3SnO thin films measured 

using the mechanical contact-making method. The highest carrier mobility at 10 K is 400 

cm2V-1s-1, which is achieved in the center of the phase-pure growth window (yellow-shaded) 

and is the highest record among all the Sr3SnO films and bulk polycrystalline ceramics reported 

to date [43-50]. In addition, the same film has a carrier density of 4 × 1018 cm-3, which is the 

lowest reported so far. The high mobility at a low carrier density indicates excellent materials 

quality. One may notice that the phase-pure growth condition discussed in section 3.2 is not 

sitting in the phase-pure window in Figure 3-9. This is because of the change of ion gauge and 

heater filament inside the MBE chamber, which commonly causes a shift in the apparent 

growth conditions. Moreover, Figure 3-9 also shows that the carrier mobility and density are 

very sensitive to the Sr/SnOx BEP ratio. This is probably because point defects start to form 

when the growth condition is away from the center of the growth window. This observation is 

consistent with the XRD rocking curves shown in Figure 3-10. The full width at half 

maximums (FWHM) are 1.26, 1.07, and 0.80 for samples grown with Sr/SnOx BEP ratios of 

9.1, 7.6, and 8.2, respectively. The fact that the sample with the smallest FWHM has the highest 

carrier mobility indicates that point defects are likely formed at the edges of the phase-pure 

growth window. The point defects in Sr- or Ba- contained stannate films can be quite various 

and complicated. An example will be discussed in Chapter 6.  

Figure 3-11 shows the temperature dependence of Rs for the phase-pure Sr3SnO thin 

films shown in Figure 3-9. The Rs values are significantly lower than those in Figure 3-6, but 

the qualitative trend, including the metallicity and WL, is not changed. This is probably 
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because the degraded products in the films discussed in Figure 3-6 are insulators, such as 

hydroxide. It is also found that air exposure eventually makes Sr3SnO thin films insulating.  

3.4 Conclusion 

This Chapter shows that MBE is an excellent technique for the stoichiometric control 

of Sr3SnO thin films. The Sr vacancies in the phase pure Sr3SnO films create p-type carriers 

with density values of mid-to-high 1018 cm-3, which is a few magnitudes below that in 

superconductive bulk Sr3-xSnO crystals (1021 cm-3). By significantly reducing the degradation 

of Sr3SnO thin films within the phase pure window, a carrier mobility above 400 cm2V-1s-1 at 

10 K can be achieved. Deliberate change in the stoichiometry to make more Sr vacancies only 

increases the number of carriers by less than a magnitude, but more prominently, it introduces 

Sn-rich impurity phases into the films. Therefore, a dopant becomes a better choice to increase 

the carrier density, which will be discussed in Chapter 4.  
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Figure 3-1: RHEED patterns of four Sr3SnO thin films grown with Sr/SnOx BEP ratios of 12.5, 

8.7, 4.2, and 2.1, respectively. The reflection direction is Sr3SnO [100]. The figure is reprinted 

from Appl. Phys. Lett. 119, 161903 (2021), with the permission of AIP Publishing. 

 

 

 

 

 

 

 



44 
 

 

Figure 3-2: (a) Wide angle 2θ-ω XRD scans for four Sr3SnO thin films grown with Sr/SnOx 

BEP ratios of 12.5, 8.7, 4.2, and 2.1, respectively. (b)High-resolution XRD 2- scan around 

the 001 Sr3SnO reflection. The figure is reprinted from Appl. Phys. Lett. 119, 161903 (2021), 

with the permission of AIP Publishing. 
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Figure 3-3: Cross-sectional SEM images of Sr3SnO films grown with Sr/SnOx BEP ratios of 

(a) 12.5, (b) 8.7, (c) 4.2, and (d) 2.1. The films are capped by either (a) TiO2 or (b) to (d) ZrO2 

to prevent degradation in the air. The figure is reprinted from Appl. Phys. Lett. 119, 161903 

(2021), with the permission of AIP Publishing. 
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Figure 3-4: Cross-sectional SEM images of Sr3SnO films growth with the SnOx/Sr BEP ratios 

of (a) 2.0 and (b) 1.5. The films are capped by ZrO2 to prevent degradation in the air. The 

figure is reprinted from Appl. Phys. Lett. 119, 161903 (2021), with the permission of AIP 

Publishing. 
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Figure 3-5:  Wide-angle XRD 2- scan of Sr3SnO films grown the SnOx/Sr BEP ratio of 1.5 

and 2.0, respectively. reflections labeled by asterisk and x are due to Sn-rich impurity phases. 

The figure is reprinted from Appl. Phys. Lett. 119, 161903 (2021), with the permission of AIP 

Publishing. 
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Figure 3-6:  Sheet resistance as a function of temperature between 2 K and 280 K for two 

Sr3SnO films grown with the Sr/SnOx BEP ratios of 12.5 and 4.2, respectively. The figure is 

reprinted from Appl. Phys. Lett. 119, 161903 (2021), with the permission of AIP Publishing. 
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Figure 3-7:  Hall effect for two Sr3SnO films grown with the Sr/SnOx BEP ratios of 12.5 and 

4.2, respectively. The lines show the linear fits of Rxy as a function of magnetic field. The 

figure is reprinted from Appl. Phys. Lett. 119, 161903 (2021), with the permission of AIP 

Publishing. 
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Figure 3-8: (a) Magnetoconductance of a phase-pure Sr3SnO film in the field range of -14 T to 

14 T at different temperatures. (b) Hikami-Larkin-Nagaoka fit for weak antilocalization 

between -0.4 to 0.4 T. The extracted phase coherence lengths are 44 nm, 87 nm, and 146 nm, 

at 50 K, 10 K, and 2 K, respectively. The data is symmetrized. The figure is reprinted from 

Appl. Phys. Lett. 119, 161903 (2021), with the permission of AIP Publishing. 
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Figure 3-9:  Carrier density and mobility as a function of Sr/SnOx BEP ratios for two series of 

Sr3SnO films. The two series of films differ in electrical contacts making method, of which 

one has contacts made by soldering and the other by mechanical pressing. The yellow-shaded 

region indicates the phase pure growth window. Figure reprinted from Appl. Phys. Lett. 121, 

233101 (2022), with the permission of AIP Publishing. 
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Figure 3-10: XRD ω scans of Sr3SnO films grown with Sr/SnOx BEP ratios of 7.6, 8.2, and 

9.1. Figure reprinted from Appl. Phys. Lett. 121, 233101 (2022), with the permission of AIP 

Publishing. 
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Figure 3-11: Sheet resistance as a function of temperature between 280 and 2 K for Sr3SnO 

films grown with Sr/SnOx BEP ratios of 8.2, 7.6, and 9.2, respectively. The data is measured 

by using the mechanical method to make electrical contacts. Figure reprinted from Appl. Phys. 

Lett. 121, 233101 (2022), with the permission of AIP Publishing. 
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The main result from Chapter 3 is that the stoichiometric control of Sr3SnO 

antiperovskite thin films can be achieved in molecular beam epitaxy (MBE) by varying the 

flux ratios of the source materials. The resulting best film has a respectable carrier mobility of 

400 cm2V-1s-1 at 10 K but is not superconducting. One possible reason is that the hole doping 

densities in phase-pure thin films are below 1019 cm-3, two to three magnitudes lower than in 

the superconductive Sr3-xSnO bulk polycrystalline ceramics [43-46]. Therefore, before 

claiming that the superconductivity in bulk Sr3-xSnO crystals is extrinsic (i.e. from impurities), 

the transport behavior of a phase-pure Sr3SnO thin film with higher hole carrier density should 

be explored. This cannot be achieved by using more Sn-rich growth conditions to introduce 

more Sr vacancies (which serve as p-type dopants) because it inevitably causes the formation 

of Sn-rich secondary phases, making the intrinsicality of the results questionable as discussed 

in Chapter 3.  Therefore, an alternative method of introducing p-type carriers into a phase-pure 

Sr3SnO thin film is necessary.  

A p-type dopant in Sr3SnO should have similar structure and size as the replaced atom. 

The dopant needs one less valence electron to make its best chance to serve as a p-type acceptor. 

Therefore, the position of the dopant in the periodic table should be one column left to the 

metal elements in Sr3SnO, and better to be on the same row for comparable structure and sizes. 

The elements sitting left to Sr are alkali metals that are very unstable as source materials inside 

MBE, and therefore get excluded from this study. The group-V element on the same row as Sn 

is In, commonly used in MBE. Ultra-high purity In is commercially available, and the flux 

chart is well-known. Therefore, in this study, In is chosen to be the possible p-type dopant in 

Sr3SnO thin films by substituting the Sn4- on the B-site. 
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In this Chapter, I show that indium (In) can indeed increase the hole carrier density in 

a Sr3SnO thin film to be above 1021 cm-3. The film is however not superconducting. An 

interesting change in the temperature dependence of sheet resistance, Rs, caused by the increase 

of hole carriers is discussed in section 4.2. An observation of superconductivity in partially 

degraded Sr3SnO thin films is shown in section 4.3. 

 The figures in this chapter are reprinted from Appl. Phys. Lett. 121, 233101 (2022), 

with the permission of AIP Publishing. 

4.1 Carrier density and mobility tuned by In dopant 

After In was chosen as the dopant material, an effusion cell with high-purity In (7N, 

United Mineral Corp) was loaded to the oxide MBE (Veeco, GEN 930) used for Sr3SnO thin 

film growth (see Chapter 2 for a detailed introduction). The Sr/SnOx flux ratio used for this 

study was 8.2, and the films were grown to be 400 nm.  

Figure 4-1 (a) shows the carrier density as a function of the In effusion cell temperature. 

The carriers in all In-doped Sr3SnO films are p-type (see Hall effect in Figure 4-2), indicating 

that In5- dopants indeed replace the Sn4- ions on the B-site. No other carriers are found, given 

that no nonlinearity is seen in Hall effect (to 9 T, not shown here). The p-type carrier density 

increases exponentially with the In effusion cell temperature (therefore, it linearly increases 

with the In beam flux), indicating that In atoms are incorporated and activated as acceptors. 

Figure 4-1 (a) also shows that the In cell temperature can be used to finely control carrier 

density in Sr3SnO films. Figure 4-1 (b) illustrates that carrier mobility at 10 K decreases with 

the increase of carrier density (mobility values are extracted from Hall effect (Figure 4-2) and 

sheet resistance (Figure 4-3)). At low temperatures, phonon scattering is significantly 
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prohibited due to the reduced number of phonons, so the scattering is dominated by defects. 

Therefore, the decrease in the carrier mobility shown in Figure 4-1 (b) is most probably due to 

the scattering from the ionized In dopants. Importantly, the highest carrier density of the 

Sr3SnO film is up to 1.5 ×  1021 cm-3, on the same order of magnitude as that of the 

polycrystalline Sr3SnO bulk crystals reported to have superconductivity [43-46]. However, 

none of the films in this study is found to be superconductive, suggesting that Sr3SnO is 

probably not an intrinsic superconductor. 

4.2 Effect of carrier density on the temperature dependence of sheet resistance 

Despite the disappointment of not finding superconductivity in the doped Sr3SnO films, 

two interesting behaviors of the temperature dependence of the sheet resistance are observed. 

As shown in Figure 4-3, with increasing hole carrier density, the localization behavior at low 

temperatures becomes less pronounced and the temperature dependence at higher temperatures 

becomes more linear. 

This can be seen in the more quantitative analysis in Figure 4-4, where dRs/dT is taken 

and fitted into the power law (𝜌 ∝ 𝑇𝑛). The fact that the negative dRs/dT below 20 K disappears 

in the films grown with In temperature above 800 ºC indicates that the more carriers screen the 

localization correction (also expected, as discussed elsewhere [76]). The temperature 

dependence of the resistance at an intermediate temperature range (about 80 K to 200 K) 

changes across the films in Figure 4-4 and becomes almost linear in the film with the highest 

carrier density.  

Figure 4-5 shows that the extracted power n in the intermediate temperature range 

reduces from 1.8 to 1.0 with the increase of carrier density from 4.5 × 1018 to 1.5 × 1021 cm-3. 
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One possible explanation is that at higher carrier densities, Sr3SnO becomes more similar to a 

Bloch-Grüneisen metal. The temperature dependence of a Bloch-Grüneisen metal is linear at 

temperatures higher than the Debye temperature (θD), when the number of phonons scales 

linearly with increased temperature [77]. However, the theoretically calculated θD for Sr3SnO 

is 276 K [78], higher than the temperature range where the linearity is observed. This is 

possibly because θD is reduced in Sr3SnO thin films, similar to the cases in metals with reduced 

dimensions [79-81]. The other possible explanation of the trend is through the band structure 

of Sr3SnO. As reported [82], there are multiple band maxima at the ℾ point. When more carriers 

lower the Fermi level of Sr3SnO, it likely gets close to these band maxima, and then changes 

the power law dependence. Similar phenomena have been seen in Sr2RuO4 (n reduces from 3 

to 1.5) and cuprate (n becomes 1) when their Fermi level reaches the vicinity of Van Hove 

singularity [83, 84].  

4.3 Observation of superconductivity in partially degraded Sr3SnO films 

 Before the application of the mechanical attachment (shown in Figure 2-5), soldering 

inside N2 glove box was used to make the electrical contacts on the Sr3SnO films. The soldering 

work took longer than the mechanical attachment method, and therefore can degrade the films 

more. The degradation products are Sn and hydroxides [43-46]. We observed that fully 

degraded films (exposed directly to atmosphere) are tarnished and the formation of the 

hydroxides is associated with a volume expansion. The resulting products are not conductive. 

However, soldering inside the glove box typically only leads to partial degradation of the 

Sr3SnO films. Of interest is that superconductivity was observed in a few partially degraded 

films. An example is shown in Figure 4-6. The superconducting transition temperature is ~3.5 

K and the critical field is ~100 Oe at 1.75 K, resembling the properties of Sn films grown by 
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MBE (see supplementary materials of reference [85]). Since Sn is one of the resulting products 

from degradation, this adds more suspicion to the nature of the observed superconductivity in 

the polycrystalline Sr3SnO samples. 

4.4 Conclusion 

This chapter shows that indium can be used as a p-type dopant in Sr3SnO antiperovskite. 

Decent carrier density control can be achieved by varying the indium source temperature. 

While maintaining the phase purity of Sr3SnO, the highest carrier density of 1.5 × 1021 cm-3 is 

accomplished. The films at high carrier density are not superconducting, suggesting that 

reported superconductivity in polycrystalline Sr3SnO is extrinsic. Almost linear temperature 

dependence of resistance is observed in the film with the highest carrier density, whose origin 

requires future investigations.  
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Figure 4-1: (a) Carrier density at 10 K of Sr3SnO films (with the stoichiometric Sr/SnOx BEP 

ratio of 8.2) as a function of indium dopant cell temperature during the MBE growth. The 

dashed line shows a linear fit. (b) Reduction of carrier mobilities with increase of carrier 

density at 10 K. The electrical contacts of all the films were made by the mechanical method. 

Figure reprinted from Appl. Phys. Lett. 121, 233101 (2022), with the permission of AIP 

Publishing. 
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Figure 4-2: Hall effects of four Sr3SnO films grown with the same Sr/SnOx BEP ratio of 8.2, 

but with (a) 700 ºC In, (b) 800 ºC In, (c) 820 ºC In, and (d) 850 ºC In. The measurement 

temperature is 10 K. The electrical contacts of all the films were made by the mechanical 

method. Figure reprinted from Appl. Phys. Lett. 121, 233101 (2022), with the permission of 

AIP Publishing. 

 

 

 



62 
 

 

Figure 4-3: Sheet resistance measured between 280 and 2 K of four In doped Sr3SnO films 

grown with the same Sr/SnOx BEP ratio of 8.2 but with different In temperatures as (a) no In, 

(b) 700 ºC, (c) 800 ºC, and (d) 850 ºC. The electrical contacts of all the films were made by the 

mechanical method. Figure reprinted from Appl. Phys. Lett. 121, 233101 (2022), with the 

permission of AIP Publishing. 
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Figure 4-4: Temperature derivative of sheet resistance between 280 and 2 K of four In doped 

Sr3SnO films grown with the same Sr/SnOx BEP ratio of 8.2 but different In temperatures as 

(a) no In, (b) 700 ºC, (c) 800 ºC, (d) 850 ºC In. Dashed lines show the power law fit (𝜌 ∝ 𝑇𝑛), 

and n is labelled in different regimes. The electrical contacts of all the films were made by the 

mechanical method. Figure reprinted from Appl. Phys. Lett. 121, 233101 (2022), with the 

permission of AIP Publishing. 
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Figure 4-5: Extracted n in the intermediate temperature range from the power law fitting (𝜌 ∝

𝑇𝑛) as a function of carrier density. Figure reprinted from Appl. Phys. Lett. 121, 233101 (2022), 

with the permission of AIP Publishing. 
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Figure 4-6: Observation of superconductivity in (a) temperature, and (b) magnetic field scan 

in a partially degraded Sr3SnO film.  
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As is discussed in Chapter 1, BaSnO3 (100) thin films have much lower carrier mobility 

values (up to ~180 cm2V-1s-1) than single crystals (~300 cm2V-1s-1) at room temperature. One 

likely defect limiting the mobility in BaSnO3 thin films are threading dislocations. Threading 

dislocations in thin films originate from strain-relaxation of the lattice mismatch between the 

BaSnO3 thin film and the substrate. In this Chapter, the connection between threading 

dislocations and reduced carrier mobility in BaSnO3 thin films is investigated by growing the 

films on lattice-matched substrates, which should suppress the formation of these defects.   

Figure 5-1 shows the lattice constants of BaSnO3 and commercially available substrates 

commonly used for perovskite growth; most of these substrates have more than 1% mismatch 

with BaSnO3, as SrZrO3 and BaSnO3 are not widely commercially available. Fortunately, a 

vendor was convinced to synthesize SrZrO3 substrates, and the J. W. Kolis group at Clemson 

University managed to grow BaSnO3 substrates for this project [86]. The lattice constant of 

both of these substrates match that of BaSnO3 within 1%. The qualities of the SrZrO3 (100) 

and BaSnO3 (100) substrates are briefly discussed in section 5.1. Notably, the Bravais lattice 

of SrZrO3 is orthorhombic, and it is the pseudo-cubic lattice that is matched with that of 

BaSnO3. Thus, on the SrZrO3 (100) substrate, the growth direction for BaSnO3 is [110]. As is 

introduced in Chapter 1, the previous work at UCSB and in the literature all have studied 

BaSnO3 thin films grown along [100] direction. Therefore, to ensure that the different growth 

direction does not influence the transport behavior, a comparison of BaSnO3 thin film growths 

on SrTiO3 (100) and (110) substrates is discussed in Section 5.2.  

The methodology of the molecular beam epitaxy of BaSnO3 thin films have been 

discussed in Chapter 2. In this Chapter, the SrZrO3 (100) substrates have a size of 3 × 3 mm. 

Therefore, the growth and measurement methods for small sized samples discussed in Section 
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2.3 are applied. The growth conditions in terms of substrate temperature (850 ºC) and SnOx/Ba 

beam equivalent pressure ratio (~25) were pre-calibrated using a DyScO3 (110) substrate. All 

the growths were performed under 1 × 10-5 torr oxygen plasma. The resulting BaSnO3 growths 

on SrZrO3 (100) and BaSnO3 (100) substrates are discussed in Sections 5.3 and 5.4, 

respectively.  

5.1 Evaluation of the SrZrO3 (100) and BaSnO3 (100) substrate 

Figure 5-2 shows x-ray diffraction (XRD) ω scan for a SrZrO3 (100) substrate near the 

SrZrO3 100 peak. As can be seen, the reflection is very broad and splits into many sub-peaks. 

This indicates poor crystallinity and large mosaicity in the substrate. This could affect the 

crystalline quality of the BaSnO3 film because the epitaxy depends on the substrate lattice as 

the template.  

The reflection high-energy electron diffraction (RHEED) pattern of the SrZrO3 (100) 

substrate shown in Figure 5-3 (a) confirms the poor crystallinity, as the reflection pattern is 

highly diffusive. However, the pattern is not spotty, indicating that the surface is not rough (i.e. 

does not have three-dimensional islands). Figure 5-3 (b) shows an atomic force microscope 

(AFM) image of the SrZrO3 (100) substrate. The surface is relatively smooth with no apparent 

defects. The average roughness is below 1 nm. 

Figure 5-4 shows the XRD ω scan for a BaSnO3 (100) substrate near its 100 reflection. 

Compared to Figure 5-2, this reflection is less broad and not split, with only minor shoulders 

near the peak, indicating that the BaSnO3 (100) substrate has a higher crystallinity and less 

mosaicity than the SrZrO3 substrate.  
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The RHEED pattern of the BaSnO3 (100) substrate, shown in Figure 5-5 (a), is slightly 

less diffusive than that of the SrZrO3 (100) substrate. However, it is still worse than that of a 

typical commercial substrate. For example, Figure 5-6 shows the RHEED pattern of a LaAlO3 

substrate. The diffraction pattern has spots aligned with Laue circle and is not diffusive. The 

BaSnO3 (100) substrate surface (see Figure 5-5 (b) for AFM) is rougher than that of the SrZrO3 

(100) substrate, but the roughness is still below 3 nm. 

In summary, the SrZrO3 (100) and BaSnO3 (100) substrates have reasonably smooth 

surfaces for MBE growth. Their crystalline qualities are poorer than commonly used 

commercial substrates, which may negatively impact the structure of the BaSnO3 thin film 

grown on them. Therefore, it will be necessary to use transmission electron microscopy (TEM) 

to ensure the quality of the grown BaSnO3 thin film before reaching any conclusion. 

5.2 Comparison of BaSnO3 growth along [100] and [110] directions 

As mentioned above, the growth direction of BaSnO3 on the SrZrO3 (100) substrate is 

expected to be [110]. Therefore, understanding the effect of growing along that direction is 

essential. Here, the different growth directions are guided by the substrate lattices (SrTiO3 (100) 

and (110)).  

Figure 5-7 shows the RHEED patterns of BaSnO3 grown along [100] and [110] 

directions, respectively. The BaSnO3 (100) film has a streaky RHEED pattern, indicating a 

relatively smooth surface without three-dimensional islands. On the other hand, the RHEED 

for the BaSnO3 (110) film is spotty, indicating the formation of islands. 

Figure 5-8 compares the XRD 2θ-ω scans for the two films shown in Figure 5-7. No 

peak split is observed in both patterns. The only difference is that the Laue thickness fringes 
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of the BaSnO3 (100) film are more pronounced than that of the BaSnO3 (110) film, indicating 

that the BaSnO3 (100) film has a smoother surface and interface. This is consistent with 

RHEED and AFM, shown in Figure 5-9. 

Figure 5-10 shows the electron mobility as a function of carrier density for two series 

of BaSnO3 films grown along [100] and [110] directions, respectively. The carrier density was 

tuned by using different La dopant concentrations. As is discussed in Chapter 1, each mobility 

value has an error bar of order 10 cm2V-1s-1. Therefore, the similar trend of the two series 

shown in Figure 5-10 indicates that different growth directions do not strongly impact transport 

behavior, despite the [100] growth direction resulting in better structural quality. 

5.3 BaSnO3 (110) growth on SrZrO3 (100) substrate 

Figure 5-11 (a) shows the RHEED of a BaSnO3 (110) thin film grown on SrZrO3 (100) 

substrate. As expected, the [110] growth direction leads to a spotty pattern due to the formation 

of islands. Figure 5-11 (b) shows the AFM image of the as-grown BaSnO3 (110) thin film. 

Islands appear on the surface. Such islands are commonly observed due to the Sn-rich growth 

condition and are probably SnO2 (this phenomenon will be discussed in Chapter 6). Figure 5-

12 compares the XRD 2θ-ω scan for the BaSnO3 (110) thin film grown on the SrZrO3 (100) 

substrate and the bare SrZrO3 (100) substrate, which confirmed that the growth direction is 

[110]. 

Figure 5-13 shows a cross-sectional STEM image of a BaSnO3 (110) film on SrZrO3 

(100) substrate. The interface is sharp and abrupt. No misfit dislocations are seen near the 

interface, nor are there extended defects, showing a significant improvement over the film 
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presented in Figure 1-1 (c) and (d). However, the carrier mobility in this film is only 130 cm2V-

1s-1, which is still well below that reported in BaSnO3 single crystals. 

5.4 BaSnO3 (100) growth on BaSnO3 (100) substrate 

Figure 5-14 (a) shows the RHEED pattern of a homoepitaxially grown BaSnO3 (100) 

film. The pattern is not intense but streaky. SnO2 islands are observed in the AFM image 

(Figure 5-14 (b)). Figure 5-15 compares the XRD 2θ-ω scan for the homoepitaxial structure 

and the bare BaSnO3 (100) substrate, which confirms the [100] growth direction. The peak, 

however, tilts toward the higher 2θ angle. This is possibly caused by the non-uniform surface 

observed in the TEM image shown in Figure 5-16 (a). 

Figure 5-16 shows a high-resolution cross-sectional STEM image of the BaSnO3 

homoepitaxial structure, where the arrows label the position of the interface. The interface is 

inclined probably due to polishing issues when the substrate surface was prepared. Defects 

also exist in the bulk substrate, appearing as bright features in the TEM (Figure 5-16 (a)). 

Despite these imperfections, the interface looks sharp and free of misfit dislocation. In addition, 

the high-magnification STEM image in Figure 5-16 (c) shows no extended defects in the 

BaSnO3 film.  

Two homoepitaxial growths were attempted. However, the carrier mobility values are 

only 50 and 120 cm2V-1s-1, respectively. Therefore, similar to the growth on the SrZrO3 (100) 

substrate, the carrier mobility does not show improvement despite the absence of threading 

dislocations. 
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5.5 Conclusion 

Threading dislocations, widely thought to limit electron mobility in BaSnO3 thin films, 

have been eliminated in the films shown in this Chapter by using lattice-matched substrates. 

Because the substrate quality is not as high as that of commonly used substrates, the resulting 

BaSnO3 thin films grown on the lattice-matched substrates also have poorer diffraction and 

AFM results. However, STEM images show that the BaSnO3 thin films are free of threading 

dislocations.  

The electron mobilities in the dislocation-free films are still within the typical range of 

that in BaSnO3 thin films containing threading dislocations. This result indicates that other 

defects, such as point defects, likely dominate in limiting electron mobility. In addition, the 

poor structural quality of the lattice-matched substrates can extend to the films. This would 

require working on the substrate quality improvement. Furthermore, due to the limited supply, 

not enough growths on these lattice-matched substrates were carried out to optimize the 

stoichiometry. A study of point defects in BaSnO3 thin films is discussed in Chapter 6.  
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Figure 5-1: Lattice constants of commercially available substrates commonly used for 

perovskite oxide thin film growth. SrZrO3 and BaSnO3 are used in this study but not widely 

available.  
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Figure 5-2: XRD ω scan for a SrZrO3 (100) substrate near the SrZrO3 100 peak. 
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Figure 5-3: (a) RHEED and (b) AFM images of a SrZrO3 substrate. 
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Figure 5-4: XRD ω scan for a BaSnO3 (100) substrate near the BaSnO3 100 peak. 
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 Figure 5-5: (a) RHEED and (b) AFM images of a BaSnO3 substrate. 
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Figure 5-6: RHEED reflection of a commercially available LaAlO3 substrate. 
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Figure 5-7: RHEED patterns for BaSnO3 thin films grown on (a) SrTiO3 (100) and (b) SrTiO3 

(110) substrate. 
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Figure 5-8: XRD 2θ-ω scans for BaSnO3 thin films grown on (a) SrTiO3 (100) and (b) SrTiO3 

(110) substrate.  
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Figure 5-9: AFM images for the surfaces of the BaSnO3 thin films grown on (a) SrTiO3 (100) 

and (b) SrTiO3 (110) substrate. 
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Figure 5-10: Electron mobilities as a function of carrier density for two series of BaSnO3 

films grown along [100] and [110] directions, respectively.  
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Figure 5-11: (a) RHEED and (b) AFM images of a BaSnO3 thin film grown on SrZrO3 substrate. 
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Figure 5-12: XRD 2θ-ω scans for a BaSnO3 thin film grown on SrZrO3 (100) substrate, and 

the bare SrZrO3 substrate. The scans were performed near BaSnO3 220 peak. XRD courtesy of 

Nick. Combs. 

 

 

 

 

 

BSO 220 

SZO 200 



85 
 

 

 

 

Figure 5-13: STEM images for BaSnO3 thin films grown on SrZrO3 (100) substrate. TEM 

courtesy of Honggyu Kim. 
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Figure 5-14: (a) RHEED and (b) AFM images of a BaSnO3 thin film grown on BaSnO3 

substrate. 
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Figure 5-15: XRD 2θ-ω scans for a homoepitaxially grown BaSnO3 thin film, and the bare 

BaSnO3 substrate. The scans were performed near BaSnO3 200 peak.  
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Figure 5-16: STEM images for a homoepitaxially grown BaSnO3 thin film. The image 

magnification increases from (a) to (c). TEM courtesy of Honggyu Kim. 
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Chapter 6 Point defects in BaSnO3 
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As discussed in Chapter 5, defects other than dislocations likely play a dominant role 

in limiting carrier mobility in BaSnO3. Two- and three-dimensional defects are not observed 

in the transmission electron microscope images. Therefore, this Chapter turns to the 

exploration of point defects in BaSnO3.  

The first type of point defect discussed in Section 6.1 is carbon impurities. As 

introduced in Chapters 1 and 2, using pre-oxidized SnO2 as the Sn source in molecular beam 

epitaxy (MBE) is necessary to improve the carrier mobility above 150 cm2V-1s-1 in BaSnO3 

thin films. However, SnO2 can easily get chemisorbed with carbon when exposed to the 

atmosphere, and the following BaSnO3 thin film growth may therefore incorporate carbon [87, 

88]. In this Chapter, the quantitative secondary-ion mass spectrometry (SIMS) method 

introduced in Section 2.4 is used to measure carbon concentrations in BaSnO3 thin films. 

The second point defect is proposed to be SnBa antisite defect in Section 6.2 by 

analyzing the growth rate, x-ray diffraction (XRD) patterns, and lattice constant.  

Figures 6-1, 6-2, and 6-3 are reproduced from Journal of Vacuum Science & 

Technology A. 38, 043405 (2020), with permission from the American Vacuum Society. 

Figures 6-4, 6-5, and 6-6 are reprinted from Phys. Rev. Materials. 4, 014604 (2020), with 

permission from the American Physical Society Copyright (2020). 

6.1 Carbon concentrations in BaSnO3 thin films grown using SnO2 as source material 

The BaSnO3 thin films discussed in Chapter 5 and section 6.2 were all grown using a 

SnO2 pellet source instead of powder to reduce the surface area and thus air exposure. However, 

in this section, a few films were intentionally grown using SnO2 powder source (for a larger 

surface area) as a comparison to those grown with SnO2 pellets. If the carbon concentration is 
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higher in the films grown with the powder, this may indicate that SnO2 indeed introduces 

carbon contamination due to surface chemisorption.  

Figure 6-1 (a) shows the carbon concentration depth profile for two BaSnO3 films 

grown with the different SnO2 sources (pellets and powder, respectively). The two films have 

similar carrier mobility (150 cm2V-1s-1, and 140 cm2V-1s-1, respectively) and concentrations 

(3.0×1019 cm-3 and 2.8×1019 cm-3, respectively). As discussed in Chapter 1, these two carrier 

mobility values are essentially the same. The discussion here focuses on the interior of the 

BaSnO3 film, where the calibration using standard samples is applied, and the interfacial 

transient is insignificant. The carbon concentrations in the two films are 2.6×1018 and 6.6×1018 

cm-3, respectively. As a comparison, SrTiO3, a heavily studied oxide, can be grown with 

approximately ten times less carbon concentration at only mid-1017 atoms/cm3 carbon despite 

being grown with a carbon-containing precursor [89]. The carbon density in the film grown 

using the SnO2 powder source is about a factor of 2.5 higher than that of the film grown using 

the SnO2 pellet source, indicating the carbon contamination is likely from the SnO2 source. 

Since the nominal high purity (4N) of SnO2 should not lead to such a high carbon impurity on 

the order of 1018 cm-3 inside the film, the origin of the carbon is likely from the surface 

absorbent during air exposure [87, 88]. This also explains why the film grown with SnO2 

pellets have lower carbon concentration. The carbon profiles on the other two samples grown 

with the same conditions but without a capping layer are shown in Figure 6-1 (b), where high 

carbon concentrations are also observed. This ensures that the carbon is not knocked from the 

amorphous silicon overlayer. 

Figure 6-2 shows the carbon profile of a second series of films grown using the SnO2 

pellet source with and without an oxygen plasma, respectively. In general, oxygen plasma 
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cleaning at high temperatures can remove adsorbed carbon from surfaces. However, Figure 6-

2 shows that the carbon concentrations are nearly identical in the interior of the two films. 

Therefore, the supplement of oxygen plasma cannot remove the high carbon impurity in 

BaSnO3 films.  

Figure 6-3 shows the carbon concentrations of the first and last grown BaSnO3 film in 

the same growth series (~30 to 50 samples) using the SnO2 pellet source. It is observed that 

the first and last loads of growth do not differ in the resulting carbon concentrations in the 

films, indicating that the carbon contamination on the surface of SnO2 is not removed by 

cyclically heating the SnO2 source. This is possible because when the materials on the top of 

the crucible evaporate, the material underneath is not outgassed and therefore still carbon 

chemisorbed.  

6.2 Defects on Ba-site in BaSnO3 films grown using SnO2 as source material 

This section shows that a Sn-rich growth condition is needed to achieve electron 

mobility above 150 cm2V-1s-1 in BaSnO3 films grown using SnO2 as a source material due to 

the challenge of oxidizing Sn to a formal 4+ valence state in MBE. In principle, reductive 

conditions favor Sn2+, and oxidative conditions select Sn4+ [90]. This dual valence allows Sn 

to occupy both A and B sites in the perovskite structure and form SnBa antisite defect when it 

takes the Ba site in BaSnO3 [91, 92]. The Sn-rich condition favors this substitution of Sn2+ with 

Ba2+ [91]. At less Sn-rich conditions, a charged defect, Ba vacancy, is likely to form and cause 

lattice expansion.  

The film growth in this section followed the same methodology described in Chapter 

2, except that different oxygen environments were supplied (i.e. the supply of no oxygen, 

molecular oxygen, or oxygen plasma). The SnO2 source was in pellet form. The SnO2/Ba flux 
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ratio was controlled by fixing the SnO2 cell temperature and changing the Ba flux. The growth 

rate was Ba-limited (Figure 6-4), so was not changed by adding more SnOx, indicating SnOx 

was oversupplied. Accordingly, the length of growth time was adjusted so that each film was 

thicker than 35 nm. The film thicknesses were determined by XRD Laue fringes and confirmed 

by x-ray reflectivity (XRR). The thicknesses of a few films showing no Laue or XRR fringes 

due to the poor surface/interface were estimated from the growth rate shown in Figure 6-4.  

Figure 6-5 shows XRD 2θ-ꞷ and rocking curve scan around the BaSnO3 002 reflection 

for films grown with varied SnO2/Ba flux ratios under three different oxygen environments 

(i.e. the supply of no oxygen, molecular oxygen, and oxygen plasma). All the films show the 

002 BaSnO3 reflection. A hump at the small angle side is observed in the no-oxygen sample 

with SnO2/Ba flux ratio of 15, likely due to the presence of a Ruddlesden-Popper phase, 

Ba2SnO4 [93]. The rocking curves are used to evaluate the crystalline quality. For films grown 

without additional oxygen, the three samples with the highest SnO2/Ba flux ratios have 

relatively narrower peaks, consistent with the appearances of Laue fringes, which indicate a 

smooth surface and interface. However, the rocking curve's lower intensity portion is different 

in these samples. As this portion is usually related to the diffuse scattering from point defects, 

the films with narrower widths should have higher mobility values. This is shown in Figure 6-

6 (a). However, the carrier mobility and the width of the rocking curve relationship are 

inconsistent for films grown with additional oxidants. This is probably because oxygen reduces 

the adatom mobility when the flux arrives on the growing film surface [94] and therefore 

reduces crystalline perfection. Furthermore, the fact that BaSnO3 can be successfully grown 

without any oxygen supply indicates that the oxygen needed in BaSnO3 is mainly from the 

SnO2 source. As introduced in Chapter 1, the main species evaporating from the SnO2 cell are 
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~77% SnO, ~20% O, and other molecules. The films are thus grown under oxygen-poor 

conditions. Besides, SnO is the main species, so it is likely that the condition is also Sn-rich, 

which is consistent with the Ba-limited growth rate. This non-stoichiometric (O-poor and Sn-

rich) growth condition will likely induce point defects in compounds without an MBE growth 

window. 

Figure 6-6 shows the out-of-plane lattice parameter and electron mobility as a function 

of SnO2/Ba flux ratios for three series ((a)-(c)) of BaSnO3 films. The most pronounced 

observation is that most out-of-plane lattice constants are smaller than the stoichiometric value, 

4.116 Å. This deviation indicates that there is a point defect contracting the lattice. Cation 

vacancies typically lead to lattice expansion due to the electrostatic effect [95, 96]. Oxygen 

vacancies may also have a moderate lattice expansion effect for BaSnO3 [97]. An exception is 

that the incorporation of Sn2+ to the Ba site may cause lattice contraction due to the smaller 

size of Sn2+ than Ba2+ [98]. This size effect has also been reported in other Sn-containing 

perovskites [92, 99, 100]. Therefore, the small out-of-plane lattice constant might result from 

forming SnBa antisite defects. This hypothesis is consistent with a density functional theory 

(DFT) calculation for BaSnO3 under oxygen-poor and Sn-rich conditions, where Sn2+ ions are 

induced and favored to fill into the Ba site [91]. 

Figure 6-6 (a) also shows that the out-of-plane lattice constant approaches the 

stoichiometric value by decreasing the SnO2/Ba flux ratio. However, the carrier mobility does 

not increase with this apparently improved stoichiometry. Instead, the films become more 

resistive at low SnO2/Ba flux ratios. Therefore, the nominal stoichiometry is likely due to a 

defect-caused lattice expansion when the SnO2/Ba flux ratio is lowered. The expansion 

compensates for the contraction effect from the SnBa antisite defect, leading to the apparent 
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stoichiometric lattice constant. In addition, this point defect should have a strong scattering 

effect that contribute to the poor electron mobility. DFT calculation of BaSnO3 under less Sn-

rich condition [91] shows that Ba vacancies are a possible point defect. Since a Ba vacancy is 

a charged defect, it can cause lattice expansion and serve as a more robust scattering source 

(as an acceptor) compared to the charge-neutral SnBa antisite defect. The formation of Ba 

vacancy also naturally understandable because when Sn-richness in the growth condition 

decreases, the number of Sn2+ that can be filled into the Ba site is also reduced. 

Figure 6-6 also indicates that the supply of molecular oxygen and oxygen plasma will 

shift the growth condition of high-mobility BaSnO3 thin films to less Sn-rich. This is because 

the extra oxygen reduces the need for SnO to supply oxygen. However, the small out-of-plane 

lattice constant still indicates the presence of SnBa antisite defects inside these films. Therefore, 

even with an activated oxygen plasma, the environment is still not oxidative enough. This 

means that SnO must be oversupplied, making the growth condition Sn-rich. To achieve actual 

stoichiometric BaSnO3 films, a more oxidizing growth environment is needed. 

6.3 Conclusion 

The point defects in La-doped BaSnO3 films grown by MBE using Ba, La, and SnO2 

sources with and without additional oxidants have been discussed in this work. High carbon 

contaminations of low- to mid- 1018 atoms/cm3 are detected in all the films. The possible cause 

has been attributed to the chemisorbed carbon on the surface of the SnO2 source material due 

to the exposure to air. Neither oxygen plasma nor SnO2 source outgassing is effective to reduce 

the carbon concentrations in the films. Using large SnO2 crystals is probably an approach to 

lower the surface adsorbent. Except for carbon impurity, an analysis of the growth rate, XRD 

patterns, and lattice constant indicates that Sn-rich and O-poor growth conditions are present 
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during all the films’ growths. It is because the growth environment is not sufficiently oxidative, 

so SnO needs to be oversupplied as the primary source of oxygen. The excess Sn ions with the 

valence state of 2+ are accommodated into the Ba site as an antisite defect. Less Sn-rich growth 

condition leads to the formation of Ba vacancies, which compensate the lattice contraction 

effect from SnBa antisite defects. Ba vacancies are a charged defect and thus reduce the electron 

mobility in the films. To fully oxidize the films, a more oxidizing environment is needed. 

However, it is difficult to achieve this environment in MBE. Both carbon impurities and SnBa 

antisite defects are of importance because they may bound thin film mobility. Future work 

should focus on reducing these defects. A possible method of using oxygen-contained 

metalorganics is proposed in Chapter 7. 
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Figure 6-1: SIMS carbon impurity concentration as a function of etching time for BaSnO3 films 

grown using pellet and powder SnO2 sources, respectively.  The line connecting data points is 

used as a guide for the eye.  The quantitative concentration is valid only in the BaSnO3 film 

interior, calibrated using standard samples. All films were grown with oxygen plasma. The 

films in (a) are capped with silicon. The films in (b) are uncapped. Figure reprinted from [101], 

with permission from the American Vacuum Society. 
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Figure 6-2: SIMS carbon impurity concentration as a function of etching time for two BaSnO3 

films grown using pellet SnO2 sources, with and without oxygen plasma.  The line connecting 

data points is used as a guide to the eye. The quantitative concentration is valid only in the 

BaSnO3 film interior, calibrated using standard samples. Figure reprinted from [101], with 

permission from the American Vacuum Society. 
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Figure 6-3: SIMS carbon impurity concentration as a function of etching time for BaSnO3 films 

grown using pellet with (a) oxygen plasma assisted and (b) no oxygen assisted. The plots show 

the first and last samples in the growth series. The line connecting data points is used as a guide 

to the eye. The quantitative concentration is valid only in the BaSnO3 film interior, calibrated 

using standard samples. Figure reprinted from [101], with permission from the American 

Vacuum Society. 
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Figure 6-4: BaSnO3 growth rate as a function of Ba beam equivalent pressure. Figure reprinted 

from [102], Copyright (2020) by the American Physical Society. 
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Figure 6-5: 2θ-ꞷ scans for BaSnO3 films grown with different SnO2/Ba flux ratios. The 

measurements are performed around 002 reflection on the samples grown with (a) no oxygen, 

(b) molecular oxygen, and (c) oxygen plasma. (d)-(f) are the rocking curves for the samples in 

(a)-(c), respectively. Figure reprinted from [102], Copyright (2020) by the American Physical 

Society. 
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Figure 6-6: The out-of-plane lattice parameter and carrier mobility for BaSnO3 films grown 

with different SnO2/Ba flux ratios. The samples are grown with (a) no oxygen, (b) molecular 

oxygen, and (c) oxygen plasma. Figure reprinted from [102], Copyright (2020) by the 

American Physical Society. 
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7.1 Summary of work 

This thesis focused on exploring and understanding the structural and electrical 

properties of antiperovskite Sr3SnO and perovskite BaSnO3. Although both materials are 

stannates, their properties are very different. Sr3SnO is of interest due to its topological band 

structure and the possible superconductivity observed in bulk Sr3-xSnO polycrystalline 

ceramics, while BaSnO3 attracted attention as a transparent conducting oxide. In addition, the 

current challenges in the study of Sr3SnO and BaSnO3 are naturally different. For Sr3SnO, the 

most challenging problem is that this material is highly air sensitive and therefore hard to 

design experiments for structural characterization and electrical measurements. For BaSnO3, 

the carrier mobility has a bottleneck, and improvement was insufficient. 

In this work, the use of molecular beam epitaxy (MBE), introduced in Chapters 2 and 

3, enabled the growth of Sr3SnO and BaSnO3 thin films. This allowed for research regarding 

the materials property characterization and perfection. For Sr3SnO antiperovskite, due to its 

extreme air sensitivity, a series of air-isolated methods were developed to characterize the 

phase purity and intrinsic transport properties. The characterization results showed that phase-

pure conducting Sr3SnO films could be grown by MBE, where the carriers were p-type likely 

from the Sr deficiency. However, broad-range tuning of carrier density by varying the 

stoichiometry was not permitted in phase-pure Sr3SnO films because the deliberate creation of 

Sr vacancies introduced larger concentrations of Sn-rich secondary phases. As discussed in 

Chapter 4, a p-type dopant must be used to tune the carrier density while maintaining the phase 

purity of Sr3SnO. The use of indium successfully increased the carrier density above 1021 cm-

3, where bulk Sr3-xSnO polycrystalline ceramics were found to be superconductive. However, 

the superconducting transition was not observed in the phase-pure indium-doped Sr3-xSnO film. 
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Therefore, the observed superconductivity in the bulk Sr3-xSnO crystals is likely extrinsic. 

Despite that, interesting phenomena were reported in Chapters 3 and 4, such as a weak-

antilocalization behavior and a linear temperature dependence in sheet resistance at a high 

carrier density regime.  

Aside from the the observation of weak antilocalization (see Chapter 3 and [49]) and 

planar Hall effect [50], more direct evidence of the topological nature of Sr3SnO in transport 

are missing. Properties such as the giant linear magnetoresistance and quantum oscillations, 

which would allow for more insights into the bulk electronic structure and, possibly, surface 

or boundary states, can only be observed when the material has a much higher carrier mobility 

than what was observed here [103, 104]. The highest hole carrier mobility in the Sr3SnO films 

discussed in this work is only 400 cm2V-1s-1, a magnitude to magnitudes lower than the 

mobilities in typical topological semimetals. The low hole carrier mobilities in the Sr3SnO 

films are possibly caused by the defects scattering and film degradation, as the degradation can 

only be reduced but not avoided. Therefore, thickness dependence study cannot be used to 

reveal (if there is) a conductive surface state because the degraded products can influence the 

overall transport behavior.  

Another missing signature is the expected mixed n-type and p-type conductivity when 

the Fermi level gets close to the gapped Dirac node. This is possibly caused by a combined 

effect of relatively high hole carrier density of mid-1018 cm-3 (therefore the Fermi level is not 

very close to the Dirac node).  

Experiments involving BaSnO3 can be performed in the air, so the characterization 

techniques are more straightforward than that for Sr3SnO. The main challenge for BaSnO3 thin 

films is perfecting the materials structure so that the carrier mobility in thin films can be as 
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high as in bulk BaSnO3 crystals. The well-known and recognized mobility-limiting defect is 

threading dislocation resulting from the lattice mismatch between BaSnO3 films and widely 

available substrate. This extended defect in BaSnO3 films is cleared using SrZrO3 and BaSnO3 

substrates, as discussed in Chapter 5. However, the carrier mobility is still not improved, 

although the transmission electron microscopic images show that the films are dislocation free. 

More film growths experiments on these substrates to optimize the stoichiometry is desired, 

limited here by COVID and lack of supply of more substrates. Chapter 6 shows that carbon 

impurity and SnBa antisite defects are found in BaSnO3 thin films. These point defects are 

suspected to be the cause of the lower carrier mobility in BaSnO3 thin films than in bulk 

crystals.  

7.2 Directions for future work in Sr3SnO 

7.2.1 Indium dopant in bulk Sr3SnO crystals 

The understanding of the roles of the impurity phases in the superconductivity of bulk 

Sr3-xSnO crystals is poor. Before this work, x-ray diffraction (XRD) was the only method used 

to detect the impurity phases in the bulk and thin film Sr3SnO, which is found to be insufficient, 

as introduced in Chapter 3. Microscopic images must be used as a supplement to make sure 

phase purity. 

  In this work, phase-pure indium doped Sr3SnO thins films with carrier density above 

1021 cm-3 are observed not to be superconductive, leading to the suggestion that the 

superconductivity observed in bulk Sr3SnO crystals is impurity-caused. This hypothesis can 

be investigated by performing the same experiments in thin films to bulk crystals. Specifically, 

stoichiometric bulk Sr3SnO crystals can be grown first, and the phase purity can be checked 
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by XRD and a scanning electron microscope equipped with a focused ion beam. These samples 

can then be doped with indium to increase the carrier density above 1021 cm-3. This can double 

check the intrinsicality of the superconductivity.  

7.2.2 The origin of the linear-in-temperature resistance of highly doped Sr3SnO thin films 

As introduced in Chapter 4, the temperature dependence (80 K < T < 200 K) of sheet 

resistance becomes more linear with the increase of carrier density. The origin of this trend is 

not well understood. Whether or not it is related to the position of the Fermi level in the band 

structure is still unknown. Therefore, further theoretical investigation could propose possible 

explanations and predict transport behavior as a function of the Fermi level position. 

Experimental work can then follow by validating the theories since indium has proven capable 

of precisely controlling carrier density (therefore, Fermi level).  

7.3 Directions for future work in BaSnO3 

7.3.1 Improving the quality of lattice-matched substrates 

As introduced in Chapter 5, BaSnO3 films were grown on lattice-matched substrates 

and thus cleared from threading dislocations. However, the carrier mobility values were not 

improved. Therefore, we suspect that other defects may limit the mobility. This result is a 

speculation instead of a conclusion because the crystalline quality of the substrates is not as 

excellent as other commercially available substrates. The not-improved carrier mobility in 

BaSnO3 films is possibly just due to the extended poor crystalline quality. Therefore, more 

work on improving the quality of the lattice-matched substrate is needed.  
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7.3.2 Using oxygen-contained Sn metalorganics for BaSnO3 films 

As discussed in Chapter 6, the formation of SnBa antisite defects is fundamentally due 

to the O-poor growth environment. Potentially, this issue can be solved by using a higher 

oxygen plasma flux or more active oxidants. However, this could lead to the surface oxidation 

of the metal source materials, decreasing the fluxes from the effusion cells.  

An alternative approach to introducing more oxygen to the growth is incorporating it 

into a metalorganic precursor as source material. For example, titanium tetraisopropoxide can 

be used to grow stoichiometric SrTiO3 without supplying additional oxygen. (CH3)6Sn2 has 

been used to grow BaSnO3 thin films in MBE [96]. However, (CH3)6Sn2 contains no oxygen, 

so the resulting carrier mobility is not improved [96]. Tin tert-butoxide (TTB) that contains 

four oxygen atoms around a tin atom has been used for BaSnO3 growth by Chris Freeze (former 

student in the Stemmer group at UCSB), while the conclusion is that the precursor decomposes 

in the supply lines at the temperatures sufficient to sustain enough vapor pressure [30].  

No other oxygen-contained Sn metalorganic precursors have been tried to date. This is 

probably due to the high cost of testing a metalorganic precursor source in MBE. However, 

finding a proper precursor can be done in a simplified system that only includes a precursor 

source, a supply line, a space equipped with an ion gauge, and a pump (see Figure 7-1 as an 

example). The expensive and easy-to-block linear leak valve (introduced in Chapter 2) can be 

avoided because the system only needs to ensure enough flux (not precise control) of the 

precursor can pass through the supply line without decomposition like TTB. Such a system 

can be built without much cost. In addition, chemistry labs can also focus on synthesizing an 

oxygen-contained Sn metalorganic precursor based on the need for MBE use.  
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Figure 7-1: A system used to test the functionality of metalorganic precursors. The precursor 

is filled in a bubbler that valves can seal. A supply line connects the bubbler with a T-shape 

tube equipped with an ion gauge. The T-shape tube simulates the environment of a MBE 

growth chamber and is pumped by a turbo. The bubbler and the supply line are warped by 

heating tapes and Al foils to increase the temperature to achieve sufficient vapor pressure. 
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