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Nuts and Bolts of Oxide MBE

How to grow your favorite oxide by MBE?
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> Lecture #3—Composition Control and Calibration

> Lecture #4—Epitaxy, Substrates, and Crystal Growth



Composition Control ¥ “ARADIM

» Adsorption-Controlled Growth

> Flux-Controlled Growth
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A Cold Wall in a Hot-Wall Reactor
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MBE also Works for Oxides—Properties

Material Best MBE Figure of Merit Best non-MBE Figure of Merit References
ZnO te = 230,000 cm?/(V-s) at 1 K Ue = 5,500 cm?/(V-s) at 1 K 1,2
SrTiO, Ue = 53,200 cm?/(V-s) at 2 K Ue = 6,600 cm2/(V-s) at 2 K 3,4
EuTiO, Ue = 3,200 cm?2/(V-s) at 2 K e =30 cm?/(V-s) at 2 K 5,6
SrSn0; te = 70 cm?/(V-s) at 300 K te = 40 cm?/(V-s) at 300 K 7,8
BaSnO; te = 183 cm?/(V-s) at 300 K Lo = 140 cm?2/(V-s) at 300 K 9,10
CaRuO; Riook / Rix =75 Riook / Rayx = 42 11,12
SrRuO, R0k / Rigk = 115 Riook / Rigk = 14 13,14
Sr,RuO, T midpoint = 1.8 K Te midpoint = 1.1 K 15,16
SrVO, Rio0k / Rsy = 222 R0k / Rsy = 2 17,18
EuO Metal-insulator transition Metal-insulator transition 19,20
AR/R=10" AR/R=5x104

1J. Falson, Sci. Rep. 6 (2016) 26598.
ZA. Tsukazaki, Science 315 (2007) 1388-1391.
3T. A. Cain, Appl. Phys. Lett. 102 (2013) 182101.
4Y. Kozuka, Appl. Phys. Lett. 97 (2010) 012107.
°K. Maruhashi, Adv. Mater. 32 (2020) 1908315.
¢K.S. Takahashi, Phys. Rev. Lett. 103 (2009) 057204.
T. Truttmann, Appl. Phys. Lett. 115 (2019) 152103.

8E. Baba, J. Phys. D: Appl. Phys. 48 (2015) 455106.

°H. Paik, APL Mater. 5 (2017) 116107.
10A.P. Nono Tchiomo, APL Mater. 7 (2019) 041119.
""H.P. Nair, APL Mater. 6 (2018) 046101.
125, Esser, Eur. Phys. J. B 87 (2014) 133.
3H. Nair, presented at Spring MRS Meeting (2019).
14D, Kan, J. Appl. Phys. 113 (2013) 173912.

SH.P. Nair, APL Mater. 6 (2018) 101108.
16J. Kim, Nano Lett. 21 (2021) 4185-4192.
17J.A. Moyer, Adv. Mater. 25 (2013) 3578-3582.
18W.C. Sheets, Appl. Phys. Lett. 91 (2007) 192102.
19D.V. Averyanov, Nanotechnology 29 (2018) 195706.
20T, Yamasaki, Appl. Phys. Lett. 98 (2011) 082116.



Adsorption-Controlled Growth of GaAs
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Adsorption-Controlled Growth of PbTiO,
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Adsorptlon Controlled Growth of PbTiO;
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Adsorption-Controlled Growth of “ARADIM
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e Plumbites
- PbTiO; — C.D. Theis et al., J. Cryst. Growth 174 (1997) 473-479.

- PbZrO; — (unpublished)

e Bismuthates
- Bi,5r,CuO, — S. Migita et al., Appl. Phys. Lett. 71 (1997) 3712-3714.
- Bi,Ti304, — C.D. Theis et al., Appl. Phys. Lett. 72 (1998) 2817-2819.
- BiFeO3; — J.F. Inlefeld et al., Appl. Phys. Lett. 91 (2007) 071922.
- BIMNO; — J.H. Lee et al., Appl. Phys. Lett. 96 (2010) 262905.
- BiVO, — S. Stoughton et al., APL Materials 1 (2013) 042112.
- Bi,Sn,0-, and Bi,Ru,0- — (unpublished)

e Ferrites
- LuFe,0, — C.M. Brooks et al., Appl. Phys. Lett. 101 (2012) 132907.
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e Ruthenates
- SrRUO; - D.E. Shai et al., Phys. Rev. Lett. 110 (2013) 087004.
- Ba,RuQ, — B. Burganov et al., Phys. Rev. Lett. 116 (2016) 197003.
- CaRuO; — H.P. Nair et al., APL Mater. 6 (2018) 046101.

- Sr,RUO, — H.P. Nair et al., APL Mater. 6 (2018) 101108.
- Ca,RuQ, — (unpublished)
e Iridates
- Ba,lrO,— M. Uchida et al., Phys. Rev. B 90 (2014) 075142.
- SrirO; and Sr,IrO4 — Y.F. Nie et al., Phys. Rev. Lett. 114 (2015) 016401.

e Stannates
- BaSn0O; — H. Paik et al., APL Materials 5 (2017) 116107.

e Other
- EUuO — R.W. Ulbricht et al., Appl. Phys. Lett. 93 (2008) 102105.
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e Titanates by MOMBE
- SrTiO; — B. Jalan et al., Appl. Phys. Lett. 95 (2009) 032906.

- GdTiO; — P. Moetakef et al., J. Vac. Sci. Technol. A 31 (2013) 041503.
- BaTiO5 — Y. Matsubara et al., Appl. Phys. Express 7 (2014) 125502.

- CaTiO; — R.C. Haislmaier et al., Adv. Funct. Mater. 26 (2016) 7271.

« Vanadates by MOMBE
- LaVO; — H.-T. Zhang et al., Appl. Phys. Lett. 106 (2015) 233102.
- (La,Sr)VO; — M. Brahlek et al., Appl. Phys. Lett. 109 (2016) 101903.

e Stannates by MOMBE
- SrSn0O; — T. Wang et al., Phys Rev Mater. 1 (2017) 061601.
- BaSnO; — A. Prakash et al., J. Mater. Chem. C 5 (2017) 5730.



Adsorption-Controlled Growth of

e Stannates by Suboxide MBE
- SNO — A.B. Mei et al., Phys. Rev. Mater. 3 (2019) 105202.

- Sr3Sn0 - Y. Ma et al. Adv. Mater. 32 (2020) 2000809.
- Ta,SNO, — M. Barone et al. J. Phys. Chem. C 126 (2022) 3764-3775.

e Gallates by Suboxide MBE
- Ga,03 — P. Vogt et al., APL Mater. 9 (2021) 031101.

e Indates by Suboxide MBE
- In,03 — P. Vogt et al., Phys. Rev. Appl. 17 (2022) 034021 .



Adsorption-Controlled Growth of Bi, 11,0,
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Adsorptlon Controlled Growth of Bi,Ti,0,,
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Adsorption-Controlled Growth of Bi, 11,0,
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Adsorption-Controlled Growth of BaSnO,
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Adsorption-Controlled Growth of EuO

YAIO, without Eu flux (Q)
Eu Flux = I.1 X 10'* Eu atoms/(cm?s), T,,, =590 ° C

EuO film thickness (from RBS) after 30 min .

YAIO, with Eu flux (b)

v 0

with EuO depostion (C)
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Adsorption-Controlled Growth of SrTiO,
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Single-Phase Field of GaAs vs. PbTiO;
GaAs

PbTi0; + Ti0y(ss)
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Fig. 8337—Q0aAs solidus curve. Curves represent the caleu-
lated deviations from stoichiometry for solid GaAs.

A. I. Ivashchenko, F. Ya. Kopanskaya, and G. S. Kuz-
menko, J. Phys. Chem. Solids, 45 [8-9] 871-875 (1984).




Thermodynamics of Sr,RuQO, by MBE
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Thermodynamics of Sr,RuQO, by MBE
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Thermodynamics of Sr,,,Ru_O;.., by MBE

Temperature ("C)
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Thermodynamics of Sr,,,Ru_O;.., by MBE

Temperature ("C)
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Thermodynamics of Sr,,,Ru_O;.., by MBE

Temperature ("C)
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Benchmarking SrRuQO; Films and Crystals

Best PLD Film Best Prior MBE Film Best Single Crystal
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Thermodynamics of Sr,,,Ru_O;.., by MBE
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Superconducting Sr,RuO, Films

55 nm thick Sr,Ru0O, on (110) NdGaO;
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Challenge
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Composition Control ¥ “ARADIM

> Flux-Controlled Growth
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Fluorescent
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Incident
beam

FIG. 1. Schematic diagram of RHEED geometry showing the incident beam
at an angle # to the surface plane; azimuthal angle ¢. The elongated spots

indicate the intersection of the Ewald sphere with the 01, 00, and 01 rods.
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RHEED Oscillations
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How to Calibrate Growth Rate
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» Shadow Mask and Surface Profilometer

» Quartz Crystal Microbalance

> lon Gauge

» RHEED Oscillations (and shuttered RHEED oscillations)
» Changes in RHEED Pattern (e.g., reconstructions)
» Rutherford Backscattering Spectrometry

» Mass Spectrometer

» Atomic Absorption Spectroscopy

» Atomic Emission Spectroscopy

> X-Ray Reflectivity

> Ellipsometry, ...



Binary Oxide Calibration Method # ~ARADIM

« RHEED Oscillations or X-Ray Reflectivity
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Binary Oxide Calibration Method

Example: Calibration to grow La,,,Sr,,,C00;
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Calibration

y RHEED Reconstruction

»

2 Monolayers SrO
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Calibration by RHEED Reconstruction
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Calibration by RHEED Reconstruction
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