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Epitaxial Growth

D.G. Schlom, L.Q. Chen, 
X.Q. Pan, A. Schmehl, and 

M.A. Zurbuchen,
Journal of the American 

Ceramic Society 91 (2008) 
2429-2454. 



RHEED of YBa2Cu3O7

T. Terashima, Y. Bando, K. Iijima, K. Yamamoto, K. Hirata, “Epitaxial 
Growth of YBa2Cu3O7−x Thin Films on (110) SrTiO3 Single Crystals by 

Activated Reactive Evaporation,”
Appl Phys Lett. 53 (1988) 2232–2234. 



Epitaxial Growth

ABO3 / A’B’O3

“Cube-on-Cube”

YBa2Cu3O7

Bi4Ti3O12

R. Ramesh and D.G. Schlom, Science 296 (2002) 1975–1976. 



RHEED of Bi2Sr2CaCu2O8+d (Bi-2212)

twinned film

(90°in-plane rotation twins)

untwinned film



D. Kan, R. Aso, H. Kurata, and Y. Shimakawa,
J. Appl. Phys. 113 (2013) 173912 .

Best PLD Film
ρ300 K / ρ10 K = 14.1

~20 nm SrRuO3 / (110) NdGaO3

of the compressively strained film (on the NGO substrate) is
lower than that of the tensilely strained film (on the GSO
substrate). Furthermore, the residual resistivity ratio (RRR)
qxx(300 K)/qxx(10 K) for the compressively strained film is
14.1, whereas the RRR for the tensilely strained film is 1.7.
The observations indicate that the metallic conduction in
SRO is preferred under the compressive strain. The ferro-
magnetic transition temperature, which is observed as a
hump in the qxx-T curve in Fig. 4, also depends on the
substrate-induced strain. For the compressively strained film,
the transition temperature TC is 155 K. This is higher by 5 K
than that of SRO films on (001) STO substrates, which are
under the !0.6% and have a TC of 150 K.14,15 The TC for the
tensilely strained films is much lower, i.e., 100 K. One possi-
bility could be that the crystal field splitting modified by the
strain-induced octahedral deformation, which leads to
changes in the electron occupation in the t2g orbitals of the
Ru4þ ion,27–29 has strong influence on electronic properties
of the tetragonal SRO films.

To further investigate the substrate-induced strain effect
on the properties of the films, we have measured the trans-
verse Hall resistivity qxy, which consists of the ordinary and
anomalous parts. For the ordinary part RoH, where Ro and H
are, respectively, an ordinary Hall coefficient and a magnetic
field, the coefficient Ro is inversely proportional to the
charge density n. The anomalous part qAHE is associated
with the magnetization M. Figures 5(a) and 5(b) show the
magnetic field dependence of qxy at various temperatures
below Tc for the films on NGO and GSO substrates, respec-
tively. The data were obtained with a current applied along
the [001]SRO direction and a magnetic field applied along the

[010]SRO direction. For both films, the ordinary parts of qxy

are found to be negative in the temperature regions studied
here. The carrier densities 1/eRo (e is the electronic change
of the single electron) and the Hall mobility Ro/qxx were cal-
culated from the slopes of the ordinary part (in the field
range from 1 to 3 T for the NGO case and from 5 to 8 T for
the GSO case) and are shown in Figs. 5(c) and 5(d), respec-
tively. It is seen that irrespective of the substrate, the carrier
number (Fig. 5(c)) is 2–3# 1022 cm!3 and is less independ-
ent of temperature, while the Hall mobility (Fig. 5(d)) shows
significant dependence on the substrate-induced strain. For
the compressively strained film (on the NGO substrate),
the Hall mobility increases at low temperature and reaches
10 cm2/V s at 10 K. On the other hand, the mobility for the
film under tensile strain remains constant at $0.8 cm2/V % s.
The difference in the mobility would explain why the com-
pressively strained films exhibit the metallic behavior with
the low RRR value.

We also see a profound strain effect on the anomalous
part qAHE. The film on the NGO substrate (Fig. 5(a)) shows
the square-shaped hysteresis, confirming the ferromagnetic
ordering and the magnetic moment having a component
along the [010]SRO (out-of-plane) direction. On the other
hand, the film on the GSO substrate (Fig. 5(b)) shows no hys-
teresis in the qxy-H curve, indicating that the magnetic
moment aligns along the in-plane direction of the film. It is
also interesting to point out that the sign of qAHE for both
films remains unchanged against the temperature variations.
This is in stark contrast to what is seen with the orthorhombic
film on a STO substrate,10,30,31 where the sign of qAHE

changes from positive to negative as the temperature
decreases. The temperature dependence of the qAHE possibly
depends on the crystal structure that changes the Fermi sur-
face morphology.

FIG. 4. Temperature dependence of longitudinal resistivities of the tetrago-
nal SRO films on NGO and GSO substrates. The ferromagnetic transition
temperature Tc determined by the derivative of the curve is denoted by the
arrows.

FIG. 5. (a) and (b) Magnetic field dependence of the transverse Hall resistiv-
ity for the tetragonal SRO films grown on (a) NGO and (b) GSO substrates.
(c) Carrier density of the films as a function of temperature. (d) Hall mobil-
ity of the films as a function of temperature.

173912-4 Kan et al. J. Appl. Phys. 113, 173912 (2013)

A.P. MacKenzie, J.W. Reiner, A.W. Tyler, 
L.M. Galvin, S.R. Julian, M.R. Beasley,

T.H. Geballe, and A. Kapitulnik, Physical 
Review B 58 (1998) 13318–13321.

Best Prior MBE Film
ρ300 K / ρ0 K = 60

~100 nm SrRuO3 / 2° miscut
(100) SrTiO3

N. Kikugawa, R. Baumbach, J.S. Brooks,
T. Terashima, S. Uji, and Y. Maeno,

Crystal Growth & Design 15 (2015) 5573–5577.

Best Single Crystal
ρ300 K / ρ0 K = 192

SrRuO3 single crystal

Benchmarking SrRuO3 Films and Crystals



Outline of MBE Lectures

Ø Detailed Examples of Oxide MBE 
Lectures #5,6 — Suboxide MBE

High Purity Synthesis of Binary Oxides

Ø How can I gain access to an oxide MBE if I don’t have 
one? 
Use PARADIM’s oxide MBE (+ ARPES + ...)



Why Ga2O3?

J.Y. Tsao, S. Chowdhury, M.A. Hollis, D. Jena, N.M. Johnson, K.A. Jones, R.J. Kaplar,
S. Rajan, C.G.V. de Walle, E. Bellotti, C.L. Chua, R. Collazo, M.E. Coltrin, J.A. Cooper,

K.R. Evans, S. Graham, T.A. Grotjohn, E.R. Heller, M. Higashiwaki, M.S. Islam, P.W. Juodawlkis, 
M.A. Khan, A.D. Koehler, J.H. Leach, U.K. Mishra, R.J. Nemanich, R.C.N. Pilawa-Podgurski,

J.B. Shealy, Z. Sitar, M.J. Tadjer, A.F. Witulski, M. Wraback, and J.A. Simmons,
“Ultrawide-Bandgap Semiconductors: Research Opportunities and Challenges,”

Advanced Electronic Materials 4 (2018) 1600501.

b-Ga2O3 has High Bandgap
Eg = 4.7 eV

High Breakdown Field
Emax ≈ 5 MV/cm

High Baliga Figure of Merit

Dopable n-Type with good 
mobility
ED ≈ 0.02 eV (Si)
µ ≈ 200 cm2/(V·s)

Thermal Conductivity
k = 11-29 W/(m K) 

4” b-Ga2O3
Single-Crystal 

Substrate



Conventional (Ga) MBE of b-Ga2O3

Low Growth Rate
• Growth Rate:  0.2 µm/hr (maximum reported is 0.7 µm/hr)
• Peak Mobility at this Growth Rate:  120 cm2/(V·s) at room temperature

MOCVD is considerably better
• Growth Rate:  ~0.5 µm/hr (up to 10 µm/hr reported)
• Peak Mobility at this Growth Rate:  194 cm2/(V·s) at room temperature

Can MBE be improved for the growth of b–Ga2O3? 

E. Ahmadi, O.S. Koksaldi, S.W. Kaun, Y. Oshima, D.B. Short, U.K. Mishra, and J.S. Speck,
“Ge Doping of β-Ga2O3 Films Grown by Plasma-Assisted Molecular Beam Epitaxy,” Applied Physics Express 10 (2017) 041102.

Z. Feng, A.F.M.A.U. Bhuiyan, Z. Xia, W. Moore, Z. Chen, J.F. McGlone, D.R. Daughton, A.R. Arehart, S.A. Ringel, S. Rajan, and H. Zhao,
“Probing Charge Transport and Background Doping in Metal-Organic Chemical Vapor Deposition-Grown (010) β-Ga2O3,”

Physica Status Solidi RRL 14 (2020) 2000145.



Conventional (Ga) MBE of b-Ga2O3

P. Vogt and O. Bierwagen,
“The Competing Oxide and Sub-Oxide Formation in Metal-Oxide Molecular Beam Epitaxy,”

Applied Physics Letters 106 (2015) 081910.



Conventional (Ga) MBE of b-Ga2O3

2-step reaction mechanism explains:

фGa = 2/3 фO :   2 Ga(g) + 3 O(g) → Ga2O + 2 O → Ga2O3 (s) (full Ga incorporation)

фGa = 2фO :   6 Ga(g) + 3 O(g) → 3 Ga2O   …   no oxygen  →  no Ga2O3(s)  formation

P. Vogt and O. Bierwagen,
“The Competing Oxide and Sub-Oxide Formation in Metal-Oxide Molecular Beam Epitaxy,”

Applied Physics Letters 106 (2015) 081910.

P. Vogt and O. Bierwagen,
“Quantitative Subcompound-Mediated Reaction 

Model for the Molecular Beam Epitaxy of III-VI and 
IV-VI Thin Films: Applied to Ga2O3, In2O3, and SnO2,” 

Physical Review Materials 2 (2018) 120401.



Conventional (Ga) MBE of b-Ga2O3

2-step reaction mechanism explains:

фGa = 2/3 фO :   2 Ga(g) + 3 O(g) → Ga2O + 2 O → Ga2O3 (s) (full Ga incorporation)

фGa = 2фO :   6 Ga(g) + 3 O(g) → 3 Ga2O   …   no oxygen  →  no Ga2O3(s)  formation

P. Vogt and O. Bierwagen,
“The Competing Oxide and Sub-Oxide Formation in Metal-Oxide Molecular Beam Epitaxy,”

Applied Physics Letters 106 (2015) 081910.

P. Vogt and O. Bierwagen,
“Quantitative Subcompound-Mediated Reaction 

Model for the Molecular Beam Epitaxy of III-VI and 
IV-VI Thin Films: Applied to Ga2O3, In2O3, and SnO2,” 

Physical Review Materials 2 (2018) 120401.



Conventional (Ga) MBE of b-Ga2O3

2-step reaction mechanism explains:

фGa = 2/3 фO :   2 Ga(g) + 3 O(g) → Ga2O + 2 O → Ga2O3 (s) (full Ga incorporation)

фGa = 2фO :   6 Ga(g) + 3 O(g) → 3 Ga2O   …   no oxygen  →  no Ga2O3(s)  formation

P. Vogt and O. Bierwagen,
“The Competing Oxide and Sub-Oxide Formation in Metal-Oxide Molecular Beam Epitaxy,”

Applied Physics Letters 106 (2015) 081910.

P. Vogt and O. Bierwagen,
“Quantitative Subcompound-Mediated Reaction 

Model for the Molecular Beam Epitaxy of III-VI and 
IV-VI Thin Films: Applied to Ga2O3, In2O3, and SnO2,” 

Physical Review Materials 2 (2018) 120401.



Suboxide (Ga2O) MBE of b-Ga2O3

2-step reaction mechanism explains:

фGa = 2/3 фO :   2 Ga(g) + 3 O(g) → Ga2O + 2 O → Ga2O3 (s) (full Ga incorporation)

фGa = 2фO :   6 Ga(g) + 3 O(g) → 3 Ga2O   …   no oxygen  →  no Ga2O3(s)  formation

Ga 2
O(g

) +
 2 

O(g
)

à
Ga 2

O 3
(s)

 

Ga2O(g) à Ga2O(g)



Use Ga2O3(s) rather than Ga(!)?

K.M. Adkison, S-L. Shang, B.J. Bocklund, D. Klimm, D.G. Schlom, and Z.K. Liu, 
“Suitability of Binary Oxides for Molecular-Beam Epitaxy Source Materials: A 
Comprehensive Thermodynamic Analysis,” APL Materials 8 (2020) 081110.
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Use Ga2O3(s) rather than Ga(!)?

S. Ghose, S. Rahman, L. Hong, J.S. Rojas-Ramirez, H. Jin, K. Park, R. Klie, and R. Droopad,
“Growth and Characterization of β-Ga2O3 Thin Films by Molecular Beam Epitaxy for Deep-UV Photodetectors,” Journal of Applied Physics 122 (2017) 095302.



Use Ga2O3(s) rather than Ga(!)?

Matthias Passlack (private communication).

Maximum Growth Rate = 0.008 µm/hr

Ga2O3 in Ir crucible at T = 1800–1980 °C



Use Ga(!) + Ga2O3(s) Mixture?

C.J. Frosch and C.D. Thurmond, “The Pressure of Ga2O over Gallium-Ga2O3 Mixtures,”
Journal of Physical Chemistry 66 (1962) 877–878.

Mixture with 
Ga:Ga2O3 = 5:1



Use Ga(!) + Ga2O3(s) Mixture?

P. Vogt, F.V.E. Hensling, K. Azizie, C.S. Chang, D. Turner, J. Park,
J.P. McCandless, H. Paik, B.J. Bocklund, G. Hoffman, O. Bierwagen, D. Jena,

H.G. Xing, S. Mou, D.A. Muller, S-L. Shang, Z.K. Liu, and D.G. Schlom,
“Adsorption-Controlled Growth of Ga2O3 by Suboxide Molecular-Beam Epitaxy,”

APL Materials 9 (2021) 031101.

K.M. Adkison, S-L. Shang, B.J. Bocklund,
D. Klimm, D.G. Schlom, and Z.K. Liu,

“Suitability of Binary Oxides for Molecular-Beam Epitaxy 
Source Materials: A Comprehensive Thermodynamic Analysis,”

APL Materials 8 (2020) 081110.

Bell Labs 
Mixture 
(1961)

!"!#
!"

> 10$
so molecular 

beam is
> 99.9% Ga2O



Use Ga(!) + Ga2O3(s) Mixture?

P. Vogt, F.V.E. Hensling, K. Azizie, C.S. Chang, D. Turner, J. Park,
J.P. McCandless, H. Paik, B.J. Bocklund, G. Hoffman, O. Bierwagen, D. Jena,

H.G. Xing, S. Mou, D.A. Muller, S-L. Shang, Z.K. Liu, and D.G. Schlom,
“Adsorption-Controlled Growth of Ga2O3 by Suboxide Molecular-Beam Epitaxy,”

APL Materials 9 (2021) 031101.

What Ga(!) + Ga2O3(s) 
mixture is best for 

suboxide MBE?

Bell Labs 
Mixture 
(1961)



Use Ga(!) + Ga2O3(s) Mixture?

P. Vogt, F.V.E. Hensling, K. Azizie, C.S. Chang, D. Turner, J. Park,
J.P. McCandless, H. Paik, B.J. Bocklund, G. Hoffman, O. Bierwagen, D. Jena,

H.G. Xing, S. Mou, D.A. Muller, S-L. Shang, Z.K. Liu, and D.G. Schlom,
“Adsorption-Controlled Growth of Ga2O3 by Suboxide Molecular-Beam Epitaxy,”

APL Materials 9 (2021) 031101.

Bell Labs 
Mixture 
(1961)

preferred
mixture 

(2021)

Ga2O3(s)-rich mixture provides
higher Ga2O/Ga Ratio

in molecular beam

At T = 1000 K, 
!"!#
!"

= 1496
so molecular beam is

99.93% Ga2O



Use Ga(!) + Ga2O3(s) Mixture

Ga 2
O(g

) +
 2 

O(g
)

à
Ga 2

O 3
(s)

 

Ga2O(g) à Ga2O(g)

High growth rate (> 1 µm/hr) and
epitaxial films at low Tsub (e.g., 450 °C)

Kathy Azizie Felix Hensling



Suboxide MBE of b-Ga2O3 Grown at 1.2 µm/hr

P. Vogt, F.V.E. Hensling, K. Azizie, C.S. Chang, D. Turner, J. Park, J.P. McCandless, H. Paik, B.J. Bocklund, G. Hoffman, O. Bierwagen, D. Jena,
H.G. Xing, S. Mou, D.A. Muller, S-L. Shang, Z.K. Liu, and D.G. Schlom, “Adsorption-Controlled Growth of Ga2O3 by Suboxide Molecular-Beam Epitaxy,”

APL Materials 9 (2021) 031101.

4.5 µm thick film grown at
Tsub = 575 °C

PO3 = 5✕10–6 Torr



Thermo of Suboxide MBE

K.M. Adkison, S-L. Shang, B.J. Bocklund, D. Klimm, D.G. Schlom, and Z.K. Liu,
“Suitability of Binary Oxides for Molecular-Beam Epitaxy Source Materials: A 

Comprehensive Thermodynamic Analysis,”
APL Materials 8 (2020) 081110. 

• Comprehensive investigation of 
vapor pressures of all binary 
oxides (128 oxides + 27 mixtures)

• 16 evaporate nearly congruently 
(As2O3, B2O3, BaO, MoO3, OsO4, 
P2O5, PbO, PuO2, Rb2O, Re2O7, 
Sb2O3, SeO2, SnO, ThO2, Tl2O, and 
WO3)

• + 24 more that could be useful 
(CeO, Cs2O, DyO, ErO, Ga2O, GdO, 
GeO, HfO, HoO, In2O, LaO, LuO, 
NdO, PmO, PrO, PuO, ScO, SiO, 
SmO, TbO, Te2O2, U2O6, VO2, and 
YO2)

Suboxides offer an alternate means to 
navigate kinetic pathways



MIP: PARADIM at Cornell 
University, DMR-1539918 Realizing a New  Semiconductor for Power Electronic Applications
External User Project - 2020

John T. Heron and Emmanouil Kioupakis, University of MichiganMaterials discovery is more than calculating the 
properties that a material should have if the atoms 
were in desired positions. It is also key to get the atoms into
those desired positions, to see what the properties really are,
and thus realize the potential benefit of a new material. Making
this happen takes a combination of ideas, capabilities, and
execution—as the recent success by a team led by Assistant
and Associate Professors from the University of Michigan
illustrates.
Theoretical work by the team established that rutile-GeO2—with
its ultra-high band gap (4.64 eV), high mobility, high heat
conductivity, and desired dopability—could provide superior
performance for power electronics. But can this material be
made as a thin film? The common synthesis approach would
rely on deposition of the constituting elements, but for GeO2
growth is obstructed by a metastable glass phase and the
volatile molecule GeO.
The team came to PARADIM and employed a recently
established approach of “sub-oxide MBE”—using partially
oxidized GeO instead of Ge—to realize the material in thin film
form. Sieun Chae, the same graduate student who did the first-
principles calculations, also grew the films. Her work has
realized the first single crystal rutile GeO2 thin films.
S. Chae et al. Appl. Phys. Lett. 117, 072105 (2020).

A promising material is identified by theory 

The promise:
high Band Gap ✔
high Mobility ✔

high Thermal Conductivity ✔
But can it be realized?

about:blank


• Stannates by Suboxide MBE
– BaSnO3 — H. Paik et al., APL Materials 5 (2017) 116107.
– SnO — A.B. Mei et al., Phys. Rev. Mater. 3 (2019) 105202.

– Sr3SnO — Y. Ma et al. Adv. Mater. 32 (2020) 2000809.
– Ta2SnO6 — M. Barone et al. J. Phys. Chem. C 126 (2022) 3764−3775.

• Gallates by Suboxide MBE
– Ga2O3 — P. Vogt et al., APL Mater. 9 (2021) 031101.

• Indates by Suboxide MBE
– In2O3 — P. Vogt et al., Phys. Rev. Appl. 17 (2022) 034021 .

Adsorption-Controlled Growth of



Laser Substrate Heater
CO2 Laser Substrate Heater
• From EpiRay https://epiray.de

• Currently being tested

• Expect On-Line in PARADIM by end of 2022

All images courtesy Epiray

At low temperature At high temperature

Laser off

Homogeneity 
at 1000 °C

Homogeneity 
at 1800 °C

Laser power 95W
Melting starts 
(2040 °C)

https://epiray.de/


Laser Substrate Heater
• Laser heater for MBE
• Tsub up to 2000 °C
• In situ substrate termination

demonstrated for:
MgO
Al2O3
SrTiO3
LaAlO3
NdGaO3
DyScO3
TbScO3

W. Braun, M. Jäger, G. Laskin, P. Ngabonziza, W. Voesch, P. Wittlich, 
and J. Mannhart, “In situ Thermal Preparation of Oxide Surfaces,”

APL Mater. 8 (2020) 071112.

Al2O3 at 1533 oC SrTiO3 at 1460 oC

LaAlO3 at 1565 oC NdGaO3 at 1043 oC DyScO3 at 1460 oC TbScO3 at 1356 oC

MgO at 1773 oC

Expect O
n-Lin

e in 

PARADIM by

end of 2022



Future of Oxide MBE

W. Braun and J. Mannhart,
“Film Deposition by Thermal Laser Evaporation,”

AIP Advances 9 (2019) 085310.

Expanded Growth Conditions
Unlimited temperatures for 
substrate and sources

Robust
All heaters outside vacuum

Achieve Oxidation of the Film
O3 up to 10–3 Torr

Prevent Problematic Oxidation 
of the Sources
Surface continuously 
evaporated

Substrate Termination
In situ thermal termination



Maximum O2 Pressure for MBE TLE?
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MBE  Regime

for Metal Flux of
1×1014 atoms/(cm2·s)

Oxygen Pressure (Torr)

Li

Ba

D.G. Schlom and J.S. Harris, Jr., in 
Molecular Beam Epitaxy:  Applications to 
Key Materials, edited by R.F.C. Farrow
(Noyes, Park Ridge, 1995), pp. 505-622. 

TLE Regime
1.5×10!"5×10!#



TLE — since 2019

Video courtesy 
of

Epiray GmbH



GOT MBE?

Darrell G. Schlom

schlom@cornell.edu


