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Much progress has been made in the area of wide bandgap semiconductors for applications in 
electronics and optoelectronics such as displays, power electronics, and solar cells. New materials are 
being sought after and considerable attention has been given to complex oxides, specifically those with 
the perovskite crystal structure. Molecular‑beam epitaxy (MBE) has come to the forefront of this field 
for the thin film synthesis of these materials in a high‑quality manner and achieves some of their best 
figures of merit. Here, we discuss the development of MBE from its beginnings as a method for III–V 
semiconductor growth to today for the growth of many contenders for next‑generation electronics. 
Comparing MBE with other physical vapor deposition techniques, we identify the advantages of MBE 
as well as many of the challenges that still must be overcome should this technique be applied to other 
up‑and‑coming wide bandgap complex oxide semiconductors.

Introduction
Wide bandgap semiconductors are typically defined as those 
with bandgaps greater than 3 eV. These materials have been of 
great interest for application in power electronics and transpar-
ent conducting oxides due to their high dielectric breakdown 
strength and transparency in the visible spectrum, respectively 
[1–3]. Examples of materials within this category include the 
group III- and II-IV-nitrides (B, Al, Ga, In)N and (Zn, Mg, Cd)
(Si, Ge, Sn)N2, the various polymorphs of SiC, and diamond. 
This category also includes binary oxides such as ZnO,  TiO2, 
 SnO2,  GeO2,  Ga2O3, and indium-doped tin oxide (ITO) as well 
as complex oxides such as  SrTiO3,  BaSnO3,  SrSnO3,  KTaO3, and 
 KNbO3. These complex oxide wide bandgap semiconductors are 
of particular interest due to their structural and chemical com-
patibility with other complex oxides that serve other practical 
functions such as those of dielectrics (e.g.,  CaHfO3) and elec-
trodes  (SrRuO3) as well as those that show more exotic phenom-
ena such as colossal magnetoresistance  (La0.67Ca0.33MnO3) [4], 
high-temperature superconductivity (e.g.,  YBa2Cu3O7−x) [5], 
3D Peierls transitions  (BaBiO3) [6], multiferroicity  (BiFeO3) 
[7], and metallic ferroelectricity  (LiOsO6) [8]. This compatibility 
among such a diverse range of materials inspires a vision of inte-
grating myriad functionalities into a single epitaxial monolithic 

integrated circuit enabling technologies unavailable using tradi-
tional semiconductor technology.

This goal of monolithic function integration, however, puts 
stringent demands on the technique used to prepare complex 
oxide semiconductors. The technique should produce thin films 
with impeccable quality, ideally with control over single atomic 
layers. Furthermore, given the diversity of materials within this 
category, the technique should be highly versatile, allowing a 
single machine to grow many materials and switch between 
them nearly instantly. This allows for the growth of heterostruc-
tures to study how two or more materials behave when in con-
tact. Finally, the technique should be modular, allowing the user 
to upgrade, modify, or adjust one component of the system with 
minimal impact on the other parts, allowing the researcher to 
systematically vary growth parameters without exorbitant recali-
bration requirements. Molecular-beam epitaxy (MBE) achieves 
all these goals, and is the topic of this review.

MBE is an ultra-high vacuum thin film growth tech-
nique which uses the co-deposition or shuttered growth of 
molecular beams containing the desired elements to form 
epitaxial films on a substrate. After developing a reputation 
for its ability to grow some of the highest quality films with 
atomic layer control, MBE has been used for the growth of a 
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wide variety of material systems with much success [9–14]. 
Here, we will focus on the extensive progress of MBE with 
focus on wide bandgap complex oxides of the perovskite 
crystal structure. Of these,  SrTiO3,  BaSnO3, and  SrSnO3 
have been grown using MBE.  SrTiO3 is a quantum parae-
lectric with a bandgap of 3.2 eV [15], and an exceptionally 
high low-temperature mobility of 22,000  cm2V−1s−1 in single 
crystals [16]. Although its room-temperature mobility is 
limited by phonons to less than 10  cm2V−1s−1, the treas-
ure trove of phenomena available in this material including 
dilute superconductivity [17], two-dimensional electron 
gases (2DEG) with other oxides [18], and persistent pho-
toconductivity [19] earn  SrTiO3 the title of being the most 
studied complex oxide.

Although  SrTiO3 has fascinated physicists since the 
1960s,  BaSnO3 eluded attention until the 2010s when La-
doped n-type single crystals were discovered to have a 
room-temperature mobility of 320  cm2V−1s−1 at a carrier 
concentration of 8.0 ×  1019  cm−3 [20, 21]. Such high conduc-
tivity with an indirect bandgap of ~ 3 eV [22] make  BaSnO3 
appealing for room-temperature applications such as trans-
parent electronics. The conduction band derived mostly of 
Sn 5s-orbitals [23], the resulting low effective mass of about 
0.2 m0 [24, 25], and weak electron–phonon coupling [26] 
which give  BaSnO3 these properties are also shared with the 
related material  SrSnO3. However,  SrSnO3’s ultra-wide band-
gap (UWBG) of 4.1 eV [22] is appealing for application in 
UV-transparent electronics and high-power devices.

Here, after reviewing the history of physical vapor depo-
sition and the development of oxide MBE, we discuss the 
inherent advantages of MBE and its various challenges for the 
growth of high-quality complex oxides. Then, we conclude 
by reviewing the growth of these three materials by MBE and 
discussing outstanding challenges for MBE to address in new 
materials systems.

History of physical vapor deposition (PVD)
Tracing the history of thin film deposition can give us the con-
text of where the field stands to today and where it is postured 
to go in the near future. Thin film deposition is typically divided 
into two categories: chemical vapor deposition (CVD), which 
involves chemical reactions occurring between volatile precur-
sors, and physical vapor deposition (PVD), which involves the 
physical process of transporting sources between phases for film 
growth on a substrate. Here, we focus on PVD techniques which, 
through their progression (Fig. 1), have cemented themselves 
as instrumental in the development of wide bandgap complex 
oxide films.

As illustrated in Fig. 1, of the main PVD techniques, sput-
tering, thermal evaporation, MBE, and pulsed laser deposition 
(PLD), the first two found their inception over a century earlier 
than the latter two, in the 1850s [27]. The first published report 
of sputter deposition can be traced back to 1852 by Grove who 
observed the deposition of a film, primarily iron oxide, on a sil-
ver-plated substrate after creating an electrical potential between 
the substrate and a steel needle in low vacuum [28]. Although 
the term sputtering was not coined until years later, these experi-
ments are the first observations of the phenomenon. The process 
of thermal evaporation was demonstrated a few years later by 
Faraday in 1857 who first “exploded” metal wires in a low vac-
uum, thereby thermally evaporating the sources to form a film 
[29]. What follow these early experiments is years of technologi-
cal advancements, especially related to improving vacuum that 
eventually led to the more modern approaches that exist today.

Following these advancements, more than one hundred 
years later in the 1960s, the development of PLD and MBE 
began. PLD was first shown by Smith and Turner in a report 
published in 1965 in which they demonstrated, using a pulsed 
ruby laser, the deposition of a variety of materials, including 
semiconductors, chalcogenides, and dielectrics [30]. Their early 
work, although showing some mixed results, laid the foundation 

Figure 1:  Timeline of the introduction of PVD techniques, including some of the modifications that have arisen with a focus on the development of 
MBE specifically.
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for the much more refined technique widely used today. In fact, 
it played a key role in the development of high-Tc superconduc-
tors in the late 1980s which flourished into a new ground-break-
ing field of study [5, 31–33]. Finally, MBE, derived from thermal 
evaporation, found its conception at Bell Labs by a group of 
scientists including John R. Arthur Jr who first published on 
the use of separate “molecular beams” of gallium and arsenic to 
form epitaxial GaAs films [34]. Alfred Y. Cho and others then 
joined him to develop the technique into what we call MBE 
today [35, 36].

Many advancements within these techniques have since 
been made including, importantly, magnetron sputtering [37] 
which has become the most common configuration of sputter-
ing today. Within MBE [38, 39] and PLD [40], modifications 
include metal–organic-based approaches which substitute some 
metal–organic compounds for conventional metal sources.

Development of MBE
As we will focus on throughout this review, MBE has played 
an important role in many materials science and physics dis-
coveries as a result of both the conventional approach and 
the variations that have arisen. As shown in Fig. 2, MBE itself 
has rich history of scientific advancements since its incep-
tion in the late 1960s for the growth of III–V semiconduc-
tors like GaAs, as mentioned previously, with adsorption-
controlled stoichiometric growth [34]. This control over the 
stoichiometry and consequently the structure of the films was 
enough to lead to the first demonstration of modulation dop-
ing in 1978 [41], which was previously unattainable due to 
the lower quality of films and heterostructures produced by 
other PVD techniques at the time. Within the following three 
years, the discovery of the integer and fractional quantum 
Hall effect was made as a result of these modulation-doped 

heterostructures, which were the subjects of the Physics Nobel 
Prizes in 1985 and 1998 [42]. The 1970s and 1980s were then 
filled with rapid expansion of the MBE technique including 
for growth of II–VI semiconductors [43], III-nitrides [44], 
van der Waals epitaxy for 2D materials [45], and eventually 
the first report of MBE complex oxide growth, deposition of 
 LiNbO3 in 1985 [46].

Although the first report of oxide MBE was for  LiNbO3, 
the field really took off following the 1986 discovery of high-Tc 
superconductivity in cuprates [5]. Many researchers rushed to 
produce these materials as thin films and achieved incredibly 
rapid success. Following the first thin film cuprates grown by 
PLD [32], the first films were grown by MBE later the same year 
in 1987 [47, 48]. However, all these films required annealing in 
oxygen to show superconductivity. Indeed, the difficult oxida-
tion of Cu to 3+ served as an early test of the limits of oxide 
MBE. But this challenge was overcome only one year later in 
1988 with the development of pure ozone MBE which could 
produce superconducting films without post-annealing [49], 
and which was improved in 1990 with silica gel to prevent ozone 
explosions [50]. In this incredible span of 5 years, the field of 
oxide MBE went from conception to an accomplished technique 
attesting to the adaptability of the MBE approach.

Even as more reports of oxide MBE appeared, including 
the first demonstration of the high-mobility binary oxide 
ZnO [51–53], the problem of achieving cation stoichiometry 
in complex oxides still eluded researchers until the late 1990s 
when adsorption-controlled growth was first shown in oxide 
MBE [54–56]. Finally, in recent years, MBE has become prom-
inent in the growth of topological materials like  Bi2Se3 [57, 
58], room-temperature multiferroics [59], and low- [38] and 
room-temperature [60, 61] high-mobility oxide semiconduc-
tors which have included growth by the metal–organic-based 
modifications, like hybrid MBE.

Figure 2:  Timeline of the development of MBE for a variety of impactful classes of materials and discoveries.
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Technique comparison
Choosing a PVD technique is an exercise in comparing the 
advantages and disadvantages of each technique to the appli-
cations requirements and resources. These advantages and 
disadvantages are summarized in Table 1. CVD and sputter-
ing have found a lot of success in larger-scale industrial pro-
cesses due to their simplicity, lower costs, and, especially with 
sputtering, high scalability. However, it is a different story 
when it comes to developing new materials on a research level, 
especially with complex oxides. In this environment where 
sample quality and material flexibility are valued over scal-
ability, PLD and MBE have become the predominant thin film 
growth techniques.

A key factor for developing new materials and revealing 
their underlying physics is the defect concentration of the mate-
rial. While defects can prove useful and have led to numerous 
studies on defect engineering [62], unintentional defects tend to 
impede our ability to study the intrinsic properties, in particular 
with wide bandgap semiconductors. Here, we will discuss two 
deposition parameters that are crucial to understanding defect 
formation in PVD techniques: particle kinetic energies and 
mean free path.

Of all the different deposition parameters, perhaps none is 
more important to understand defect formation than kinetic 
energy of the vapor phase atoms or molecules as they interact 
with the growth front. Although high incident particle energy 
can be exploited, such as for orientation-selective resput-
tering for the growth of fully oriented films on amorphous 
substrates [63], high-energy particles are usually regarded as 
a nuisance. Under high fluences, high particle energies can 
lead to resputtering of film constituents resulting in the non-
stoichiometry defects discussed below [64]. The particles can 
also impact and sputter components in the vacuum chamber 

leading to the incorporation of unintentional impurities. How-
ever, even at low fluences, high particle energies can lead to 
non-equilibrium intrinsic point defects such as oxygen and 
cation vacancies, interstitials, and anti-site defects which can 
all negatively impact material properties, even in small concen-
trations. High-energy techniques such as sputtering and PLD 
tend to form higher concentrations of point defects in films, 
whereas low-energy thermal techniques like MBE produce 
fewer defects. In principle, the use of oxygen plasmas could 
introduce high-energy particles into the growth chamber, but 
simple measures like deflection plates minimize their detri-
mental effects on growth.

The mean free path of the deposition process also plays a 
role in defect formation. The mean free path (λ) is calculated as

where k is Boltzmann constant, T is temperature, d is the 
kinetic diameter of atom or molecule, and P is the pressure. As 
shown, the mean free path is inversely proportional to pres-
sure. In MBE, the mean free path exceeds the source-substrate 
distance by an order of magnitude or more. Thus, source spe-
cies do not interact during transport from the source to the 
substrate. This eliminates the possibility of parasitic chemical 
reactions that can cause unintentional aerosol formation in 
low-vacuum techniques such as low-pressure chemical vapor 
deposition (LP-CVD). The high mean free path of MBE also 
limits deposition species to only those that originate from the 
surfaces in direct line of sight to the substrate. By using high-
purity source material, high-temperature system bakeouts, and 
cryogenic cooling shrouds to limit surface outgassing, MBE can 
achieve extremely low impurity levels even when one reactor is 
shared among multiple material systems. These two advantages 

(1)� =
kT

√
2πd2P

,

TABLe 1:  Advantages and disadvantages of conventional PVD techniques as well as two of the metal–organic-based MBE variations.

Technique Advantages Disadvantages

Magnetron sputtering High deposition rate and scalability. Able to supply many 
metals and dielectrics. Ease of use for ultra-low vapor pres-
sure metals compared to evaporation techniques

Stoichiometry of target is not necessarily transferred to film. 
High energy can lead to defect nucleation. Backsputtering of 
deposited films if not using off-axis

Pulsed laser deposi-
tion

Flexibility in laser wavelength and power. Precise growth rate 
control. Stoichiometric target transfer is capable in many 
cases. Ease of use. In-situ characterization available, e.g., 
RHEED

Stoichiometry of target is not necessarily transferred to film. 
High energy can lead to defect nucleation

Conventional oxide 
MBE

Excels at limiting defects due to low-energy deposition. 
Adsorption-controlled stoichiometric growth is possible for 
some materials. Monolayer growth control. In-situ charac-
terization available, e.g., RHEED

Stoichiometry limited by degree of flux control if no growth 
window. Oxygen stoichiometry and metal oxidation limited 
by low oxygen background pressure. Source oxidation. Low 
growth rates

Hybrid MBE Great control over stoichiometry due to growth windows. No 
source oxidation of metal–organic. Can supply oxygen and 
pre-oxidized metal via metal–organic precursors

High vapor pressure and thermally stable metal-organics 
required. Need external vapor inlet system

Solid source metal–
organic MBE

Able to supply elements having ultra-low vapor pressures 
with source temperatures < 200 °C. Possible to supply 
“pre-oxidized” elements. No vapor inlet needed. No source 
oxidation of metal–organic. Cheap and safe

Must use solid and thermally stable metal-organics with 
intermediate vapor pressures. Cannot fully bake system 
due to metal–organic source. Potential contamination if the 
room-temperature vapor pressure is non-negligible
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make MBE highly advantageous for the fundamental study of 
new materials. Finally, whereas low-vacuum techniques like LP-
CVD require the chamber’s residence time to stop depositing 
one material and begin depositing another by pumping out one 
precursor and replacing it with another [65], the high mean 
free path of MBE allows the use of shutters to make this switch 
nearly instantaneous, limited only by the speed of the shutter. 
This makes MBE the method of choice to grow heterostruc-
tures that demand highly abrupt interfaces, even in commercial 
devices such as Hall effect sensors and high-electron mobility 
transistors. This ability to rapidly switch between two materi-
als has also been exploited to grow non-equilibrium structures 
such as high-index Ruddlesden–Popper phases [66–72].

In PVD techniques with high particle energies, however, 
lower mean free paths can offer the advantage of lowering 
the particle energies through collisions with ambient gas 
molecules. This is the main motivation behind development 
of high-pressure oxygen sputtering which has been applied 
to cuprate superconductors [73, 74],  La1−xSrxMnO3 [75], 
 PbZrxTi1−xO3 [76], amorphous  GdScO3 on Si [77],  BaTiO3 
[78],  SrTiO3 [79], and  BaSnO3 [80–82].

The high vacuum of oxide MBE also offers the advan-
tage of a high mean free path for electrons and ions required 
for in-situ materials characterization. Most research MBE 
systems use concurrent reflection high-energy electron dif-
fraction (RHEED) to monitor the growth in real time, but 
in-situ characterization of MBE films has also been done with 
low-energy electron diffraction (LEED), low-energy electron 
microscopy (LEEM) [83], X-ray photoelectron spectroscopy 
(XPS) [84, 85], Auger electron spectroscopy (AES) [86, 87], 
and scanning electron microscopy (SEM). The use of vacuum 
suitcases also allow samples grown by MBE to be transferred 
to distant characterization equipment—such as synchrotron 
facilities—without exposure to air [88].

Cation stoichiometry control
The advantages outlined for MBE show great inherent poten-
tial for the technique; however, the method is not without 
challenges. Perhaps, the most significant challenge for MBE 
is control over stoichiometry. Because MBE relies on the co-
deposition or shuttered growth of individual elements, achiev-
ing cation stoichiometry is a major challenge, especially in 
semiconductors where small levels of non-stoichiometry can 
render a device useless. For example, in a prototypical oxide 
semiconductor  SrTiO3, where Sr vacancies serve as acceptors, 
even a 0.1% drop in Sr flux would result in an acceptor con-
centration of ~ 2 ×  1019  cm−3, enough to fully compensate even 
moderate doping concentrations. Although progress has been 
made using beam flux monitors (BFM), quartz crystal micro-
balances (QCM), atomic absorption spectroscopy (AAS) [89], 

electron-impact-emission spectroscopy (EIES) [90–92], and 
RHEED [93, 94] to fine-tune fluxes—many of them in real 
time—these techniques all involve errors around 0.1–1% under 
ideal conditions [89, 93, 95], and perhaps, much larger errors 
under realistic conditions.

The obstacle of stoichiometry was first overcome for the 
growth of III–V semiconductors by exploiting thermodynam-
ics to self-regulate the stoichiometry. Figure 3a shows the ther-
modynamic equilibrium curves for the two reactions that can 
regulate the stoichiometry of GaAs [55]. As shown, at relatively 
low growth temperatures, there exists a large range of As vapor 
pressures within which the stoichiometry is self-regulated. 
This range of pressure as a function of substrate temperature is 
referred to as a “growth window.”

However, the concept of a MBE growth window was not 
demonstrated in oxides until decades later in the late 1990s 
[54–56, 96]. Figure 3b shows the growth window of one of these 
early systems,  PbTiO3 and how the range of vapor pressures—
spanning about 2 orders of magnitude—is considerably smaller 
than that of GaAs which spans about ten orders of magnitude 
[55]. In practice, this made the stoichiometric growth of  PbTiO3 
feasible. Adsorption-controlled growth of other complex oxides 
using oxide MBE have since been found for a variety of materials 
[13], but these windows are usually smaller than in GaAs and 
occur at higher temperatures.

Still, many complex oxides lack the volatile species neces-
sary to support a growth window at realistic growth conditions. 
For example,  SrTiO3 lacks a sufficiently volatile constituent 
which makes the calculated growth window occur at very high 
growth temperatures or unreasonably low SrO vapor pressures, 
as shown in Fig. 3c [97]. Thus, without a growth window, the 
stoichiometry of  SrTiO3 could only be as good as the control 
over the Sr and Ti fluxes. Given the difficulty of evaporating Ti, 
due to its low vapor pressure and the tendency of both Sr and 
Ti to oxidize at the source [98, 99], this control was quite poor. 
Growing  SrTiO3 with sufficiently low defect concentrations to 
be a useful oxide semiconductor was not feasible. Efforts have 
been made to combat the low vapor pressure and source oxi-
dation by supplying Ti with a Ti-sublimation pump known as 
Ti-Ball [98]. Although  SrTiO3 films have been grown with high 
structural quality, stoichiometry control with traditional MBE 
is not sufficient to support robust semiconductor-like doping.

It was not until the hybrid MBE approach was developed 
that  SrTiO3 films could be grown with MBE having a sufficient 
degree of stoichiometry control to support chemical doping. 
Using titanium(IV) tetraisopropoxide (TTIP), a metal–organic 
precursor to supply Ti, it was first shown that a MBE growth win-
dow can exist for  SrTiO3 due to the high volatility of this precur-
sor [97]. A large growth window in terms of the Sr/TTIP flux 
ratio was demonstrated, and stoichiometric materials could be 
obtained in a highly reproducible manner. Due to this control of 
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the stoichiometry and the low-energy aspect of MBE growth, a 
record low-temperature electron mobility has been achieved, even 
surpassing those of bulk single crystals. Electron mobility from 
MBE-grown films are now almost an order of magnitude larger 
than other techniques, with values of around 53,000  cm2V−1  s−1at 
2 K [100] compared to 6600  cm2V−1  s−1 by PLD [101].

Since the first report of hybrid MBE, the use of 
metal–organic precursors for the adsorption-controlled growth 
of other perovskite oxides have been shown for other titanates 
[102–104], vanadates [105], and stannates [106, 107]. Figure 4a 
shows the out-of-plane lattice parameters for one of these sys-
tems,  BaSnO3, as a function of the A- to B-site flux ratios [108]. 
Typically, what is seen, as shown here, is a constant out-of-plane 
lattice parameter within the growth window signifying stoichio-
metric growth. It should be noted, however, that lattice param-
eter is itself not a direct measurement of composition and the 
sensitivity of X-ray diffraction to cation stoichiometry is limited 
to no better than ~ 1%. Carrier mobility is a more sensitive meas-
ure. Evidence of cation stoichiometry in  BaSnO3 can be further 
seen in Fig. 4b by enhanced electron concentration and mobility 
inside the growth window due to a decrease in compensating 
non-stoichiometric-related defects.

As a final note, it may also be possible to use thermal laser 
substrate heating to open up growth windows in some of these 
oxides systems by heating substrates up to incredibly high tem-
peratures for growth. Looking at Fig. 3c again, as the growth 
temperature is increased, the SrO vapor pressure needed will 
eventually reach feasible levels. By using a laser, for example, a 
 CO2 laser, for substrate heating, substrate temperatures greater 
than 1500 °C have been demonstrated [109].

Oxidation and anion stoichiometry
Another challenge with oxide MBE is to fully oxidize the cati-
ons and to achieve oxygen stoichiometry. Figure 5 shows the 
standard oxidation potentials ( Eox0  ) of select elements which 

are commonly used or sought after in complex oxide growth 
[110]. In some materials, especially transition metal-based per-
ovskites like  SrTiO3, insufficient oxidation of one cation (in this 
case forming  Ti3+ rather than  Ti4+) may lead to films with good 
structural quality, but high carrier concentrations due to oxygen 
vacancies serving as shallow donors [16, 111]. Although this can 
be exploited for donors in the absence of chemical dopants, it 
is usually preferable to achieve full oxygen stoichiometry. For 
example, in dielectric and ferroelectric oxide systems, oxygen 

Figure 3:  Adsorption-controlled MBE growth windows governed by the thermodynamic equilibrium curves if elemental sources are used for (a) 
GaAs, (b)  PbTiO3, and (c)  SrTiO3. Two sets of lines for both reactions are shown in the case of  SrTiO3 due to uncertainty in the thermodynamic data. 
Reproduced with permission [55, 97].

Figure 4:  (a) Out-of-plane lattice parameter (left axis) and Sn:Ba atomic 
ratio from RBS (right axis) in hybrid MBE-grown  BaSnO3 films. (b) Room-
temperature electron mobility (left axis) and carrier concentration (right 
axis) showing the enhanced electronic properties within the adsorption-
controlled MBE growth window. Reproduced with permission [108].
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vacancies can cause considerable leakage currents and, there-
fore, negatively impact material and device properties [112]. In 
other materials, especially main-group metal-based perovskites 
like  BaSnO3, insufficient oxidation of one cation  (Sn0 or  Sn2+ 
rather than  Sn4+) can be so severe as to ravage film quality alto-
gether. For example, attempts to grow  BaSnO3 in inadequate 
oxidizing environments have resulted in the formation of osten-
sible liquid tin metal droplets on the substrate during deposition 
[113]. In less severe cases of incomplete oxidation,  BaSnO3 also 
forms oxygen vacancies that act as shallow donors [80, 114]. This 
diverse range of oxidation-related phenomena in  BaSnO3 makes 
it an excellent case study of oxidation in MBE.

Two crucial factors which impact the oxygen stoichiom-
etry in oxide MBE are the choice of oxidant and the oxidant 
background pressure. However, the background pressure is 
usually limited to below  10–4 Torr by the mean free path con-
straints of MBE [115], so we will only discuss the choice of 
oxidant. While molecular oxygen  (O2) has been used in early 
oxide MBE, its oxidizing power is not sufficient in many cases, 
notably requiring post annealing to grow high-Tc supercon-
ductors [48]. A common solution to achieve a more aggressive 
oxidizing environment at the same background pressure is to 
activate the oxygen using inductively coupled plasma (ICP) 
which creates up to a few percent of highly reactive dissoci-
ated oxygen atoms [38, 116, 117]. For an even more aggressive 
oxidizing environment, electron cyclotron resonance (ECR) 
plasma can be used [84, 118, 119], which can achieve a dis-
sociation fraction exceeding twenty percent [120]. Another 
option is to generate ozone  (O3) and then, optionally, distill 
it to generate up to 100% ozone before it enters the vacuum 
chamber [49]. Distilling ozone presents the potential hazard 
of explosions from its rapid decomposition, but this risk can 
be mitigated by distilling it over the high surface area offered 

by silica gel to prevent percolation of the liquid [50]. How-
ever, challenges still remain with the operation of an ozone 
distiller and maintaining a stable ozone flow into the deposi-
tion chamber.

Other oxidants have also been experimented with. Both 
nitrogen dioxide  (NO2) and hydrogen peroxide  (H2O2) are note-
worthy for being aggressive oxidants with relatively low vapor 
pressure; easily absorbed onto cryo-shrouds, they can achieve 
low background pressures even with high beam equivalent pres-
sures [121, 122].

Even with these aggressive oxidizing species, the limited 
background pressures available in MBE may be insufficient to 
achieve full cation oxidation. One route to overcome this limi-
tation is to supply oxygen bonded to one of the metal sources. 
This can be simply done by supplying the oxide of the metal, 
for example  SnO2 for the growth of  BaSnO3 [60, 113] and 
 SrSnO3 [123], or supplying the oxygen via the organic ligands 
in metal-organics as is done in hybrid MBE [38]. Using this 
second approach, it has been shown that high-quality  SrTiO3 
films can be grown using only TTIP and no separate oxygen 
source, albeit with oxygen vacancies [124]. Alternatively, the 
ligand can be designed with reactivity toward oxygen sources. In 
a technique variation called “radical-based” hybrid MBE, Sn is 
supplied via the chemical precursor hexamethylditin (HMDT). 
At the growth front’s elevated temperatures, the weak Sn–Sn 
bond at the center of the molecule is argued to undergo homo-
lytic cleavage affording trimethyltin radicals. These radicals react 
aggressively with oxidizing species, allowing the full oxidation 
of Sn even when unactivated molecular oxygen is used as the 
oxidant [106]. The organometallic HMDT has been used to grow 
stoichiometric films of both  BaSnO3 [61, 106, 108] and  SrSnO3 
[107, 125–127] with growth windows present, shown in Fig. 4 
for  BaSnO3.

Source oxidation
While a major challenge for early oxide MBE was to fully oxidize 
low-oxidation-potential metals such as Cu, there was a seem-
ingly conflicting goal of preventing oxidation of high-oxidation-
potential metals such as Y before they leave their crucible. This 
problem coined “source oxidation” can alter the fluxes of these 
metals during growth, worsening the flux instabilities and non-
stoichiometry discussed above [98, 128]. A signature of such 
source oxidation is the need for higher source temperature to 
obtain the same flux reaching to the point when there is no flux 
beyond which a refill becomes required. One early strategy to 
combat source oxidation is to produce an oxidant pressure gra-
dient across the chamber [49]. Baffles are added to separate the 
substrate and source regions of the chamber, with holes only 
large enough for the metal fluxes to reach the substrate. The oxi-
dant is supplied centimeters away from the substrate while the 

Figure 5:  Standard oxidation potentials referenced to the standard  H2 
electrode for select metals [110] which are commonly used or sought 
after in MBE growth. Metals are ordered from harder to oxidize to easier 
to oxidize, left to right. Dashed line is a guide for the eye.
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two regions of the chamber are differentially pumped. This strat-
egy provides a high oxidant pressure immediately surrounding 
the substrate where it is needed and a much lower pressure near 
the sources where it is unwelcome. However, less extreme cham-
ber design choices can also be implemented to lessen source oxi-
dation. For example, extending the effusion cell port length will 
cause deposition of metal on the port walls between the effusion 
cell and the main chamber. These deposits can getter oxidizing 
species, minimizing the quantity that reaches the crucible [99]; 
narrowing the effusion cell port will enhance this effect [129]. 
Choosing a crucible with a small orifice or adding an aperture 
to the crucible can also slow the ingress of oxygen and improve 
flux stability [3, 130].

Despite the advancements, these strategies all only lessen the 
effects of source oxidation; they do not solve it entirely. There are 
two strategies that thoroughly eliminate the problem of source 
oxidation by delivering the metal in a different chemical form. 
One way is to inject the element into the chamber in the form of a 
gaseous precursor, as done in hybrid MBE [38]. Regardless of the 
reactivity between the precursor and oxidizing species, the two do 
not interact until they are absorbed on the growth front. Hybrid 
MBE uses an effusion cell to supply the second metal element in 
complex oxide growth that can often be prone to source oxida-
tion. However, any resulting flux instabilities ideally remain within 
the wide growth window that hybrid MBE affords. The second 
strategy is to evaporate the metal from an effusion cell in a form 
that does not react with oxygen. This can be a simple metal oxide, 
such as  SnO2 [113], or an air-stable precursor such as Ru(acac)3 
or Pt(acac)2 discussed below [39].

Stubborn metals: where ultra‑low vapor 
pressures meet ultra‑low oxidation potentials
MBE often uses refractory metal filaments and crucibles to 
heat and contain transition metals during their high-tempera-
ture sublimation. This begs the question: how can one supply a 
refractory metal itself for MBE growth? Rather than uniformly 
heating an entire source load and crucible, a well-developed 
strategy is to use a focused energy beam that locally heats 
the source material to extremely high temperatures without 
drastically increasing the temperature of the crucible. The 
high-energy beam has historically been one of electrons, 
and is referred to as “electron-beam” evaporation [84], but 
the new and exciting “thermal laser evaporation” techniques 
use a continuous laser mounted outside the vacuum chamber 
[131]. Focusing on the conventional method, electron-beam 
systems can be much more expensive than effusion cells, the 
required high voltage presents safety risks, the instrument 
operation can produce RF noise that interferes with other 
equipment [132], the flux stability is poor, and some metals 
are prone to spitting. Finally, electron-beam evaporation can 

be operationally complex, requiring monitoring and periodic 
electron-beam alignment to avoid accidental crucible evapora-
tion after source depletion.

Related to refractory metals, the Pt group is a set of met-
als that are not only extremely low in vapor pressure but also 
among the hardest metals to oxidize. Complex oxides con-
taining Pt-group and refractory metals include ruthenates, 
iridates, tungstates, and Pt-group delafossites. A few of these 
materials have been grown using MBE with electron-beam 
evaporation and strong oxidants [133–135]. However, the 
above-mentioned challenges with electron-beam evapora-
tion merit a search for an easier way to grow these materi-
als with potentially higher quality. To address these issues, 
the authors recently developed solid-source metal–organic 
MBE. This approach uses a low-temperature effusion cell to 
directly sublime solid metal–organic materials containing 
Pt-group metals in a pre-oxidized state [39]. This approach 
has facilitated the deposition of Pt-group metals and metal 
oxides with effusion cell temperatures less than 100 °C. Early 
successes include the growth of the simple metal Pt, binary 
oxide  RuO2, and the complex oxide  SrRuO3 using only ICP 
as an oxidant, whereas the stronger oxidant of distilled ozone 
had previously been used for these oxides [135–137]. Sig-
nificantly, this method potentially reaps the other benefits 
of hybrid MBE without the need for complex external vapor 
inlet systems.

Choosing precursors
The choice of solid metal-organics discussed here or liquid 
metal-organics used in hybrid MBE warrants a brief overview 
of the general requirements for choosing a precursor in these 
metal–organic-based approaches. Hybrid MBE, due to supply-
ing precursor through an external gas inlet system, requires 
precursors with relatively large vapor pressures, about 10 Torr 
at operating temperature. This vapor pressure constraint is the 
reason all precursors used in hybrid MBE so far have been 
liquids. Unfortunately, in the case of the Pt-group metals, syn-
thesizing a precursor with a suitably high vapor pressure for 
hybrid MBE has been difficult and no promising precursors 
have existed commercially. Instead, using solid metal-organics 
with a lower vapor pressure, although still orders of magni-
tude larger than the elemental metal, is an option. Generally, 
a vapor pressure between  10–2 and  10–5 Torr is desirable and is 
achievable with precursors like the Pt-group acetylacetonates 
at temperatures around 100 °C. In both cases, however, one 
must be careful of and operate below the decomposition tem-
peratures. Additional advantages of precursors involve being 
able to form reactive radicals like with HMDT or containing 
oxygen like with TTIP for the growth of oxides.
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Growth rate
In the context of commercial production, growth rate is one 
of the most important figures of merit to compare different 
growth techniques. In MBE, increasing material complexity 
generally scales with lower growth rates. For example, growth 
rates of 20 μm/h have been achieved in silicon MBE [138], and 
rates of 1 μm/h have been achieved for MBE growth of binary 
compounds such as III–V semiconductors, III-nitride semi-
conductors, and β-Ga2O3 [139–141]. However, growth rates 
within complex oxide MBE are typically less than 100 nm/h. 
Such slow rates are a major deterrent for the use of conven-
tional oxide MBE in commercial production. Attempts have 
been made to overcome this issue with varying degrees of suc-
cess. The main challenge associated with high growth rates in 
conventional oxide MBE has been non-stoichiometry-related 
defects forming after increasing the fluxes of the individual 
species.  SrTiO3 is a good example of this; the high level of oxy-
gen background pressure needed to increase the growth rate 
has caused source oxidation and resulting non-stoichiometry.

It was not until the development of hybrid MBE that 
growth rates of several hundred of nanometers per hour were 
achieved for complex oxides. By avoiding Ti source oxida-
tion and supporting a growth window by supplying Ti as a 
gaseous precursor (TTIP), stoichiometric  SrTiO3 films have 
been grown with rates exceeding 600 nm/h [142]. With TTIP 
contributing to the oxygen supply, large oxygen background 
pressures were not required to increase the growth rate. In 
fact, the reported growth rates were limited by the size of the 
Sr source and are predicted to approach 9 μm/h if industrial 
size Sr sources are used [142].

Outlook
We have discussed the evolution of MBE from the growth of 
III–V semiconductors to complex oxides for next-generation 
electronics. As new challenges have arisen, modifications have 
been made to the conventional approach to overcome them. 
Figure 6 summarizes the large number of source possibilities 
that have been developed. Due to MBE being a co-deposition or 
shuttered approach, the ability to mix and match these sources 
has made this technique extremely flexible and one of the top 
tools of choice for studying new materials.

An example of a material whose growth and study has seen 
rapid progress due, in large part, to MBE is  BaSnO3. This pro-
gress can be summarized by their mobilities plotted in Fig. 7a 
[12] which includes samples from PLD [20, 143–145], sputtering 
[114], MBE [60, 61, 113], and single crystals [21, 146–148]. Two 
main MBE variations have been used to grow  BaSnO3: supplying 
pre-oxidized Sn via  SnO2 [60, 113, 123] and using the radical-
based hybrid MBE approach to take advantage of the volatility 
and reactivity of the Sn-based radical components [61, 106, 108]. 

Both of these methods have achieved adsorption-controlled 
growth [60, 108]. The adoption of MBE to grow these materi-
als has resulted in rapid improvement of the mobility from 70 
 cm2V−1  s−1 grown using PLD to 183  cm2V−1  s−2 grown using 
MBE [20, 60]. But the work of MBE in  BaSnO3 thin films is 
not yet finished because despite these improvements, thin film 
mobilities still fall short of the 320  cm2V−1  s−1 demonstrated in 
single crystals [146]. One of the key reasons for this disparity is 
threading dislocations which form due to the lattice mismatch 
between  BaSnO3 and all commercially available perovskite oxide 
substrates.  BaSnO3 is a cubic perovskite with an exceptionally 
large lattice parameter of 4.116 Å and even the best-matched 
commercially available substrate  PrScO3 (110) results in a -2.3% 
lattice mismatch [113, 149]. Other issues may also play detri-
mental roles on the mobility. These include imperfect stoichi-
ometry, anti-site defects, and extrinsic impurities, all of which 
can compensate charge carriers and act as scattering centers.

Efforts are being made to address these problems and 
improve the electron mobility of  BaSnO3. New techniques to 
decrease threading dislocation density are being developed 
for the growth of bulk single crystals with lattice parameters 
closer to  BaSnO3 [150, 151] and for high-quality lattice-matched 
films which can serve as “virtual” substrates [143]. Similarly, 
the buffer layer approach involves inserting an insulating layer 
of  BaSnO3 or  SrxBa1-xSnO3 between the substrate and doped 
“active” layer for the purpose of terminating threading disloca-
tion propagation into the active layer [60, 61, 145]. Post-growth 
high-temperature annealing has been shown to eradicate some 
dislocations and other defects [152, 153]. Finally, early attempts 
at p-type doping of  BaSnO3 have shown limited success, but 
there is much more required work to understand, improve, and 
exploit this phenomenon [154, 155].

Like  BaSnO3,  SrSnO3 is a wide bandgap alkaline-earth stan-
nate semiconductor with a low electron effective mass. Whereas 
its smaller lattice parameter [107, 127, 156] may address some of 
the issues holding back  BaSnO3, its non-cubic perovskite struc-
ture and ultra-wide bandgap present additional challenges to 
its synthesis and doping, as well as opportunities for its per-
formance in power electronics. Unlike  BaSnO3, however, there 
are no single-crystal studies of  SrSnO3. This makes thin film 
studies, at present, the only open experimental avenue to under-
stand the fundamental transport properties of this exciting new 
material.  SrSnO3 has been grown by PLD [157–165] and MBE 
[107, 123, 125–127, 166]. MBE studies include the use of the 
pre-oxidized  SnO2 source [123] and the radical-based use of 
HMDT [107, 125–127, 166]. Interestingly, among films grown 
by MBE, only those using HMDT have reported successful dop-
ing. The use of HMDT has resulted in electron mobilities as high 
as 72  cm2V−1  s−1 [126]. Figure 7b shows the electron mobilities 
for MBE-grown  SrSnO3 films [125, 166] and compares these 
values to those for some other UWBG semiconductors, which 
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Figure 6:  Schematic of the various common methods of delivering metal sources and oxidants in oxide MBE. Interchanging between sources has led 
MBE to become a very flexible technique.

Figure 7:  (a) Room-temperature electron mobility of  BaSnO3 single crystals (open symbol) [21, 146–148], MBE films (filled symbol) [60, 61, 113], PLD 
films (crossed symbols) [20, 143–145], and sputtered films (star) [114]. (b) Room-temperature electron mobility for  SrSnO3 MBE-grown films [125, 166] 
and other leading UWBG semiconductors [167–173]. (c) Record electron mobility for MBE and non-MBE films of  SrTiO3 at 2 K [100, 101],  BaSnO3 at 
300 K [60, 143], and  SrSnO3 at 300 K [125, 165]. (a) [12] and (b) [166] adapted with permission.



 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 2
02

1 
 w

w
w

.m
rs

.o
rg

/jm
r

Invited Feature Paper-Review

© The Author(s), under exclusive licence to The Materials Research Society 2021 11

is defined as those with a bandgap exceeding 4 eV [167–173]. 
As shown, the mobilities of  SrSnO3 exceed those of any other 
UWBG semiconductor at high carrier concentrations, an 
astounding result given  SrSnO3 research is still in its infancy. 
Hybrid MBE has been used to produce many electronic devices 
out of these materials including iongel-gated field-effect transis-
tors[174], MOSFETs [175], MESFETs [176, 177], and RF FETs 
with the highest frequency operation of any complex oxide 
[178].

We conclude by discussing wide bandgap complex oxides 
most of which have not yet been grown by MBE, but might be of 
interest to pursue. Table 2 summarizes these compounds, their 
opportunities, and the challenges to MBE growth. Like  SrTiO3, 
 KTaO3 is a quantum paraelectric with low-temperature mobili-
ties as high as 23,000  cm2V−1  s−1 in single crystals [179]. It has 
gained recent attention due to the discovery of superconductiv-
ity induced by ionic gating [180] or at the interface with other 
oxides [181]. However, more than 50 years after the discovery of 
quantum paraelectricity in this compound, the lack of any MBE 
growth studies is surprising. This is a testament to the perceived 
challenges that the compound presents to MBE growers. K is 
a high-vapor pressure metal that is extremely prone to source 
oxidation, whereas Ta is a refractory metal with extremely low 
vapor pressure. However, both elements have been successfully 
supplied in oxide MBE [91, 182], so the challenge should not be 
regarded as insurmountable. Hybrid MBE is under development 
for Ta-containing complex oxides which may address some of 
these challenges [183].

The UWBG semiconductor  CaSnO3 shares many prop-
erties with  SrSnO3 but has a higher gap of ~ 4.4 eV making 
it very attractive for high-power electronics. However, the 
recent failed doping attempt using PLD raises the question of 

whether the culprit is a material intrinsically unamenable to 
doping, some extrinsic effect such as point defects from high 
particle energies, or an inappropriate choice in dopant concen-
tration [164]. Certainly, the higher bandgap in  CaSnO3 makes 
it more suspectable to intrinsic point defects which may self-
compensate donors [184]. However, there are many extrinsic 
mechanisms that should be ruled out before denouncing the 
material itself. For example, PLD generates high-energy par-
ticles that can introduce point defects into the material which 
can act as acceptors that compensate the intentional donors. 
As a low-energy technique, MBE is a natural choice to rule 
out this possibility. Another area worth exploring is the use 
of alternative donors. La was chosen, which may seem like a 
natural choice given its success in doping  BaSnO3 and  SrSnO3 
[107, 146]. However,  Ca2+ (1.48 Å) has a much smaller radius 
than  Sr2+ (1.58 Å) and  Ba2+ (1.75 Å), so smaller rare earth 
elements may be more appropriate for doping  CaSnO3. B-side 
candidates such as V and Nb, and X-site candidates such as 
F are also worth exploring. Finally, the doping concentration 
chosen for this study was 4.9 ×  1020  cm−3. This donor concen-
tration was found to be near optimal for  SrSnO3 [165], but 
is probably too high for  CaSnO3 given the doping limits can 
decrease with increasing bandgap.

Another class of UWBG semiconductors, (Mg,Zn)Ga2O4, 
are also promising. The cubic spinel  ZnGa2O4 has an indirect 
bandgap of 4.0–4.3 eV [185–187]. Electron mobilities as high 
as 107  cm2V−1  s−1 have been demonstrated in oxygen vacancy-
doped single crystals [187].  MgGa2O4 is a reverse spinel n-type 
semiconductor with a direct gap of 4.9 eV, but high mobilities 
have not been demonstrated [188, 189]. However, as with all 
spinel compounds, these compounds are very prone to anti-
site defect formation, which can impede attempts to understand 

TABLe 2:  Promising wide and ultra-wide bandgap complex oxides and the challenges for their MBE deposition.

Material Bandgap Opportunity Challenges References

KTaO3,  KNbO3 3.64 eV 3.24 eV KTaO3 is a high-mobility quantum 
paraelectric (like  SrTiO3). Ionic gating 
or 2DEG-induced superconductivity

K source oxidation, Ta and Nb low 
vapor pressure. Ta and Nb difficult to 
oxidize to 5 + 

[179–181, 201, 202]

CaSnO3 4.4 eV Similar properties as  SrSnO3, but with a 
wider bandgap

Previous failed doping attempts [22, 164]

MgGa2O4,  ZnGa2O4 4.9 eV,
4.0–4.3 eV

UWBG semiconductors with reverse 
and normal spinel structure, respec-
tively

Anti-site defects [187, 188, 190, 203]

(Ca,Sr,Ba)(Hf,Zr)O3  ~ 5 to 6 eV Doping case study for UWBG semicon-
ductors

Modulation donors
Flat-band physics

Difficult to dope due to high bandgap 
and flat bands

[191–193, 204]

NaSbO3 3.4 eV Direct wide bandgap semiconductor 
for optoelectronics

Sb tetramers. Oxidation to  Sb5+ dif-
ficult. Na prone to source oxidation. 
Metastable polymorph

[198]

CuMO2 M = B, Al, Ga,  
In, Sc, Cr

 ~ 3.5 to 4.5 eV p-type wide bandgap semiconductors Oxidation of Cu. Suitable substrate 
selection

[199, 200]
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their properties and sabotage device performance [190]. The 
precise stoichiometry control and low particle energy of MBE 
may be very helpful to fully understand and exploit the proper-
ties of these materials in devices.

Another group of materials with the perovskite oxide struc-
ture are the alkaline-earth zirconates and hafnates (Ca,Sr,Ba)
(Zr,Hf)O3. These materials have been grown using MBE, but 
have generally been regarded as insulators because of their 
flat bands and gaps of over 5 eV in most cases. As a result, the 
literature is lacking in reports of doping attempts [191–193]. 
However, the appeal of electron doping these materials is three-
fold. Firstly, they would serve as an excellent test to the limits 
of electron doping in oxides and are thus of strong interest to 
the growing field of UWBG semiconductors. Secondly, doping 
these materials would provide a new flat-band system to serve 
as an analog to  SrTiO3 and  KTaO3, potentially hosting exotic 
transport phenomena. Finally, the high conduction band offset 
between these materials and more traditional complex oxide 
semiconductors make these compounds excellent candidates as 
donors in modulation-doped structures, [194] potentially ena-
bling new high-mobility modulation-doped heterostructures. 
Liquid precursors have been developed for MBE and used for 
the growth of  ZrO2 [195],  HfO2 [196], and  SrTi1-xZrxO3 [197], 
but we think there is much opportunity to capitalize on these 
early results.

NaSbO3 is a metastable orthorhombic perovskite with 
a direct bandgap of 3.4 eV [198]. Analogous to  BaSnO3, its 
conduction band is predominantly derived from Sb 5 s-orbit-
als which gives it a high level of dispersion and low electron 
effective mass.  NaSbO3 might provide high room-temperature 
electron mobilities as similarly found in  BaSnO3. Whereas 
 BaSnO3 has an indirect bandgap,  NaSbO3 has a direct bandgap 
making it potentially useful for optoelectronic devices such as 
ultraviolet LEDs and visible-blind photodetectors. Whereas 
Na is an air-sensitive element highly prone to source oxida-
tion, Sb evaporates as tetramers and is exceptionally difficult 
to oxidize to  Sb5+. Finally, although structurally metastable 
perovskite polymorphs have been grown by oxide MBE [134], 
the associated growth challenges add an additional layer of 
difficulty to the process.

Finally, an interesting group of materials has emerged as 
possible p-type wide bandgap semiconductors in  CuMO2 with 
the delafossite structure where M = B, Al, Ga, In, Sc, or Cr. Sta-
bilizing a p-type oxide with a wide bandgap would be highly 
advantageous for a myriad of devices [199] but these materials 
are problematic in MBE synthesis due to Cu oxidation and 
finding a suitable substrate for epitaxial growth. That said, 
MBE growth has been demonstrated. [200] However, stabi-
lizing and studying all of these materials within this group is 
still underway.

Demonstrating the growth of these materials by MBE will 
require overcoming many of the challenges we have reviewed 
here: source oxidation, low oxidation potentials, ultra-low 
vapor pressures, and stoichiometry control. However, as can 
be seen by the record properties for many of these complex 
oxides (Fig. 7c), MBE is capable of growing some of the near 
perfect films currently available. By employing the multi-
tude of MBE modifications that now exist, it is only a matter 
of time before these new wide bandgap complex oxides are 
reproducibly grown and applied in next-generation electronic 
and optoelectronic devices.
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