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ABSTRACT

We have conducted a comprehensive thermodynamic analysis of the volatility of 128 binary oxides to evaluate their suitability as source
materials for oxide molecular-beam epitaxy (MBE). 16 solid or liquid oxides are identified that evaporate nearly congruently from sta-
ble oxide sources to gas species: As,O3, B2O3, BaO, M0O3, OsOy4, P05, PbO, PuO,, Rb,0, Re;07, Sb,03, SeO,, SnO, ThO,, T,0, and
WOs. An additional 24 oxides could provide molecular beams with dominant gas species of CeO, Cs,0, DyO, ErO, Ga,;0, GdO, GeO,
HfO, HoO, In;0, LaO, LuO, NdO, PmO, PrO, PuO, ScO, SiO, SmO, TbO, Te;0,, U,0s, VO,, and YO,. The present findings are in
close accord with available experimental results in the literature. For example, As;O3, B,O3, BaO, MoOs3, PbO, Sb,03, and WO3 are
the only oxides in the ideal category that have been used in MBE. The remaining oxides deemed ideal for MBE awaiting experimen-
tal verification. We also consider two-phase mixtures as a route to achieve the desired congruent evaporation characteristic of an ideal
MBE source. These include (Ga;O3 + Ga) to produce a molecular beam of Ga,0(g), (GeO, + Ge) to produce GeO(g), (SiO; + Si) to
produce SiO(g), (SnO; + Sn) to produce SnO(g), etc.; these suboxide sources enable suboxide MBE. Our analysis provides the vapor pres-
sures of the gas species over the condensed phases of 128 binary oxides, which may be either solid or liquid depending on the melting
temperature.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0013159

I. INTRODUCTION

Oxides are of enormous interest for a wide range of appli-
cations due to the useful behaviors they exhibit, often with prop-
erty coefficients or figures of merit at or near the very high-
est. These include magnetoelectrics (e.g., Cr,03)," ferroelectrics
(e.g. PbZro,zTioA303),2 ferromagnets (e.g., La0A7Sr0A3MnO3),3 ferri-
magnets (e.g., Sr,FeMoOg and BaFelew),{3 piezoelectrics (e.g.,
PbZny;3Nby303-PbTiOs),” multiferroics (e.g., BiFeO3),” supercon-

ductors (e.g., HgBaZCaZCu303+,C),S metal-to-insulator transition

materials (e.g., EuO),” and semiconductors (e.g., BaSnO;'""" and
CdO'” with their high mobilities and Ga,03'*'* with its high figure
of merit for power electronics).

To go from properties to technology, it is often desired to com-
bine oxides with other materials to build and investigate the per-
formance of proof-of-principle devices. One technique for produc-
ing high-quality oxides in thin film form is molecular-beam epitaxy
(MBE). The resulting thin films can be used to establish the intrin-
sic properties of a material or assess its performance in prototype
devices. MBE is widely employed for making high-quality thin films
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because of its clean, ultra-high vacuum environment allowing film
synthesis to be monitored by a variety of techniques during growth
as well as its notable absence of highly energetic species. These char-
acteristics allow for the precise customization of thin films with very
few impurities and minimal disorder.”” When it comes to prepar-
ing materials that are highly sensitive to crystalline perfection, MBE
achieves electrical transport characteristics surpassing all other thin
film growth methods, making it the gold-standard technique for
preparing oxide heterostructures.'® "’

MBE traditionally utilizes elemental molecular beams—one for
each element in the compound being formed—that all impinge on
the substrate to form the desired compound.”” Challenges arise
when this approach is applied to oxides. Consider trying to grow
a layer of an oxide containing harder-to-oxidize elements on top
of a layer that oxidizes easily and one does not want to overox-
idize, as in the case for SrTiOs/Si or SrTiOs/GdTiOs.”"*' Hav-
ing an increased variety of molecular beams to choose from, for
example, ones that deliver species already oxidized, could enhance
the ability to make well-controlled heterostructures involving
oxides by MBE.

For multicomponent materials such as oxides, one might be
tempted to just evaporate the desired oxide directly. In general, such
an approach does not work because when most oxides are heated,
they do not simply evaporate as molecules with the same compo-
sition as the starting material, i.e., congruently. Instead, some of
the constituents have higher vapor pressures and evaporate first;
they evaporate incongruently. This leads to the composition of what
is left behind changing, resulting in the partial pressures of the
species that evaporate from a multicomponent source to change
over time, making it useless for the controlled deposition of thin
films. There are, however, some well-known exceptions to this rule.
For example, SiO is known to evaporate congruently in vacuum as
SiO molecules.”” ** However, how many other exceptions are there
among oxides? Answering this question is important for experimen-
talists seeking suitable source materials for the growth of oxides by
MBE.

Stolyarova and Semenov’” summarized the gas species emanat-
ing from Knudsen cells containing many different binary oxides.
Complete data, however, showing the partial pressure of each gas
species as a function of temperature are not available for many
of these oxides,” limiting the usefulness of the information for
MBE experimentalists. Lamoreaux et al.”>* conducted thermody-
namic analyses on the evaporation behavior of the oxides of ele-
ments in groups 1, 2, and 12-14 under reducing conditions (O,
partial pressure, Po, = 10 Pa), oxidizing conditions (Po, = 2 x 10*
Pa), and congruent evaporation conditions. By providing the par-
tial pressures of the vapor species over the condensed oxides as a
function of temperature, their results”*® are widely used to deter-
mine if an oxide will make a good MBE source material. Nonethe-
less, much of the periodic table remains to be filled in as data for
many of the oxides of transition metals and rare-earth (RE) metals
are missing from their studies.””® This lack of knowledge moti-
vates the present thermodynamic analyses in which we analyze the
evaporation behavior of 128 binary oxides; see Table S1 in the
supplementary material for a complete list.

In the present work, we perform thermodynamic calculations
to comprehensively consider the suitability of binary oxides and
two-phase mixtures as potential sources for oxide MBE. Most binary
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oxides are found to be unsuitable because upon heating, they decom-
pose and evaporate a dominant species that contains either pure
oxygen, which pollutes the vacuum environment, or the pure metal,
which provides no benefit over using the pure metal directly. A few
binary oxides are found that evaporate a metal oxide molecule in the
vapor phase and are thus suitable for oxide MBE. Some of these are
well appreciated and utilized, while others are new and await experi-
mental verification. Several two-phase mixtures are also found to be
suitable for oxide MBE.

Il. METHODOLOGY

A. Thermodynamic analysis of evaporation
for oxides

Equilibrium calculations were performed using the SGTE sub-
stance database (SSUB5)”’ within the Thermo-Calc software” to
assess the evaporation behavior of binary oxides, i.e., the gaseous
species and their vapor pressures. For amorphous SiO(am), which
is well-known to evaporate congruently,” " its close chemical rel-
ative GeO(am), and compounds including PtO,, Pt304, and PtO,
which are missing in the SSUB5 database, thermodynamic descrip-
tions were added using the reported enthalpies (and entropies when
available) of formation at 298.15 K for GeO(am),” SiO(am),” and
the Pt-O compounds.” In calculating the evaporation behavior of
oxides, the gas species with the highest partial pressure—which with
the increasing temperature is the first to reach a vapor pressure of
107" Pa—is described as the “dominant” species. The relevance of
107" Pa for MBE is that this partial pressure at the source is typi-
cally used for thin film growth.”” " If two gas-phase species have the
same concentration within a factor of 10, they are both considered
dominant; this is the case for the binary oxides of CsO,, PbO, Rb,O,
SC203, TCOz, U4O9, and ZrOz.

In thermodynamic calculations, the components of the system
are defined as the element of interest and O, with the number of
moles of the non-oxygen element fixed to one, i.e., n(M) = 1 mol. It
is worth mentioning that there are many oxygen-containing species
in the gas phase such as O, O, and Os. At equilibrium, there is
only one independent partial pressure for the independent com-
ponent O, which can be represented by Po,, or Po, or Po,, or the
partial pressure of any O-containing species, and the partial pres-
sures of other O-containing species are dependent variables and can
be calculated. In other words, the number of independent partial
pressures (or activity or chemical potential) equals the number of
independent components in the system, and the partial pressures
of other components (species) can be calculated, but they are not
independent.

The partial pressure of O, is fixed at 107 Pa, a typical oxygen
background pressure in the growth of oxides by MBE, because at
higher background pressures, hot filaments and other MBE compo-
nents are damaged from oxidation and the fluxes from many ele-
mental sources become unstable due to surface oxidation.”" Cal-
culations are made with the gas phase fixed at zero amount as this
is considered to represent equilibrium evaporation from an MBE
source; when the material evaporates from an MBE source into the
open system of MBE, it does not return. It is worth noting that the
total pressure in the system equals the vapor pressure of the con-
densed phases, which varies with temperature in equilibrium with
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the fixed gas phase and should not be set as a fixed equilibrium con-
dition in thermodynamic calculations. Furthermore, another benefit
in using the partial pressure of O, as a fixed equilibrium condition is
that the oxygen content in the system is self-regulated by the phase
stability of the system. This is an open system with respect to O, and
the amount of O not only is different in different systems but also
varies in the same system as the temperature is changed. An example
of the macro file (i.e., the tcm file used by the Thermo-Calc software)
to calculate the evaporation of a stable oxide source is provided in
Table S3 in the supplementary material.

For metastable oxides in equilibrium with gas, the gas com-
positions are calculated under the same conditions (temperature,
O, activity, and moles of the element) as those used for the stable
oxide sources, but with all condensed phases removed except for the
metastable oxide of interest. Two scenarios are possible when the
oxide decomposes; these depend on the kinetics of the compound.
If the solid oxide decomposes faster into a metal-oxygen contain-
ing gas phase than into another oxide or metal condensed phase, the
metastable oxide is potentially useful as an oxide MBE source. If, on
the other hand, the solid oxide decomposes faster into another con-
densed phase (oxide or pure element), O, gas will be produced and
pollute the vacuum. An example of the macro file to calculate the
evaporation of a metastable oxide source is provided in Table S3 in
the supplementary material.

For the cases of gas species evaporated from a two-phase mix-
ture of M,,O, + M with an overall composition M,O), the con-
ditions for thermodynamic calculations are n(M) = 1 mol, n(O3)
= 0.5y/x mol, and the amount of gas phase is fixed at zero, while
the partial pressure of O, is determined by the three-phase equilib-
rium of the two condensed phases and the gas phase. The pressure
of the gas phase is much lower than the 10™* Pa typical oxygen
background pressure used in the growth of oxides by MBE that is
mentioned above due to the presence of the pure metal in equi-
librium at low temperatures. Nevertheless, when the pure metal
becomes metastable at high temperatures, the partial pressure of O,
can increase significantly as shown in the discussion of Ga,0O3 and
relevant to suboxide-MBE (S-MBE). An example of the macro file to
calculate the evaporation of a two-phase mixture case is provided in
Table S3 in the supplementary material.

These two types of calculations, i.e., the cases with the fixed
partial pressure of O, vs the two-phase mixture, represent the two
different thermodynamic constraints on the system, viz., an open
system vs a closed system. Even though the MBE chamber is an
open system, in practice because gas is exchanged between the MBE
chamber and the surroundings via the input of gases and its depar-
ture through several vacuum pumps, it can behave like either an
open or a closed system depending on the fluxes of metallic ele-
ments, the partial pressure of O, and temperature as demonstrated
in the discussion of the thermodynamics of MBE (TOMBE) diagram
for ternary systems.'” In the TOMBE diagram, O, partial pressure is
plotted against temperature and the diagram is labeled with the sta-
ble phases with the gas phase always present. For a binary system, in
the closed-system regions of the TOMBE diagram, two condensed
phases and the gas phase are in equilibrium with one degree of free-
dom (independent number of potentials) based on the Gibbs phase
rule.” This is the same situation as typical Ellingham diagrams,
such as the two-phase mixture in the present work of two compo-
nents, with the temperature being the independent potential and
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the chemical potentials being dependent potentials. Meanwhile in
the open-system regions, one condensed phase and the gas phase
are in equilibrium with two degrees of freedom. This is the case for
a fixed partial pressure of the non-oxygen element with both the
temperature and the chemical potential of O, being independent
potentials in maintaining the two-phase equilibrium. For evapora-
tion, both scenarios are useful as demonstrated in the present work,
while for MBE growth of thin films, the open-system scenario with
one condensed phase is ideal as demonstrated in the MBE growth of
Sr;RuQy, SrRu03, and CaRuO; epitaxial films.'”"”

B. Five scenarios of oxide source evaporation

Four possible scenarios for the evaporation of oxide sources are
shown in Fig. 1. These are each described in detail below, together
with one additional possibility (scenario 5) consisting of the evap-
oration of mixtures of two condensed phases. Note that we ignore
the complex reaction products in scenarios 24 for the sake of sim-
plicity; for example, we ignore the possible products of new oxide
+ O2, or new oxide + M, or new oxide + additional oxide, or any
combination of them other than the mentioned product M,,O,.

Scenario 1: Nearly congruent evaporation of metal-oxygen gas
species [MO, (s or £) - M.O,(g); see S1 of Fig. 1]. Here, the
letters s, ¢, and g in the parentheses indicate solid, liquid, and gas
phases, respectively. In congruent evaporation, the species that
evaporates into the gas phase has the same stoichiometric ratio
as the solid or liquid source from which it comes; see additional
details in Sec. II C. Two attributes make congruent evapora-
tion the best scenario for MBE sources: (i) when the oxide is
heated in the crucible and evaporates, metal-oxygen containing
gas species of known composition will traverse the MBE cham-
ber and deposit onto the substrate, and (ii) the metal-oxygen gas
species M,O,(g) has the same stoichiometric ratio as the source
material MO, (s or £), so the composition of the source mate-
rial will remain constant over time, making it easier to provide a
stable flux of this molecular beam of known composition.

Scenario 2: Incongruent evaporation of metal-oxygen gas
species [MO, (s or £) - M, O,(g); see S2 of Fig. 1]. In incon-
gruent evaporation, the species that evaporate have a different

(ST) (S2) (S3) (S4)
M,0, M,0, O M

? ? ? ?

Source: M,0,

FIG. 1. Four scenarios (S1-S4) possible during evaporation plus an additional
scenario (S5) examined in the present work with a two-phase mixture of MyO,
+ M as a source. Note that this plot ignores the possibility of complex reaction
products that form from the oxide source for the sake of simplicity.
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overall stoichiometric ratio than the solid or liquid source from
which they emanate. Like congruent evaporation, incongruent
evaporation can work for the MBE process, but it is less ideal.
Although metal-oxygen containing gas species will be deposited
onto the substrate, the gas species coming off of the oxide source
[MmOn(g)] has a different stoichiometric ratio than the source
[MOy(s or £)]. This difference in chemistry will cause the source
material composition to change over time, making it more dif-
ficult to control the flux and composition of the molecular
beam.

Scenario 3: Evaporation of oxygen species [M.O,(s or £)
— 0(g); see S3 of Fig. 1]. For some oxides, oxygen species
[O:(g)] will be the dominant species in the vapor. The domi-
nant evaporation of oxygen species from the metal-oxide source
is undesirable for an MBE process. In oxide MBE, it is desired
to control the oxidant species (often an activated species such
as ozone or those emitted from an oxygen plasma) and its flux
directly. Oxygen species [O.(g)] coming from the metal-oxide
sources effectively pollute the ultra-high vacuum and cause a loss
of the independent control of growth parameters that is desired
in MBE.

Scenario 4: Evaporation of elemental metal species [M.O,(s
or £) - M.(g); see S4 of Fig. 1]. An elemental metal [M.(g)]
can also be the dominant species given off by the oxide source.
Oxides that evaporate elemental metal species are also undesir-
able for MBE. Evaporation of the elemental metal causes the
oxide source composition to become oxygen rich over time. In
addition, using such an oxide source to generate a flux of metal
species generally offers no advantage over the use of a pure metal
source.

Scenario 5: Two-phase mixture of M,,0, + M as sources. In
addition to the above four scenarios, we also examine one more
scenario to produce gas species MO, from a two-phase mixture
MO, + M with an overall composition M;O,. This scenario
builds upon experimental work, showing that this is a viable
approach.”®”

C. Three criteria for a nearly ideal MBE
source material

Once the gas compositions emanating from the binary oxides
are calculated, each binary oxide is evaluated against three crite-
ria based on MBE chamber conditions necessary to produce high-
quality thin films. A binary oxide source is identified as the most
ideal for oxide MBE if it meets all three of the following criteria:

Criterion 1. The solid or liquid metal-oxide source is sta-
ble under the given conditions. Stable metal-oxide sources are
ideal because they do not decompose and release oxygen, which
would pollute the MBE vacuum. Some elements in the SSUB5
database’” such as actinium, astatine, californium, curium, ein-
steinium, fermium, francium, radium, and protactinium do not
have solid or liquid oxides, so these are disqualified. Oxides of
some transition metal are disqualified because the stable phase
under the given conditions is a pure metal in solid or liquid form.
Examples include Ag(s), Au(¥), Co(s), Cu(s), Ir(s), Os(s), Pd(s),
Rh(s), and Ru(s). A select few of the elements are stable as lig-
uid oxides under the given conditions such as Bi;O3(¢), FeO(¥)
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(i.e., the liquid Fe-oxide phase or the slag phase), Nb,Os(¥),
Rb,O(¢), Ta,05(¥), and TigsO7(£). If an element is able to form
a metastable oxide, the metastable oxide is investigated. For
example, Ir(s) is the most stable phase under the given condi-
tions, but iridium also forms IrO,. Hence, IrO; is investigated
as a metastable source. Note that the liquid state of FeO(¥) is
a slag phase with a mixture of all iron oxides (such as FeO,
Fe3;04, and Fe;O3) in arbitrary ratios. Usually, melting pro-
cesses are accompanied by a change in the metal-oxygen stoi-
chiometry to lower the Gibbs energy by mixing, but not in the
solid state.

Criterion 2. The oxygen-metal containing gas species is dom-
inant. A metal-oxygen gas species [M,O,(g)] is ideal as it pro-
vides pre-oxidized metals with the known oxygen content to the
growing film when it reaches the substrate. Binary oxides for
which the dominant evaporant is the oxygen species or metal
species are disqualified as MBE sources for not meeting this
second criterion.

Criterion 3. The oxide source evaporates nearly congruently.
Congruent evaporation ensures that the oxide source provides
a constant flux of the desired species at a fixed temperature.
This third criterion distinguishes between the most ideal sources
for MBE and those that are less ideal because they evaporate
incongruently.

Note that for exact congruent evaporation, the composition of
the source oxide (solid or liquid phase) and that of the gas phase
evaporating from it must be identical. The ideal case is where only
one species exists in the gas phase and that species has the same sto-
ichiometric ratio as the solid or liquid MBE source from which it
evaporated. This is rarely the case; usually, multiple species evapo-
rate into the gas phase, and congruent evaporation occurs when the
overall composition of the gas phase matches that of the solid or lig-
uid MBE source from which it came. As a practical matter, exact
congruent evaporation is not needed for a source to perform well in
MBE. Sources with evaporation characteristics sufficiently close to
exact congruent evaporation can be tolerated. In the present work,
we define nearly congruent evaporation as the condition where the
mole fraction difference for each component, such as O, in the
oxide source and in the gas phase is less than 0.01, i.e., |Ax(O,)|
< 0.01, with

Ax(0O;) = x(oxide, O, ) — x(gas, Oz), (1

where x(oxide,O;) and x(gas,O;) are the mole fractions of the
component O; in the oxide source (s or ) and in the gas phase,
respectively. The same condition is also used to define what we mean
by the nearly congruent evaporation of metastable oxide sources.

lll. RESULTS AND DISCUSSION

In the SSUB5 database,” 58 elements have stable solid oxides
and 14 elements have metastable oxides under the given condi-
tions. To make the present study more comprehensive, additional
metastable oxides under the given conditions are included. The list
of all evaluated 128 stable and metastable oxides and 17 elements
under the given conditions is available in Table S1 in the supple-
mentary material. In addition, 27 two-phase mixtures of M,,O, + M
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10" — T : are examined, where the elements M considered are rare-earth ele-
o --- Total Pressure (Pa) ments and other elements of practical interest; see Table S2. Note
1071 .. AX(Oy) e 0.0 that we do not plot phase stability as a function of temperature for
10" F ol these oxides. Instead, we note in Figs. 2 and 4 and each supplemen-
2 g tal figure caption (Figs. S1-S81) the stable phases as a function of
= 1001 1o temperature for each system.
o400 '
g 10_4 c - A. Ideal MBE sources
g 10_5 doo2 5(5 16 solid and liquid oxides meet the criteria to be classified
o 10 as ideal MBE sources. These are As,O3, B,O3, BaO, MoOs3, OsOy,
%10-6 L T PzOs, PbO, Pqu, szo, RezO7, Sb203, SCOZ, SnO, Th02, leo,
> . dos and WOs;; see Table 1. Some of these oxides have been well stud-
10 ‘ ied in Knudsen cell evaporation experiments. Some of the identified
108k i oxide sources have been used to make thin films via various deposi-
tion methods, but only As,O3, B,O3, MoO3, PbO, Sb,03, SeO,, and
10° F ; 1-04 WO3 have been used successfully for MBE growth as described in
10 AR . ., ., ., . B below. We discuss these oxides in Secs. ITI A 1-III A 13 in alpha-
9800 1000 1200 1400 1600 1800 betical order except for As,O3 and SnO, which are discussed with
Temperature (K) Sb,03 in Sec. III A 9, and PuO,, which is discussed with ThO, in
Sec. [IT A 11.

FIG. 2. Calculated partial pressures of the species in the gas phase (the solid lines)

over the stable solid B,O3 (the amorphous/glass phase) source at a fixed oxygen .

partial pressure, Po, = 10~* Pa. The dominant gas species possesses the same 1. B20s(s) (Fig. 2)

composition as the B, 05(s) source at T > 1160 K. Nearly congruent evaporation of Figure 2 shows the calculated evaporation behavior of solid

B,03(s) occurs at T > 1255 K [see the definition in Eq. (1)]. If the total pressure is B,O; (the amorphous/glass phase) as a function of temperature

fixed at Pyt = 0.1 Pa, instead of Po, being fixed at 10~ Pa, then nearly congruent under Po. = 10~* Pa, where the B,Os gas species is dominant
h >

jon of B T>1 K; Iso th in Table I.
G SELAGIEAS RIS X U UL above 1160 K in equilibrium with solid B,O3(s); see also Table 1.

TABLE I. Oxide sources (s or £) meeting the criteria for an ideal MBE source under the following conditions: Pg, = 10— Pa, fixed gas phase at zero amount, fixed T, and n(M)

=1mol.

Element Oxide source Dominant gas species T-range" T-range’ T-range
As As;05(0) As4Os6 >677 >611 650-1274°
B B,03_glass(s) B,O3 700-1800 1160-1800 (O, at T < 1160) 1255-1800
Ba BaO(s) BaO 700-1800 >1330 (O, at T < 1330) >1473
Mo MoOs(s) Mo30Og; M04O12 700-1800 760-1800 (O, at T < 760) 768-1800
Os Os04(s, £) 0s0y4 <314 <314 <314

P P,05 _orth(s, ¢) P4+O1o s at 300-839; £ at T > 839 422-1552 (0, at T < 422) 438-1510
Pb PbO_yellow(s) PbO 700-1162 848-1032 (Pb at T > 1032) 905-918
Pu PuOy(s) PuO, 700-2200 1850-2200 (O at T < 1850) 1999-2063
Rb Rb,O(s, ¢) Rb,O; Rb sat517-778; L at T > 778 660-795 (O, at T < 660) 701-716
Re Re;05(s, £) Re,O7 s at 300-600; £ at T > 600 320-1286 (O at T < 320) 332-1244
Sb Sb,03(4) SbsO¢ >997 997-1429 997-1383
Se SeO(s, £) SeO, sat 300-633; L at T > 633 314-650 (O at T < 314) 337-644
Sn SnO(¥) SnO >1498 1498-1800 (O, at T' < 863) 1498-1756
Th ThO(s) ThO, 700-3000 2440-2970 (O at T < 2440 and ThO at T > 2970) 2631-2720
Tl TLOC(s, £) TL,O s at 650-852; £ at T > 852 650-1456 (Tl at T > 1456) 650-1188
w WOs(s) W309 700-1800 1150-1800 (O, at T < 1150) 1176-1800

*Temperature range (in K) where the oxide source (s or £) is stable.

l’Temperature range (in K) where the dominant gas species possesses the same composition as the binary oxide source from which it evaporates.

“Temperature range (in K) of nearly congruent evaporation as defined by Eq. (1) for an absolute value of Ax(O,) < 0.01. Note that some high-temperature limits represent the selected
temperature limits used in the present work to perform thermodynamic calculations; for example, 1800 K is the limit of our calculations rather than the limit of nearly congruent
evaporation.

4Liquid As,0; is stable at T > 677 K. The temperature range for nearly congruent evaporation from a stable source is 677 K-1274 K.
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Figure 2 shows that nearly congruent evaporation of B,Os(s),
defined by |Ax(O;)| < 0.01 [see Eq. (1)], occurs at T > 1255 K. As an
ancillary test, the ideal congruent evaporation of B,Os3(s) occurs at
T > 1398 K under a fixed total pressure, Piot = 0.1 Pa. The ther-
modynamics of B,Os3(s) volatility was investigated by Lamoreaux
et al.,” and it was shown to evaporate congruently as B,O3(g). Stol-
yarova and Semenov’” also noted that the dominant vapor species
of B,O3(s) thermally evaporated by a Knudsen cell is B,O3(g). B,O3
sources in MBE are well known, though they have only been used as
doping sources for the MBE growth of silicon.""’

Although B,0s3 is ideal for oxide MBE (see Fig. 2), and thin
films have been successfully fabricated using MBE, the high reactiv-
ity of B,O3 with water to form H3BO; under ambient conditions
precludes it from many practical applications."” Putkonen and Niin-
isto"” applied a protective Al, O3 capping layer using atomic layer
deposition (ALD) to prevent the B, O3 thin film from reacting. When
patterned, however, the film immediately suffered degradation from
the exposed B,O3 edge. Proposed applications of B,O3 thin films
include transistors, ultra-wide bandgap amorphous oxide semicon-
ductors, and optoelectronics when combined with other oxides.”
Glassy thin films such as B,O3 also have potential as electrolytes used
in batteries, as electrochemical sensors, as supercapacitors, and as
electrochromic sensors. "

2. BaO(s) (Fig. S8)

The calculated evaporation behavior of BaO is shown in Fig. S8
along with that of BaO,; see also Table I. It can be seen that the
primary species evaporating from BaO, is BaO, so a BaO, source
works the same as BaO. The dominant BaO species in the molecu-
lar beam is relevant to making high dielectric constant perovskites
such as BaTiO3 and (Ba, Sr)TiOs3, which have applications in high-
K (K is the dielectric constant) memory,“‘ tunable dielectrics,”**
optoelectronics,” " and fuel cells.”””’ Another important barium-
containing oxide is BaSnOs—a semiconductor with high mobility
at room temperature—which offers tantalizing properties for trans-
parent electronics.'”'"”*** Barium hexaferrites including BaFe;,019
are ferrimagnetic insulators with excellent performance at high
frequency.” "

In addition to complex oxides containing barium, BaO thin
films themselves have applications in high current density cathodes,
thermionic energy converters, and optical devices.”” BaO films have
been grown by many groups using MBE with separate beams of bar-
ium and 0,.°" % Less common, but nonetheless demonstrated, is the
growth of BaO films using a BaO; source”’ or a BaO source.”""” A
BaO source could prove particularly advantageous when it is desired
to not introduce any excess oxygen, e.g., when growing BaO on sil-
icon and it is ideal to have all of the barium oxidized, yet not to
oxidize any of the silicon (which can easily occur if excess oxygen
is present).”"*

3. MoOs(s) (Fig. S41)

Several studies have been carried out on the evaporation of
MoOj; from a Knudsen cell. In these studies, (M0Oj3)3, (M0O3)4, and
(MoO3)s are all observed in the gas phase with (M0oO3)3 being most
abundant at 850 K.°*°” Our calculations (Fig. S41, see also Table T)
indicate congruent evaporation of MoOs3 as well (T > 768 K at Po,
=107 Pa) also with Mo3O9 and Mo40O1; being most dominant fol-
lowed by Mos0O;5. Du et al.®® grew MoOj thin films by MBE on

scitation.org/journal/apm

SrTiO; substrates by evaporating MoO3s powder from an effusion
cell onto a substrate held at 673 K-823 K and immersed in acti-
vated oxygen species from an oxygen plasma operating at Po, = 4
% 107* Pa. MoO3 molecular beams could be used as a route to grow
SrMoQ; thin films, which are being studied for use as transpar-
ent conductors because of their very high conductivity.”””’ MoOs
thin films are also used as electrochromic sensors and in lithium
batteries.”!

4. OsO,(s, £) (Fig. S48)

Solid OsOy(s) is a stable phase at low temperature, T < 304 K.
With the increasing temperature, liquid OsO4(¢) becomes stable in
a narrow temperature range from 304 K to 314 K. Above 314 K,
Os0x(s) is the stable phase and remains so up to 832 K where
solid Os(s) becomes stable. Figure S48 shows that the dominant gas
species is OsO4(g) at low temperatures, i.e., T < 1028 K in the plot
of OsOx(s) as an oxide source as well as in the plot of OsO4(s) as
an oxide source. These results indicate that OsOy4(s, ¢) is an ideal
source for MBE oxide when T < 314 K at Po, = 10~ Pa; see also
Table I.

5. P;Os(s, £) (Fig. S47)

The calculated evaporation behavior of solid P,Os with an
orthorhombic structure is shown in Fig. S47; see also the data in
Table 1. P,Os has exciting uses as a bioactive thin film material to
modify surface properties of biomedical devices, to increase corro-
sion resistance, or for osteogenic applications.”” The P,Os thin films
are commonly fabricated using a sol-gel method instead of physical
vapor deposition. Stolyarova and Semenov” recorded the congruent
evaporation of P4O19 to P4O1p gas species from a P,Os(s) source at
500 K. No publication in the literature was found using P,Os in an
MBE process.

6. PbO(s) (Fig. S50)

PbO(s) was shown by Lamoreaux et al”’ to have dominant
species Pb(g) under reducing conditions and PbO(g) under oxi-
dizing conditions. Experiments by Lopatin et al.”’ found that the
dominant gas species in PbO(s) evaporated at 900 K-1150 K are
Pb,0,(g), Pb(g), and O(g). The Pb,O,(g) species comes from
the congruent evaporation of nPbO(s) — Pb,O, with n = 1-
6; the Pb(g) and O(g) species come from a partial dissociation
of PbO(s) — Pb(g) + 30,. The polymeric Pb,O, gas species
observed by Lopatin et al.”’ were also included in the evapora-
tion analysis by Lamoreaux et al,” but these Pb,0, gas species
are not included in the SSUB5 database and can thus not be
seen in Fig. S50. Although the present work does not take into
account the Pb,O, (n = 2-6) species, the yellow orthorhombic
phase PbO_yellow is dominant below 1163 K under the condi-
tions of our thermodynamic calculations (not shown), which agrees
with Lopatin’s assessment that PbO is dominant between 900 K
and 1150 K.

The evaporation behavior of PbO_yellow in Fig. S50 disagrees
with the analysis by Lamoreaux et al,”” which shows Pb(g) to be
dominant from 700 K to 1800 K at Po, = 107'° Pa. On the other
hand, an experimental attempt at using PbO(s) as an MBE source in
an MBE system with no added oxygen (and a chamber background
pressure in the 107° pa range) found that PbO(s) decomposed into
mainly Pb(g) with very little PbO(g),”* which is consistent with
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the expectations of Lamoreaux et al.”® To see if the disagreement
between our calculations and those of Lamoreaux et al.” is due to
the difference in O, partial pressure conditions, we redid our calcu-
lations as a function of oxygen partial pressure for Po, from 10~ Pa
to 1071 Pa. Figure 3 shows the temperatures at which Pb(g) becomes
the dominant species in the gas phase as a function of Po,; the tem-
perature at which Pb(g) becomes dominant over PbO(g) decreases
with decreasing Po,. At the pressure used by Lamoreaux et al.,”® Po,
=107 Pa, the calculations show that the partial pressure of Pb(g)
exceeds that of PbO(g) at 725 K, in good agreement with findings
of Lamoreaux et al.”® who found that this crossover occurs around
700 K at Po, = 107" Pa.

A PbO source was used by Rispens and Noheda to grow high-
quality PbTiO; films by MBE.”” These authors found the use of
PbO(s) advantageous over Pb({), which is consistent with the results
from Fig. S50 where the dominant species in the gas phase at MBE-
relevant growth conditions is PbO. We note that based on the dia-
gram by Lamoreaux et al.,” PbO is not a good source to use for
the growth of PbTiO;3 or other Pb-containing oxides by MBE. This
points to the importance of the current comprehensive analysis at a
fixed oxygen pressure (107" Pa) that is relevant for oxide MBE and
in the case of PbO dramatically changes the dominant species in the
gas phase as shown in Fig. 3.

7. Rb;O(s, £) (Fig. S56)

Rb,O is a liquid at temperatures at which the dominant species
evaporated from it have a vapor pressure of 10! Pa. At this temper-
ature, there are actually two species with high and comparable vapor
pressure in the gas phase: Rb(g) and Rb,O(g). From the calculated
vapor pressures over liquid Rb,O, Rb,O is seen to evaporate nearly
congruently at higher partial pressures of O, (such as Po, = 107 Pa
and 107! Pa); see Fig. S56 as well as Table I.

At lower Po, (e.g., <107* Pa), the vapor is Rb-rich compared to
the Rb,O source. Although at these lower oxygen partial pressures it
is not an ideal MBE source, it should still produce a molecular beam
containing a significant fraction of pre-oxidized rubidium in the
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FIG. 3. Plot of the temperature (in K) at which the partial pressure of Pb(g) exceeds
that of PbO(g) as a function of the partial pressure of O.
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form of Rb,O. Rb,O has been used as an MBE source for the growth
of superconducting (Bi, Rb)BaO; films by Hellman et al.”® These
authors noted that the Rb,O source showed signs of decomposition
into a Rb-rich molecular beam, consistent with the present calcula-
tions at different Po, values (Fig. S56). They also mentioned that they
did not observe any Rb oxide molecules by mass spectrometry. This
is inconsistent with the present calculations with higher partial pres-
sures of O, in which significant Rb,O(g) in the gas phase is expected
(see Po, = 107* Paand 107" Pa in Fig. $56). A possible reason for this
is the strong dependence of the Rb,O(g) partial pressure on the oxy-
gen partial pressure. Our calculations are done at Po, = 10™* Pa (as
well as 107" Pa and 1077 Pa in the present case); at lower oxygen
partial pressures, which are likely the conditions under which Hell-
man et al.”® operated their mass spectrometer, Rb(g) becomes the
dominant gas species.

8. Re;0y(s, £) (Fig. S57)

Through Knudsen cell studies, Skinner”” found that Re;O7(s)
evaporates congruently as Re;O;(g) at Po, = 2 x 10" Pa and
T =404 K. Due to a small amount of O, that simultaneously vapor-
ized, some residual ReO3(s) was left in the cell. The ions exhibiting
the highest signal in Skinner’s mass spectrometry study are in the fol-
lowing order: Re;O7, ReO3, ReO2, Re;Og, and Re; Os. In the present
calculations (Fig. S57 as well as Table I), Re;O7 is the dominant gas
species followed by Re,Os, which shares the stoichiometric ratio of
ReO;s. To the best of our knowledge, Re;O7(s, £) has not yet been
used as an oxide source for MBE growth. Like B,O3, Re;Oy is very
hygroscopic, which may limit its applications.”®

9. As;Os(¢)(Fig. S5), Sb,0s(¢) (Fig. S60),
and SnO(¢) (Fig. S65)

Figure S5 indicates liquid As;O3(¥) is a stable phase at higher
temperatures (T > 677 K) transformed from solid As;Os(s). In the
temperature range 677 K-1274 K, As,O3(¥) is a possible ideal MBE
source with the dominant gas species of AssOg(g) at Po, = 107™* Pa;
see also Table I.

The behavior calculated for Sb,Os3 is analogous to that of
As;Os. At higher temperatures (T > 997 K), liquid Sb,O3(¢) is a
stable phase transformed from solid SbO,(s). Figure S60 as well as
Table I shows that Sb,03(¥¢) is also a possible ideal MBE source with
the dominant gas species being Sb4Os(g) in the temperature range
of 997 K-1429 K. Nearly congruent evaporation of Sb,O3(¥) is cal-
culate4d to occur over the temperature range 997 K-1398 K at Po,
=10"" Pa.

Similar to As;O3(¢) and Sb,Os3(¢), at higher temperatures
(T > 1498 K), liquid SnO(¥) becomes a stable phase. Figure S65 as
well as Table I shows that SnO(?) is also a possible ideal MBE source
with the dominant gas species being Sn; O1(g) when T > 1498 K. SnO
and SnO, are discussed further in Sec. 111 B 1.

Note that the solid phases of As;Os3(s), Sb,O3(s), and SnO(s)
are metastable, but they evaporate nearly congruently based on
our calculations; see Figs. S5, $60, and S65 and Table III. Both
As;O5(s) and Sb,O3(s) have been used as source materials in oxide
MBE and were observed to evaporate congruently by Stall.”* In his
study, Stall noted the much lower vapor pressure of Sb,O3 (~107>
Torr) compared with As;O3 (~10* Torr) at 673 K.* To provide the
desired flux of SbsO¢(g), the effusion cell containing Sb,Os3(s) was
operated at a temperature around 750 K, at which our calculations
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indicate that SbO,(s) is the stable phase. Nonetheless, Sb,O3(s) was
observed to behave as an ideal MBE source by providing a molecular
beam with the same stoichiometry as the source material [consis-
tent with our calculation that the dominant species in the gas phase
is Sb405 (g)] .

10. SeOy(s, £) (Fig. S62)

The calculated evaporation behavior of SeOx(s) is shown in
Fig. S62 as well as Table I. The results indicate that the gaseous
SeO; species is dominant when SeO;(s) is heated and agree well
with Knudsen evaporation measurements between 360 K and
660 K.ZE,T‘),H()

Metal oxides including SeO; as well as SnO,, ZnO, TiO,, VO,
and WO; are particularly good gas sensors because the electri-
cal conductivity of the thin film changes with gas adsorption.”""
Manno et al.” studied both SeQ,-SnO, and SeQ,-In, 05 thin films
for applications in NOy sensors. The SeO,-In,03 thin films were
made by evaporating an InSe source and post-annealing the film in
O,. The Se0,-SnO; thin films on the other hand were deposited
onto an unheated quartz substrate by vaporizing 99.999% pure SeO,
and SnO, with Po, = 5 x 107> Pa. After deposition, the films
were annealed in flowing oxygen at 400 °C. The specific evapora-
tion behavior of SeO, and SnO; is not discussed by the authors,*
but it is likely that SnO, species were in the vapor since SnOx
species from an SnO; source were noted under similar evaporation
conditions. "

11. ThO,(s) (Fig. S71) and PuOy(s) (Fig. S55)

In agreement with the present calculations (Fig. S71 as well as
Table I), the dominant gas species given off by a ThO, source in a
Knudsen cell was shown to be ThOz(g).22 The evaporation behavior
of ThO, is, however, not well studied in the literature, and the use of
ThO, source materials in MBE is not reported. Similar to ThO,(s),
PuO;(s) has not been reported as an MBE source either. In addition,
no Knudsen cell evaporation studies could be found for PuO; in the
literature.

12. TI;O(s, £) (Fig. S73)

TL,O was calculated by Lamoreaux et al.”” to exhibit congru-
ent evaporation behavior under reducing conditions. T1,O is more
stable than T14O3 and T1,03 at low oxygen partial pressures, which
makes it ideal for the MBE vacuum environment.””* T1,O powder
is widely available from commercial distributors but is quite toxic.
One concern with TLO is its high reactivity with O, and many
other elements at elevated temperatures.”’ Holstein” used an argon
atmosphere to mitigate this issue and found the vapor pressure of
T1,0(g) over the T1,O(s) source to be 29 Pa at 820 K, which agrees
well with the evaporation behavior calculated in the present work
(Fig. S73 and Table I). T, O has been used in the growth of thin films
of the high-temperature superconductors Tl-Ba-Ca-Cu-0O and Tl-
Pb-Sr-Ca-Cu-O0, but no literature was found showing TLO(s, £)
used as a source material in MBE.”

13. WOs(s) (Fig. S77)

WOs(s) is described to vaporize polymerically like MoOj3(s);™
see Fig. S77 vs Fig. S41. A Knudsen cell evaporation study by Black-
burn et al.®* showed that (WO3); is the dominant vapor species.
WO, is also a vapor species but is reported to decompose into
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(WOs); and W species.” The latter observation is not reflected in
the present calculations (Fig. S77 and Table 1), since the partial pres-
sures of WO, and W in the present calculations are many orders of
magnitude lower than that of W3Oy or any of the WxOs, species.
The results shown in Fig. S77 are consistent with a heated charge of
WOj3 that provides a beam of W30y as described in the Knudsen
cell study of Blackburn et al.” Li et al.”” used WO3 powder as an
MBE source to successfully grow WOs3 thin films for applications
as a photocatalyst. In their experiments, WO3; powder was evap-
orated from a high-temperature effusion cell and deposited as an
epitaxial WO3; film at a substrate temperature of 773 K in the pres-
ence of activated oxygen species from an oxygen plasma operating at
Po, =4 x 1074 Pa.*

B. Stable solid oxide with incongruent evaporation

Having established which binary oxides evaporate nearly con-
gruently, we next consider the possibility that a metastable binary
oxide (if there were some way to produce it and constrain it from
not decomposing in the solid state) would evaporate nearly con-
gruently when heated. Table II summarizes the binary oxides that
do not meet criterion 3 for nearly congruent evaporation (see
Sec. 1T C) but evaporate incongruently instead. Such oxides are not
ideal as the composition of the source will generally change over time
as it becomes depleted in some component, but they might still be
useful for MBE if they provide a desired gaseous species. In addition
to considering the binary oxides in Table II, the species emanating
from them with the highest partial pressure, i.e., the dominant gas
species, were separately investigated as metastable sources to see if
nearly congruent evaporation exists for those species. TcO, was also
investigated but is omitted from the present work because it exhibits
a decrease in vapor pressure with the increasing temperature in our
calculations.

1. SnO; (Fig. S65)

Figure S65 shows the calculated evaporation behavior of SnO,
as a function of temperature, where the gaseous species SnO is domi-
nant above 1128 K in equilibrium with solid SnO, (see also Table IT).
To provide MBE-relevant fluxes, the temperature of the SnO, source
is about 1350 K-1400 K, so when an SnO, source is used in oxide
MBE, SnO is indeed the dominant species in the gas phase. SnO,
was first used as a source in oxide MBE to achieve n-type dop-
ing of Ga,03 with Sn**.** More recently, it has been used to grow
BaSnO;'""" and SnO.”” The La-doped BaSnOs films grown by MBE
with an SnO, source exhibit the highest mobility'”'' and the best
transistor performance” achieved to date, demonstrating SnO; as a
viable MBE source.

Because SnO(g) is the dominant evaporating species, the use of
SnO,(s) as an MBE source also provides a possible route to grow
Sn**-containing compounds such as p-type semiconductors that
are predicted to have high mobility including SnO,"" K,Sn,03,"”
Rb,Sn,03,” and Ta,Sn0.**" Note that Sn?* is a difficult oxi-
dation state to stabilize. Many thermodynamic phase diagrams,
e.g., those for Sn-O" as well as Sn-Sn0,,”" omit SnO consider-
ing it to be metastable and to disproportionate into Sn and SnO»;
this agrees with the present thermodynamic analysis shown in
Fig. S65. Being able to deliver a molecular beam of SnO to the sub-
strate surface greatly simplifies the synthetic challenge to preparing
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TABLE II. Incongruent evaporation of stable solid oxide sources under the following conditions: Pg, = 10— Pa, fixed gas

phase at zero amount, fixed T, and n(M) = 1 mol.

Element  Solid oxide source =~ T-range (K)*  Dominant gas species T-range (K)°
Si SiO,_cristobalite 700-1800 SiO 1570-1800
Sc Sc;03 700-2500 ScO,, ScO 2170-2400, 2400-2500
\% V,0;3 1289-1800 VO, 1360-1800
Ga Ga03 700-1800 Ga,O 1362-1800
Ge GeO, 700-1389 GeO 1010-1800
As As;Os 300-677 As4O¢ 612-1312
Rb Rb,O 517-778 Rb,O, Rb 660-1800
Y Y,0;3 700-2500 YO, 2000-2500
Zr ZrO, 700-2800 ZrO 2490-2800
In In,03 700-1676 In,O 1218-1800
Sn SnO, 700-1498 SnO 1128-1800
Sb SbO, 700-997 Sb4O¢ 792-1429
Te TeOz 700-913 Tezoz 760-892
Cs CsO; 300-754 Cs,0,, Cs,0 546-614, 614-700
La La, O3 700-2500 LaO 1960-2500
Ce Ce;03 1988-2500 CeO 1940-2500
Pr Pr,03 1361-2500 PrO 1934-2500
Nd Nd,0s3 700-2500 NdO 1980-2500
Pm Pm;0s3 700-2593 PmO 2010-2926
Sm Sm;, 03 700-2500 SmO 2050-2460
Gd Gd,0s3 700-2500 GdO 2190-2500
Tb Tb,03 800-2500 TbO 2290-2500
Dy Dy, 05 700-2500 DyO 2270-2500
Ho Ho,03 700-2500 HoO 2320-2500
Er Er, O3 700-2500 ErO 2350-2500
Lu LuO3 700-2500 LuO 2450-2500
Hf HfO, 700-3000 HfO, O 2640-3000
U U30g 525-939 U, 06 518-1800

*Temperature range where the oxide source is stable.
YTemperature range where the oxide gas species is dominant.

Sn**-containing materials. Furthermore, for the synthesis of anti-
perovskites such as Sr3SnO, it is preferable to have SnO arrive to the
growth surface pre-oxidized and without any excess oxygen in order
to avoid the undesired reaction of Sr3SnO with excess oxygen to
form unwanted SrO.” Finally, the present work (Fig. $65) also indi-
cates that SnO(s) can be a metastable source that nearly congruently
evaporates as SnO.

Following the recent experimental work of Hoffmann et al.”
we also examined the gas species for evaporation from a two-phase
mixture of SnO(s) + Sn(¢) that has an overall composition SnO.
Figure 4 shows that SnO(g) is the dominant gas species, indicat-
ing that a mixture of SnO(s) + Sn(¥) is also an ideal MBE source
providing the nearly congruent evaporation of SnO; see a complete
list of the two-phase mixtures examined in Table S2. As discussed
in Sec. II A, the partial pressure of O, in the two-phase mixture
is much lower than the typical MBE background value of 107 Pa,
e.g., its value for a two-phase mixture of SnOx(s) + Sn(¢) at 1200 K
is about 107° Pa. The partial pressures of O, and all other species
in the gas phase are determined by the two-phase equilibrium and
are independent of the relative amounts of SnO,(s) and Sn(¢) in the

system. The use of equal amounts of SnO,(s) and Sn(¢) to give the
nominal SnO composition of the source may simplify experimen-
tal control if SnO;(s) and Sn(¢) have similar evaporation rates. If
the two condensed phases have very different evaporation kinetics,
one may adjust the relative amounts of each phase in the two-phase
mixture to provide the desired partial pressures in the MBE beam.
Additional impacts of the metal-to-oxide ratio will be discussed in a
forthcoming paper where the S-MBE method is more systematically
examined.”

2. Ga,0s (Fig. S27)

The present calculations (Fig. S27) show that Ga,Os(s) pro-
vides a beam of Ga,O(g). This is in agreement with the experiments
performed by Butt et al.”* demonstrating that Ga, O is the dominant
gas species over GayOs(s). We did not investigate the nearly con-
gruent evaporation of Ga,O because Ga,O(s) is not available in the
SSUBS5 database” [note that Ga,O(s) is not a stable phase at 0 K
according to first-principles calculations in the OQMD database].”

Gay 03 thin films have several applications, including gas sens-
ing. Its large bandgap, ability to be doped with n-type carriers,
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FIG. 4. (a) Calculated partial pres-
sures of gas species for the evapora-
tion of a two-phase mixture of SnO,(s)
+ Sn(¢) with an overall composition
of SnO and (b) a zoomed-in view in
the pressure range of interest for oxide
MBE. The conditions for the calcu-
lations are fixed gas phase at zero
amount, n(Sn) = 1 mol, and n(O,)
= 0.5 mol. Note that liquid Sn(¢) is
stable at T > 505 K, solid SnOy(s)
is stable at T < 1359 K, and liquid
SnO(¢) is stable at T > 1359 K. Hence,
the phase regions are “Gas + SnOj(s)
+ Sn(¢)” when T < 1359 and “Gas
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fixed at zero amount.
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relatively high mobility, and high Baliga figure of merit that is second
only to diamond also attract tremendous interest for this semicon-
ductor to be used for high-power electronics and ultraviolet (UV)
detectors.' """ The growth of Ga,; 05 thin films by MBE is a burgeon-
ing area of research. Although most groups use Ga({) as the MBE
source,” 1% both amorphousIU land epitaxial'm films of Ga,O3(s)
have been grown by MBE from a Ga,Os(s) source.

Another route to produce a molecular beam of Ga,O(g) is
to use a mixture of Ga(¢) and Ga,Os(s) instead of the incongru-
ent evaporation of GayOs3(s).”*”” Such an approach has the advan-
tage that a much lower temperature is needed to provide the same
flux of Ga,O(g) in the molecular beam from a Ga,0s(s) + Ga(¥)
mixture compared to that from just Ga,Os(s), see Fig. S27 and
Table S2 with the partial pressure of O, being 107%* Pa at 1000 K.
A prior MBE work used an iridium crucible to contain Ga;Os(s)
because of the reactivity of Ga,; O3 at high temperatures (in excess of
1900 K) needed to grow Ga,Os3 films by MBE from a pure Ga,O3(s)
source.'’""'"” This temperature is considerably higher than that
expected from Fig. $27 to yield a Ga,O(g) partial pressure of 107"
Pa (~1500 K is expected). Using a 5:1 mixture of Ga:Ga;O3 decreases
the temperature of the crucible, i.e., the temperature needed to reach
the same vapor pressure of Ga,O(g), by about 500°C.”* A more
recent MBE study shows similar temperature lowering for a 3.8:1
mixture of Ga:Ga,;0s.” Exploiting molecular beams of suboxides
such as Ga,O(g) to grow films of compounds such as Ga,Os(s) is
a powerful alternative to conventional MBE with many advantages;
this approach is termed suboxide-MBE (S-MBE).””

3. TeO; (Fig. S70)

TeO; thin films have applications as gamma radiation detectors
due to their sensitivity to gamma radiation. Sudha et al.'” ther-
mally evaporated TeO, powder onto a glass substrate at 10> Pa to
form TeO, amorphous thin films for gas sensing; these amorphous
films could be subsequently annealed to make them crystalline. The
congruent evaporation behavior reported in Sudha et al.’s work'”’

Temperature (K)

disagrees with the incongruent evaporation calculated in the present
study of TeO,(s) sublimation to Te,O,(s) at 760 K-892 K, although
TeOx(s) is the dominant gas species below 760 K (Fig. S70). Unfortu-
nately, Sudha et al.'"” did not provide a temperature for the thermal
evaporation of the TeO, powder to allow for comparison between
their work and the present study. Additionally, Fig. S70 shows
that the vapor pressures of Te;O,, TeO,, and Te;O4 gas species
decrease at temperatures above 913 K, while the vapor pressures
of the other gas species continue to increase based on the present
thermodynamic calculations.”

4. Rare-earth (RE) oxides

The present calculations (see the figures in the supplementary
material) indicate that the majority of the rare-earth oxides share a
similar evaporation behavior that is described below. The majority
are most stable in sesquioxide form and provide molecular beams
of stoichiometric REO (RE = rare earth), making them incongruent
evaporation sources for MBE. There are, however, a few exceptions
where the gas-phase species with the highest partial pressure is RE
or REO;:

e Supply REO: Sc;03, La;O3, Ce;03 (and CeO,), Pr,03,
Nd203, Pm203, Sm203, Gd203, Tb203, DyZO3, El‘203, and
Lu203.

e Supply RE: Eu,03 (and EuO), Tm, 03, and Yb,0s.

[ ] Supply RE02: Y203.

a. Lanthanides with 2+ valence (Fig. $24). EuO(s), SmO(s),
and YbO(s) are known to be stable as RE*" jons in addition to
their sesquioxide forms. EuO(s) is calculated to produce a beam of
Eu metal when heated as is its sesquioxide counterpart, Eu,O3(s);
see Fig. $24. Unfortunately, thermodynamic calculations for SmO(s)
and YbO(s) as oxide MBE sources could not be performed because
they are not included in the SSUB5 database.” Experimentally, YbO
thin films have been grown by MBE, although using separate beams
of ytterbium and O; to deposit YbO.'"" The same is true for the
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growth of EuO by MBE: from separate beams of europium and
OZ.I(JPI()T

b. Rare-earth sesquioxides. Many of these rare-earth sesquiox-
ides have been investigated as high-K gate dielectrics for use
in metal-oxide-semiconductor field-effect transistors (MOSFETS)
because of their high dielectric constant, large bandgap, and
thermodynamic stability in contact with silicon.'”""* To inves-
tigate these rare-earth sesquioxides as a replacement for SiO,
in MOSFETs, researchers have used MBE to deposit Sc,0s3,
Y203, La203, PI'203, Nd203, Gd203, and Lu203 ﬁlms on Sﬂi—
con from solid oxide sources of these same materials, ie., from
S¢203(s)," Y205(s)," LayOs(s),” PreOn(s), """ Nd2O3(s),"
Gd203(s),1”3‘“ LI ¢ Lu203(s).ms

The evaporation behavior of the majority of the sesquioxides
proceeds as follows based on high-temperature Knudsen effusion
mass spectrometry:' "’

RE;03(s) =xREO(g) + (2—x)RE(g) + 3-x)O(g), (2)

where 0 < x < 2. The present calculations show that this evaporation
behavior is exhibited by all rare-earth oxides except for Eu,O3 (and
EuO), Tm203, Yb203, and Y203.

For SC203 (Flg 561), Y203 (Flg S78), La203 (Flg 536), C6203
(Flg 814), PI‘203 (Flg 853), Nd203 (Flg 844), szO3 (Flg 852),
Sm203 (Fig. 564), Gd203 (Fig. 528), Tb203 (Fig. 868), DY203
(Fig. S21), Er,O3 (Fig. S22), and Lu,O3 (Fig. S38), our thermo-
dynamic calculations indicate that all of these rare-earth sesquiox-
ides should provide molecular beams of REO(g) when heated
to a temperature where the dominant species in the gas phase
has a vapor pressure of 107! Pa, ie., the vapor pressure needed
for typical oxide MBE growth. Unfortunately, the temperatures
needed according to our vapor pressure calculations are near the
limit of effusion cells for many of these RE;O3(s) sources, mak-
ing it appropriate to use an e-beam evaporator or laser ther-
mal evaporator to produce REO(g) molecular beams with source
longevity.'”’

Stolyarova et al.””'"*! listed YO(g) as the dominant vapor con-
stituent of thermally evaporated Y,Os(s). In the present calcula-
tions (Fig. S78), however, YO,(g) is shown to be the dominant gas
species when a Y,O3 source is heated in the temperature range of
1980 K < T < 2680 K, and YO(g) becomes the dominant vapor
constituent when T > 2680 K. By omitting YO(g), YO(g) will
be the dominant vapor constituent when T > 2370 K (Fig. S78).
From the present study of the Y-O system, we note that calcu-
lations that disagree with experiments could be because certain
gas species are added or omitted from the oxide systems in the
SSUB5 database.” This is also seen in other systems such as the
Pb-O system where the Pb,O, species are omitted from the SSUB5
database but included in the analysis by Lamoreaux et al.”’; see
Sec. ITT A 5.

For Eu;03 (and EuO), the present calculations (Fig. S24) reveal
that Eu;O3(s) and EuO(s) should evaporate as Eu(g), which offers
no advantage in using oxide sources over elemental europium. The
advantage of europium metal is that it can be melted into the crucible
to provide a dense fill with good thermal contact to the crucible (and
surrounding thermocouple). Elemental europium has been used in
oxide MBE for the growth of EuTiO; 22 and Eu0.'""17

scitation.org/journal/apm

For Tm,0Os3, no literature on the evaporation behavior of
Tm,03 could be found to corroborate that Tm,O3 evaporates as a
gas of the elemental metal thulium. If this is the case, a Tm,O3 source
would offer no advantage over using elemental thulium metal as an
MBE source (see Fig. S74).

Following a recent publication by Hoffmann et al.,”’ we also
examined the gas species as a function of temperature for a two-
phase mixture of RE,Os; + RE that has an overall composition
of REO. It is shown that the dominant gas species is in gen-
eral RE(g) and the second dominant gas species is REO(g); see
Table S2 and associated figures, including those for the two-phase
mixture case with cerium (Fig. S14), dysprosium (Fig. S21), erbium
(Fig. S22), europium (Fig. S24), gadolinium (Fig. S28), holmium
(Fig. $32), lanthanum (Fig. S36), lutetium (Fig. S38), neodymium
(Fig. S44), promethium (Fig. S52), praseodymium (Fig. S53), samar-
ium (Fig. S64), terbium (Fig. S68), thulium (Fig. S74), and ytter-
bium (Fig. S79). At high temperatures, REO(g) is calculated to
be the most dominant gas species, for example, T > 1136 K
for CeO(g), T > 1308 K for LaO(g), and T > 2239 K for
PrO(g). For other RE elements, however, the temperatures are
extremely high (>>3000 K) in order to make the dominant gas
species REO(g).

C. Metastable solid oxide with nearly
congruent evaporation

Table III summarizes the metastable oxides that evaporate
nearly congruently based on the present calculations. Of these, the
oxides IrO,, PtO,, and RuO, would give the most advantage because
their stable counterparts are elemental metals (iridium, platinum,
and ruthenium) meaning no other solid (or liquid) binary oxide
sources are available to create molecular beams of these oxides. Sim-
ilar to Table I, Table IIT also lists the temperature range for nearly
congruent evaporation defined by |Ax(O,)| < 0.01; see Eq. (1).

The concern with using metastable oxides as source materials
for MBE is that these compounds could decompose into more sta-
ble compounds and in the process pollute the MBE vacuum with
O, species. For metastable oxides, there are two scenarios that can
occur when the oxide is heated, which depend on the kinetics of the
compound as discussed in Sec. II A. The kinetics of oxide decom-
position is beyond the scope of the present work, but a literature
search has been conducted for experimental evidence of the suc-
cessful use of metastable oxides in MBE; the details are described
below. Furthermore, the decomposition of RuO, has been studied
in the present work by differential thermal analysis with simultane-
ous thermogravimetry (DTA/TG) to follow the decomposition pro-
cess under conditions approaching those in the high-vacuum MBE
environment.

1. Cs;O (Fig. S19)

Figure S19 shows that Cs;O(s) is a metastable phase, but it
evaporates nearly congruently in the temperature range of 705 K-
1059 K due to the value of |[Ax(O2)| < 0.01 [see Eq. (1)]; see
Table III.

2. SiO (Fig. S63) and GeO (Fig. S29)

From Table 11, it can be seen that the evaporation of SiO, and
GeO; is incongruent and provides molecular beams of SiO and GeO,
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TABLE Il. Metastable sources under the following conditions: P, = 10—, fixed gas phase at zero amount, fixed T, and

n(M) =1 mol, which evaporate nearly congruently.

Element Solid oxide source Dominant gas species ~ Stable oxide’  T-range” T-range*
As ASzO3 AS406 ASzos 61 1—677(‘ 650-1278
Cs Cs;0 Cs,0 CsO, 612-1476 705-1059
Ge GeO GeO GeO, >1290 >1595

Ir IrO, IrO, Ir 1260-1520  1390-1425
Nb NbO, NbO, Nb,Os(¢) 1550-2590  1768-2283
Os 0504 Os04 0s0O, 200-1000 200-1000
Pt PtO, PtO, Pt 846-1253 915-1156
Re ReOs° Re, O Re, 07 >848 >around 850
Ru RuO, RuO; Ru 1220-1480  1326-1368
Sb Sb203 Sb203 Sb02 >528 555-1391
Si Sio SiO Si0, >1320 1556-2983
Sn SnO SnO SnO, >889 983-1750
Ti TiO; anatase TiO, Ti407(¢) 1790-2220  1914-2007
Ti TiO; rutile TiO, Ti4O07(¢) 1800-2220  1952-2025
U U03 U206 Usos >517 544-1900
A% V205 V4010 V,04 804-2116 838-2092

*Stable oxide phase under given conditions.

®Temperature range (in K) where the oxide gas species is dominant.

“Temperature range (in K) of nearly congruent evaporation as defined by Eq. (1) for an absolute value of Ax(O,) < 0.01.
clLiquid As, O3 is stable at T > 677 K and is an ideal MBE source (see Table I).

“Thermodynamic calculations of ReOs(s) were performed at Po, = 10" '° Pa where its gas phase is metastable, a requirement for
our calculations under the constraint that the fixed gas phase has zero amount. This zero amount requirement is not satisfied for

ReO;(s) at Po, = 10~ Pa.

respectively. Unfortunately, these latter monoxides are not in the
SSUB5 database.”” Amorphous SiO(am) is well-known to evapo-
rate nearly congruently;”” ** its thermodynamic properties™ were
added to the database in the present work. In addition, the enthalpy
of formation of the amorphous GeO(am)” was also added. The
fact that SiO(am) evaporates nearly congruently makes it of inter-
est for synthesizing Si**-based compounds in MBE, and GeO(am)
behaves similarly to SiO(am) and could be a route to Ge**-based
compounds.

Figure S63 illustrates the evaporation behavior of SiO(am) cal-
culated at Po, = 107* Pa, showing that SiO(am) gives off SiO2(g)
species at low temperatures (below 1320 K) and SiO(g) species at
higher temperatures (above 1320 K). Stoichiometric SiO has been
found to evaporate from an SiO(am) source at temperatures in the
vicinity of 1520 K in high vacuum (~107° Pa),”** which is con-
sistent with the results shown in Fig. S63. When the evaporation
behavior of SiO(am) is calculated under a stronger vacuum such
as Po, = 107" Pa, the SiO gas species becomes dominant at lower
temperatures (above 990 K) than it does in lower vacuum (e.g.,
1320 K as mentioned above). Stolyarova and Semenov’* indicated
that SiO(am) evaporates congruently in a Knudsen cell experiment
between 1175 K and 1410 K. This is confirmed by the present calcu-
lations. Should an interesting Si-containing multicomponent oxide
warrant investigation, SiO(am) could be used to provide a molecular
beam of SiO(g). One system that might be relevant is the growth of
Si-doped Ga, O3, where the high oxidant pressures involved in the
growth of Ga, O3 result in the oxidation of the surface of the tradi-
tional Si(s) doping sources used in MBE.” This oxidation results in

the flux emanating from a Si(s) source to change rapidly over time,
impeding the use of silicon as a dopant in the growth of oxides by
MBE.

The calculated evaporation from a two-phase mixture of SiO,
+ Si with an overall composition SiO (Fig. S63) indicates that SiO(g)
is the dominant gas species in the temperature range of study (see
also Table S2) in agreement with a recent report.”” Similar to the
Si-O case, GeOs(s) is the stable phase up to 872 K, beyond which
GeO(am) becomes stable based on the SSUB5 database and the
enthalpy of formation of GeO(am) from the literature;”” see also
the note in the figure caption of Fig. S29. GeO(g) is the dominant
gas species when the solid/liquid source is GeO,(s), GeO(am), or a
two-phase mixture of GeO, + Ge (see also Table S2). Our conclu-
sions for the GeO; + Ge mixture are in good agreement with the
thermodynamic calculations by Hoffmann et al.”

3. IrO,, PtO,, and RuO; (Figs. S34, S54, and S59)

IrO,(s) and RuOx(s) are of particular interest for oxide MBE
because in elemental form, Ir(s) and Ru(s) sources have such low
vapor pressures that today’s MBE effusion cells are unable to evap-
orate them. Solid iridium and ruthenium can be evaporated by
electron-beam evaporation sources, but the stability of the flux from
an electron-beam evaporator is inferior to the flux stability pro-
vided by effusion cells. IrO, and RuO, are components of materi-
als with a multitude of interesting properties and electronic struc-
tures due to the high spin-orbit coupling and electron correla-
tions present in materials containing these constituents. Examples
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include the unconventional superconductor Sr,RuQg,'”” the itiner-
ant metamagnet Sr3;Ru, O7,'%* features in the electronic structure of
doped Sr,IrOy that are akin to the cuprate high-temperature super-
conductors,'” the magnetically ordered Mott insulator Na,IrOs,'*°
Weyl semimetals in the RE;Ir,O7 pyrochlores,'”” and heterostruc-
tures containing these materials that could, for example, host a two-
dimensional gas of magnetic monopoles.'** MBE sources that pro-
vided stable fluxes of IrO, and RuO, could thus greatly enhance
the ability of oxide MBE to create iridates and ruthenates that are
customized with atomic-layer precision.

IrO, and RuO, are commercially available powders, so it
is important to investigate these oxides even though they are
metastable under MBE deposition conditions. In the present calcu-
lations, metastable IrO, and RuO; are found to evaporate nearly
congruently as shown in Figs. S34 and S59, respectively. IrO,
and RuO; thin films have been fabricated using MBE; however,
they were made using elemental iridium or ruthenium sources
heated by an electron-beam evaporator with oxidation provided
by a separate molecular beam of ozone."””'*’ No literature was
found on the evaporation of RuO; or the use of RuO, as a source
in oxide MBE.

The suitability of IrO; and RuO; to create molecular beams
depends on the kinetics of their decomposition as discussed in
Sec. IT A. For example, IrO; could follow two scenarios when heated
in the MBE crucible,

IrO,(s) — Ir(s) + O2(g), (3)

IrOz(s) - IrOx(g). 4)

The first scenario, Eq. (3), shows IrO,(s) decomposition into Ir(s)
and O;(g), which would pollute the MBE chamber with oxygen
species. The Ir(s) species would then evaporate with the partial pres-
sures of the gas species shown in Fig. S34. If this first pathway is
relevant, IrO,(s) as an MBE source offers no advantages (and many
disadvantages) over an elemental Ir(s) source. In the second sce-
nario, Eq. (4), as IrO(s) is heated up, it evaporates IrO»(g) as shown
in Fig. S34. These IrO(g) species would be emitted as a molecu-
lar beam, which would travel to the substrate in the MBE chamber.
In this latter case, the IrO,(g) species would be depleted at the sur-
face of the IrOx(s) source as it evaporates. To restore equilibrium,
the IrO, species would produce more IrO»(g). In this second sce-
nario, the IrO,(s) species evaporates into IrO»(g) much faster than
it decomposes; for oxide MBE, this would be the preferred kinetic
pathway to make IrO;(s) a viable MBE source material. Another
thing to consider is the energy required to break IrO,(s) into Ir(s)
and O,(g). If the activation barrier is high, it would be much more
likely for IrO,(s) to evaporate as IrO,, where only intermolecular
bonds have to be broken. In addition to metastable IrO, and RuO»,
the present calculations (Fig. S54 and Table III) also indicate that
metastable PtO, evaporates nearly congruently in the temperature
range of 915 K-1156 K at Po, = 107 Pa.

As IrO;, PtO;, and RuO; share the chemical similarity of
all being 4+ oxides of platinoids, we performed some preliminary
experiments on one of these compounds, RuO;(s), and found that it
decomposes before it evaporates. Specifically, our experiments indi-
cate that when heated, RuO;(s) undergoes the reaction 2RuO(s) —
Ru,03(s) + ¥ O2(g). The predominant species that RuOx(s) gives

scitation.org/journal/apm

off when heated is thus O,(g), making it not useful as an MBE
source. Figure 5 shows two thermogravimetric (TG) measurements
where RuO;(s) was heated under ambient pressure in an Ar/O, mix-
ture or in nominally pure Ar with 99.9999%-99.999% purity, which
results in the stated oxygen partial pressures.””' Between room tem-
perature and 773 K, the changes in the first TG step occur, corre-
sponding to Am/m = —5.7% (oxidizing atmosphere) or —6.0% (Ar).
These observed mass changes would be consistent with the reac-
tion 2RuO,(s) - RuxO3(s) + ¥, Oz(g), where Am/m of the con-
densed phases would be —6.0%. The decomposition of the remain-
der becomes significant above 1273 K-1370 K. Since Ru,Os(s) is
not in the SSUB5 thermodynamic database, this reaction is not
predicted by our thermodynamic calculations. Nonetheless, Ru®*
is reported in halides, such as RuF3; and RuCls, as well as in the
oxide LaRuQ;."**

4. NbO; (Fig. S43)

NbO; has been shown to have NbO, species in the gas phase
when evaporated from a Knudsen cell at 2050 K.”> Having NbO,
as the dominant species in the gas phase is expected regardless
of whether evaporation occurs from metastable NbO,(s) or from
the stable phase, Nb,Os(¢), at 2050 K. The present work (Fig. S43
and Table TIT) predicts that (metastable) NbO, evaporates nearly
congruently between 1768 K and 2283 K at Po, = 10~ Pa. NbO,
has useful metal-to-insulator transition electronic properties moti-
vating its growth by MBE."” NbO,(s) could be a viable source
for the growth of NbO; thin films and is worth trying as an
MBE source.

5. ReOs (Fig. S57)

ReOs(s) is a metastable phase in the Re-O system, and it is
expected that it could evaporate nearly congruently. In our thermo-
dynamic calculations using Po, = 10~ Pa, however, the gas phase
does not satisfy the requirement of having zero amount. So we per-
formed ancillary thermodynamic calculations of ReOs(s) at a very

104 T T T T T T T T T T T T T

Am/m = -6.0%

84 | 1 | 1 | 1 |
400 600 800 1000 1200

Temperature (K)

1400 1600

FIG. 5. Thermogravimetric (TG) curves of RuO,(s) heated in 71% O, + 29% Ar
(blue curve) or in “pure” Ar (red curve). Here, Po, indicates the oxygen partial
pressure in atm and Am/m shows the mass change in the TG curves.

APL Mater. 8, 081110 (2020); doi: 10.1063/5.0013159
© Author(s) 2020

8,081110-13


https://scitation.org/journal/apm

APL Materials ARTICLE

scitation.org/journal/apm

TABLE IV. Metastable oxide sources under the following conditions: Pg, = 10— fixed gas phase at zero amount, fixed T,

and n(M) = 1 mol, which evaporate incongruently.

Element Solid oxide source Dominant gas species Stable oxide” T-range (K)"
Cs CSzOz CSzO CSOZ 612-1030
Cs CSzO3 CSzO CSOz 612-880
Ce CeO, CeO Cey 03 1880-2990
Pr PrOz PI’zO PrzO3 1600-2900
Pr Pr;012 Pr;0 Pr,03 1880-3000
Pr PI‘6011 PI‘4O PI‘203 1650-2920
Tb TbO, TbO Tb,03 1790-2500
Ta TayOs TaO, Ta, 05 liquid 2020-2740
Pb Pb,0; PbO PbO yellow 700-1034
Pb Pb3 04 PbO, PbO yellow 700-1034
Pb PbO, PbO PbO yellow 700-950

“Stable oxide phase under given conditions.
bTemperature range where the oxide gas species is dominant.

low oxygen partial pressure of P, = 10™*° Pa. The results of these
calculations, shown in Fig. S57, indicate that ReOs(s) is a metastable
oxide that evaporates nearly congruently at Po, = 107" Pa, i.e., the
dominant gas species is Re;Os when T > 848 K; see also Table II1.
It is expected that ReOs(s) could be a viable source for the growth
of ReO; thin films albeit our calculations were performed at Po,
=107"° Pa. ReOs is also discussed in Sec. I11 A 8.

6. TiO; (Fig. S72)

TiO, has been shown to evolve TiO species when evaporated
from a Knudsen cell at 1920 K.** This result is unexpected from
our thermodynamic calculations. If the initial TiO, loaded into
the Knudsen cell decomposes into the stable phase, on heating to
1920 K, it would be TizO7(s) and the dominant species evaporated
at 1920 K would be TiO;(g). On the other hand, if TiO, loaded
into the Knudsen cell remained in the metastable rutile polymorph
at 1920 K, then the dominant species evaporated at 1920 K would
also be TiO,(g). Our calculations only show TiO to be the dominant
vapor species at temperatures above 2220 K for both anatase and
rutile TiO», which are both metastable at this temperature, at the
10™* Pa O, partial pressure of the present work; see Fig. $72 as well
as Table ITI.

7. UOs (Fig. S75)

Solid UOs(s) is a stable phase when T < 525 K; at higher tem-
peratures, the solid Us3Og(s) becomes stable (>525 K). Figure S75
shows that U,Oe(g) is the dominant gas species at temperatures
T > 517 K and Po, = 10~* Pa [O2(g) is dominant at T < 517 K].
Although U,O¢(g) is the dominant species in the gas phase, the value
of [Ax(O2)| > 0.01 [see Eq. (1)] in the temperature range of 517 K-
525 K due to the nonnegligible concentration of other species in the
gas phase. This disqualifies UOs(s) as an ideal MBE source from the
definition of nearly congruent evaporation that we have used. It is
worth mentioning that at an extremely low partial pressure of O»(g),
such as Po, = 107" Pa, it is possible to make |Ax(O,)| < 0.01 for
UO3(S).

As a metastable phase, the present calculations show that
UOs(s) evaporates nearly congruently in the temperature range of
544 K-1900 K at Po, = 10™* Pa; see Table I11.

D. Metastable solid oxide with incongruent
evaporation

Table IV shows the metastable oxide sources that exhibit incon-
gruent evaporation. Based on the dominant species in the molec-
ular beams from the stable sources that exhibit incongruent evap-
oration, these metastable oxides are calculated in the present work
to see if they would exhibit nearly congruent evaporation. Unfor-
tunately, they all exhibit incongruent evaporation as can be seen
in the calculated figures in the supplementary material. Specifi-
cally, see Fig. S14 for the binary oxides containing cerium, Fig. S19
for those containing cesium, Fig. S50 for those containing lead,
Fig. S53 for those containing praseodymium, Fig. S67 for those
containing tantalum, and Fig. S68 for those containing terbium.
These metastable incongruent evaporants offer no advantage over
their stable incongruent evaporant counterparts and hence are not
discussed further.

IV. SUMMARY

A comprehensive thermodynamic investigation regarding the
evaporation behavior of 128 binary oxides has been performed to
evaluate their suitability as MBE source materials. Based mainly on
the SSUB5 database used in the present work,”” we conclude that 16
solid or liquid oxides are most ideal for MBE, i.e., As; O3, B,O3, BaO,
MOO3, 0804, P205, PbO, Pqu, szo, RezO7, Sb203, 8602, SHO,
ThO,, TI,O, and WOs. Of these, As;03, B,0O3, BaO, MoOs, PbO,
Sb,03, and WO3 have been utilized to date as MBE source mate-
rials. The remaining nine oxides await verification as good oxide
source materials in MBE. The use of PbO(s) as a source material
may be limited by the allowable O, partial pressure in the MBE
chamber. Of the solid oxide sources that show incongruent evap-
oration, SnO; has been shown to work experimentally and produces
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Congruent evaporation from stable source

Incongruent evaporation from metastable source

Incongruent evaporation from stable source

Mainly metal evaporated from metastable source

Mainly metal evaporated from stable source

No thermodynamic data for oxides in SSUB5

Congruent evaporation from metastable source

Not calculated

FIG. 6. Periodic table summarizing the evaporation behavior of binary oxides. Note that congruent evaporation is indicated whenever at least one of the oxides of a particular

element evaporates nearly congruently (as defined in the text).

a molecular beam of mainly SnO(g). Although they do not meet
the third criterion to be ideal MBE sources (i.e., nearly congruent
evaporation; see Sec. II C), some oxides that meet the first criterion
(i.e., solid or liquid metal-oxide source that is stable under the given
conditions; see Sec. II C) may also work as oxide MBE source mate-
rials, like SnO, does. The amorphous and metastable phase SiO(s)
is known to evaporate before it decomposes, making it suitable as
an MBE source. The same may be true for other metastable phases
including amorphous GeO(s) and SnO(s). Finally, a likely route to
achieve the desired nearly congruent evaporation characteristic of
an ideal MBE source—a characteristic that keeps the fluxes of the
species in the molecular beams constant, because the composition
of the source itself is not changing over the life of the source—is
to use a two-phase mixture. Potential MBE sources of this mixture
type are, for example, (A, O3 + Al) to produce a molecular beam of
AL O(g), (Cez03 + Ce) to produce CeO(g), (Ga,03 + Ga) to pro-
duce Ga;O(g), (GeO, + Ge) to produce GeO(g), (HfO, + Hf) to
produce HfO(g), (InO3 + In) to produce In,O(g), (La;03 + La)
to produce LaO(g), (Pr203 + Pr) to produce PrO(g), (SiO, + Si)
to produce SiO(g), (SnO; + Sn) to produce SnO(g), (TayOs + Ta)
to produce TaO,(g), and (ZrO; + Zr) to produce ZrO(g); see the 27
cases examined in Table S2. Our conclusions for two-phase mixtures
are in agreement with the recent thermodynamic calculations by
Hoffmann et al.”’ for AL O(g), Ga,0(g), GeO(g), In,O(g), LaO(g),
PrO(g), SiO(g), and SnO(g). Our predictions also identify four addi-
tional two-phase sources of interest for producing molecular beams
of CeO(g), HfO(g), TaO:(g), and ZrO(g).

Several trends are evident in the evaporation behavior of
binary metal oxides. These are shown in Fig. 6. Alkali-metal oxides,
alkaline-earth metal oxides, and some of the transition-metal oxides
evaporate mainly elemental metal gas species and thus are not ideal
for MBE. The rare-earth oxides and some of the transition metals

surrounding them as well as the metalloid oxides exhibit incon-
gruent evaporation. Oxides ideal for MBE are the column IVA
oxides SiO, GeO, SnO, and PbO, although the first three of these
are metastable (amorphous). In addition, there are disruptions to
certain trends such as the evaporation of elemental metals from
EuO, Tm;0s, and Yb,Os, which do not follow the incongruent
evaporation trend of the other rare earths.

SUPPLEMENTARY MATERIAL

See the supplementary material for an alphabetical list of 128
solid and liquid oxides together with a list of 17 elements of which
the most stable phase is not an oxide (Table S1), a list of 27 two-
phase mixtures of a solid (or liquid) of pure element M in combi-
nation with one of its binary oxides yielding an overall composition
of MO, (Table S2), three illustrative examples of macro files to per-
form some of the Thermo-Calc calculations presented (Table S3),
and an alphabetical list of supplemental figures (Figs. S1-581) show-
ing the calculated partial pressures of gas species over the phase(s) of
interest.
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Table S 1. Alphabetical list of 128 solid and liquid oxides (oxides are solid unless otherwise noted;
all liquid oxides are marked) together with 17 solid and liquid elements whose most stable phase
is not an oxide.

Oxide or element Dominant gas * = metastable oxide Calculated
in equilibrium with gas phase | species and note based on SSUB5 figures

Ac liquid Ac no solid or liquid oxide phase Figure S 1
Ag solid Ag Figure S 2
Ag,0 Ag * Figure S 2
Al,O3 corundum Al Figure S 3
Amo0s Am Figure S 4
AmO> Am * Figure S 4
As20s3 solid claudetite As406 * Figure S 5
As:03 liquid As406 * Stable for 7> 677 K Figure S 5
As20s As406 Stable for 7< 677 K Figure S 5
At At no solid or liquid oxide phase Figure S 6
Au liquid Au Figure S 7
Au03 Au * Figure S 7
B20; glass B20s Figure 2
BaO BaO Figure S 8
BaO» BaO * Figure S 8
BeO Be Figure S 9
Bi203 liquid Bi Liquid Bi20s is stable for 7> 1075 Figure S 10
Bi20;s solid Bi * Solid Bi20;3 is stable for 7< 1075 Figure S 10
CaO Ca Figure S 12
Ca0» Ca * Figure S 12
Cdo Cd Figure S 13
Ce20s CeO Figure S 14
CeOn CeO * Figure S 14
Cf solid (6] no solid or liquid oxide phase Figure S 15
Cm liquid Cm no solid or liquid oxide phase Figure S 16
Co solid Co Figure S 17
CoO Co * Figure S 17
Cr203 Cr Figure S 18
Cs20 Cs20 * Figure S 19
Cs20: Cs20 * Figure S 19
Cs203 Cs20 * Figure S 19
CsOz Cs20, Cs202 Figure S 19
Cu liquid Cu

Cu20 Cu Figure S 20
CuO Cu Figure S 20
Dy203 DyO Figure S 21
Er0O; ErO Figure S 22
Es solid Es no solid or liquid oxide phase Figure S 23
Eu203 Eu Figure S 24
EuO Eu * Figure S 24
Fe203; hematite Fe * Figure S 25
Fe;O04 magnetite Fe * Figure S 25
FeO liquid Fe Liquid FeO is stable for 7> 1650 K Figure S 25
FeO solid Fe * Solid FeO is stable for 1421 <7< 1650 K | Figure S 25
Fm solid Fm no solid or liquid oxide phase Figure S 26
Fr Not available no solid or liquid oxide phase




Gax03 Ga20 Figure S 27
Gd203 GdO Figure S 28
GeO amorphous GeO * Figure S 29
GeO> GeO Figure S 29
HfO; HfO Figure S 30
HgO Hg Figure S 31
Ho203 HoO Figure S 32
In203 In20 Figure S 33
Ir solid Ir Figure S 34
IOz IOz * Figure S 34
K20 K * Figure S 35
K20s K Figure S 35
KOs K Figure S 35
La;0s3 LaO Figure S 36
Li2O Li, Li2O Figure S 37
Li2O2 Li2O * Figure S 37
Lu20s LuO Figure S 38
MgO Mg Figure S 39
MnO Mn Figure S 40
MoOs Mo309, M04O12 Figure S 41
Na,O Na Figure S 42
Nax0» Na * Figure S 42
NaO» Na, NaxO * Figure S 42
Nb.Os liquid NbO: Liquid Nb2O:s is stable for 7> 1785 K Figure S 43
NbO: NbO: * Figure S 43
Nd203 NdO Figure S 44
NiO Ni Figure S 45
Np20s Np * Figure S 46
NpO2 Np, O Figure S 46
P>0Os orthorhombic P4O10 Figure S 47
0s0s 0s04 Solid OsO:z is stable for 314 <7 <832 K Figure S 48
0504 solid/liquid 0504 Solid OsOs is stable for < 304 K, liquid OsOs | Figure S 48
is stable for 7<314 K
Pa liquid (6] no solid or liquid oxide phase Figure S 49
Pb20s PbO * Figure S 50
Pb304 PbO * Figure S 50
PbO Pb, PbO * Figure S 50
PbO yellow Pb, PbO Figure S 50
PbO; PbO * Figure S 50
Pd solid Pd Figure S 51
PdO Pd * Figure S 51
Pm20s PmO Figure S 52
Pr20s PrO Figure S 53
PreO11 PrO * Figure S 53
Pr7012 PrO * Figure S 53
PrO> PrO * Figure S 53
PtO Pt * Figure S 54
PtO> PtO> * Figure S 54
Pt304 PtO2, Pt * Figure S 54
Pu,0s3 PuO; * Figure S 55
PuO; PuO; Figure S 55




Ra Not available no solid or liquid oxide phase

Rb20 liquid Rb, Rb20 Liquid Rb20 is stable for 7> 778 K Figure S 56
Rb20 solid Rb, Rb20 * Solid Rb20 is stable for 7< 778 K Figure S 56
Rb202 Rb202 * Figure S 56
RbO> Rb * Figure S 56
ReOs Re20g * Figure S 57
Rex07 Rex07 Figure S 57
Rh solid Rh Figure S 58
Rh20 Rh * Figure S 58
RhO Rh * Figure S 58
Ru solid Ru Figure S 59
RuO> RuO> * Figure S 59
Sb20; liquid Sb4Os Liquid Sb20s is stable for 7> 997 K Figure S 60
Sb20s solid Sb4Os * Figure S 60
SbO: Sb4Os Figure S 60
Sc203 ScO, ScOa Figure S 61
SeO: SeO: Figure S 62
SiO amorphous SiO * Figure S 63
SiO; cristobalite SiO Figure S 63
Sm203 SmO Figure S 64
SnO liquid SnO Liquid SnO is stable for T > 1498 K Figure S 65
SnO solid SnO * Figure S 65
SnO» SnO Figure S 65
SrO Sr Figure S 66
SrO» Sr * Figure S 66
Ta,0s liquid TaOz Liquid Ta2Os is stable for 7> 2150 K Figure S 67
Ta,0s solid TaO2 * Solid Ta20:s is stable for 7<2150 K Figure S 67
Tb203 TbO Figure S 68
TbO: TbO * Figure S 68
TcO: TcO, TcaO7 Figure S 69
TeO: Te0 Figure S 70
ThO» ThO» Figure S 71
TiOz anatase TiO2 * Figure S 72
TiO; rutile TiO2 * Figure S 72
Ti407 liquid TiO2 Liquid Ti4O7 is stable for 1950 <7 <2148 Figure S 72
Ti407 solid TiO2 Solid Ti4O7 is stable for 1881 < 7"< 1950 Figure S 72
Ti30s liquid TiO Liquid Ti30s is stable for 77> 2148 Figure S 72
T1LO T1LO Figure S 73
Tm203 Tm Figure S 74
U305 U206 Figure S 75
U109 UO3, U205 * Figure S 75
U0O; U206 * Figure S 75
V203 ViO: Figure S 76
V20s V1010 * Figure S 76
WO3 W30 Figure S 77
Y203 YO2 Figure S 78
Yb203 Yb Figure S 79
Zn0O Zn Figure S 80
ZrO» Zr0, Zr02,0 Figure S 81




Table S 2. Two-phase mixture of solid (or liquid) oxide source plus solid (or liquid) pure element
for an overall composition of MO, under the conditions: fixed gas phase at zero amount, 7 fixed,
n(M) =1 mole, and n(Oz) = y/(2x) mole; where gas species M,O, evaporates nearly congruently or
incongruently. Here (s,/) indicate the solid phase at low temperatures and liquid phase at high

temperatures; (first) indicates the dominant gas species, and (second) indicates the second most
dominant gas species.

Symbol [Sources of two-phase  [Overall/target Dominant gas species Figures
mixture composition

Al Al203(s,f) + Al(s,0) ALO Al (T <962 K), ALO (7> 962 K) Figure S 3
Ce Ce20s(s, /) + Ce(s,() CeO Ce (T'<1136 K), CeO (T> 1136 K) Figure S 14
Cr Cr203(s) + Cr(s,0) CrO Cr (first), CrO (second) Figure S 18
Dy Dy20s(s,() + Dy(s,?) DyO Dy (first), DyO (second) Figure S 21
Er Er20s(s, ) + Er(s,/) ErO Er (first), ErO (second) Figure S 22
Eu Eu203(s,¢) + Eu(s,/) EuO Eu (first), Eu20 (second) Figure S 24
Ga Gax0s(s,/) + Ga(l) Ga20 Ga20 Figure S 27
Gd Gd20s(s,0) + Gd(s,0) GdO Gd (first), Gd20 (second) Figure S 28
Ge GeOx(s,l) + Ge(s,/) GeO GeO Figure S 29
Hf HfO(s) + Hi(s,/) HfO HfO Figure S 30
Ho Ho203(s) + Ho(s,?) HoO Ho (first), HoO (second) Figure S 32
In In203(s,¢) + In(£) 2O 20O Figure S 33
La Lax0;3(s,/) + La(s,/) LaO La (T< 1308 K), LaO (7> 1308 K) Figure S 36
Lu Lu20s(s,?) + Lu(s,?) LuO Lu (first), LuO (second) Figure S 38
Nd INd203(s,¢) + Nd(s,/) INdO INd (first), NdO (second) Figure S 44
Pm Pm20;3(s,/) + Pm(s,/) PmO Pm (first), PmO (second) Figure S 52
Pr Pr203(s,¢) + Pr(s,/) PrO Pr (T'< 2239 K), PrO (T'> 2239 K) Figure S 53
Sc Sc203(s) + Sc(s,f) ScO Sc (first), ScO (second) Figure S 61
Si Si0a(s,¢) + Si(s,?) Si0 NI(O) Figure S 63
Sm Sm>03(s) + Sm(s, /) SmO Sm (first), SmO (second) Figure S 64
Sn SnOxz(s) + Sn(¢) SnO SnO Figure 4
Ta Tax0s(s,?) + Ta(s) TaO: TaO: Figure S 67
Tb Tb203(s,¢) + Tb(s,) TbO Tb (first), TbO (second) Figure S 68
Te TeOx(s,l) + Te(s,l) TeO Te2 (T< 1013 K), TeO (T'> 1013 K) Figure S 70
Tm Tm20s(s) + Tm(s, /) TmO Tm (first), TmO (second) Figure S 74
Yb Yb203(s,/) + Yb(s,/) YbO 'Yb (first), YbO (second) Figure S 79
Zr Z10x(s,0) + Zx(s,0) 7rO Zr (T <1063 K), ZrO (T'> 1063 K) Figure S 81




Table S 3. Examples of the macro files (i.e., the tcm files used by the Thermo-Calc software) to
calculate evaporation of oxide sources in three typical cases; i.e., (i) the oxide source is a stable
phase, (ii) the oxide source is a metastable phase, and (iii) the two-phase mixture with an fixed
overall composition.

§ Case 1: The oxide source is a stable phase

§ Example of stable B203 GLASS source with the dominant gas species of B203
§$ See Figure 1 after converting the mole fractions of gas species to partial pressures
$

go da

sw ssub5

d-ele BO

get

go p-3

d-com B 02

s-re-st O2 gas,,,

s-¢ t=700 acr(o2)=1e-9 n(B)=1
chp gas=f0

s-a-v 1t 700 1800,,,,
s-a-s

le5

n

02

Y’””M‘J

c-€

c-€

c-€

step,,s,

po

s-d-a x t-k

s-s-s x n 500 1500

s-d-ayp

s-a-ty y log,,,

s-a-te y n Vapor Pressure, Pa
s-lab e

plot,.,

s-p-f17,,,,,,

pl B-O-pressure-all.ps

make B-O-pressure-all.txt y

s-d-a 'y y(gas,*),,..,

s-a-te y n Mole fraction of species in gas
s-laf

pl B-O-gas-all.ps

make B-O-gas-all.txt y

set-inter




§ Case 2: The oxide source is a metastable phase

§ The metastable O1Sn1_S source

§$ See Figure S 65 after converting the mole fractions of gas species to partial pressures
$

go da

sw ssub5

d-el Sn O

l-sys ..,

get

gop-3

d-com Sn 02
s-re-st 02 gas,,,

ch p *=sus

chp O1Snl S=e 1
chp gas=f0

s-¢ t=700 acr(o2)=1e-9 n(Sn)=1
s-a-v 1t 700 1800,,,,

s-a-s

le5

n

02

Y’””””

c-¢

c-¢

Stepnnn

po
s-d-a x t-k

s-d-ayp

s-a-ty y log,,,

s-a-te y n Vapor Pressure, Pa
s-labe

plot,.,

S_p_f 1795””
pl Sn-O-pressure-all.ps
make Sn-O-pressure-all.txt y

s-d-a'y y(gas,*),,,.,
s-a-te y n Mole fraction of species in gas

s-laf
pl Sn-O-gas-all.ps
make Sn-O-gas-all.txt y

set-inter




§ Case3: Two-phase mixture with a fixed overall composition
$ SnO,(s) + Sn(¢) with an overall composition of SnO

§ See Figure 4 after converting mole fractions of gas species to partial pressures
$

go da

sw ssub5

d-ele Sn O

get

go p-3

d-com Sn O2

s-re-st O2 gas,,,

s-¢ n(Sn)=1 n(02)=0.5
s-c t=1200

l-c

chp gas=f0

s-a-v 1 t 500 3000,,,,
s-a-s

1e9

n

02

c-¢

c-¢

Step,,,sss

po

s-d-a x t-k

s-d-ayp

s-a-ty y log,,,

s-a-te y n Vapor Pressure, Pa
s-lab e

plot,.,

S_p_f 1795:5:5
pl Sn-O-two-pressure.ps
make Sn-O-two-pressure.txt y

s-d-a y y(gasﬁ*)a”n

s-a-te y n Mole fraction of species in gas
s-1f

pl Sn-O-two-gas.ps

make Sn-O-two-gas.txt y

set-inter
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Figure S 1. Solid/liquid Ac (the liquid phase is stable for 7> 1323 K)). Calculated partial pressures
of the gas species over the phase(s) of interest as a function of temperature at Po, = 10~ Pa.
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Temperature (K)

AG_S Source: Gas Species Partial Pressures

Temperature (K)

1o4] (107*Pa0; Lo¢| (1074 Pa 0,
Gas Species Gas Species
— AG_pp —— AG_pp
—— AG101_pp —— AG101_pp
2 2 |
09— AG2_pp 109 AG2_pp
— O_pp —— O_pp
100 100
© -~ ©
e Agi01 e Ag
g v
> 1072 ’ S -2
2 2 10 Ag
L <
o /// o
§ 1074 § 107
> >
1076 107 O/
0
1078 107 /Ag101
10-10 10-10
800 1000 1200 1400 1600 1800 800 1000 1200 1400 1600 1800

Figure S 2. Solid Ag>O (metastable) and solid Ag (the liquid Ag phase is stable for 7> 1235 K).
Calculated partial pressures of the gas species over the phase(s) of interest as a function of
temperature at Po, = 10 Pa. Here, “ pp” indicates partial pressure when available.
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— A Figure S 3. Solid Al>Os3 (the liquid Al2O3
AL101 .
— ALlOo2 ALO is stable for 7" > 2326 K). Calculated
101l — AR 271 partial pressures of the gas species over
AL201 . .
— AL202 the phase(s) of interest as a function of
AL203 temperature at Po, = 10~ Pa. Here, “_pp”
— 0 . . . .
10° 02 Al indicates partial pressure when available.
— 3 Calculated partial pressures of the gas
species over a two-phase mixture of
-1 .
10 ADLOs(s,/)+Al(s,/) with an overall
composition of Al,O. Here, (s,/) indicate
107 the solid phase at low temperatures and
liquid phase at high temperatures.
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AM102_S Source: Gas Species Partial Pressures

Temperature (K)
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Figure S 4. Solid AmO> and solid Am203 (Am203 is stable for 7> 819 K). Calculated partial
pressures of the gas species over the phase(s) of interest as a function of temperature at Po, = 10~

4 Pa. Here, “ pp” indicates partial pressure when available.
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AS203_L Source: Gas Species Partial Pressures
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Figure S 5. Solid As20Os, solid As2O3
(claudetite), and liquid As>O3 (solid
AsyOs is stable for 7T < 677 K, while
liquid As2Os3 is stable for 7> 677 K).
Calculated partial pressures of the gas
species over the phase(s) of interest as a
function of temperature at Po, = 10~ Pa.
Here, “ pp” indicates partial pressure
when available.
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AT2_S Source: Gas Species Partial Pressures
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Figure S 6. Solid At (liquid At is stable for 77> 500 K). Calculated partial pressures of the gas
species over the phase(s) of interest as a function of temperature at Po, = 10* Pa. Here, “ pp”

indicates partial pressure when available.
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AU203_S Source: Gas Species Partial Pressures
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Figure S 7. Solid Au2O3 and liquid Au (solid Au is stable for 7" < 1337 K). Calculated partial
pressures of the gas species over the phase(s) of interest as a function of temperature at Po, = 10~

4 Pa. Here, “ pp” indicates partial pressure when available.
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BA102_S Source: Gas Species Partial Pressures BA101 S Source: Gas Species Partial Pressures
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Figure S 8. Solid BaO> and solid BaO (solid BaO is the stable phase for 7' < 2246 K, beyond that
liquid BaO will be stable). Calculated partial pressures of the gas species over the phase(s) of
interest as a function of temperature at Po, = 10* Pa. Here, “ pp” indicates partial pressure when
available.
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BE101_S Source: Gas Species Partial Pressures Zoomed In: Gas Species Partial Pressures
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Figure S 9. Solid BeO (with a zoomed in plot on the right). Calculated partial pressures of the gas

species over the phase(s) of interest as a function of temperature at Po, = 10* Pa. Here, “ pp”
indicates partial pressure when available.
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BI203_S Source: Gas Species Partial Pressures BI203_L Source: Gas Species Partial Pressures
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Figure S 10. Solid Bi2O; and liquid Bi2Os (note that liquid Bi is stable for 7> 1075 K). Calculated
partial pressures of the gas species over the phase(s) of interest as a function of temperature at Po,
= 10~* Pa. Here, “_pp” indicates partial pressure when available.
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BR2_L Source: Gas Species Partial Pressures
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Figure S 11. Liquid Br. Calculated partial pressures of the gas species over the phase(s) of interest
as a function of temperature at Po, = 10~ Pa. Here, “_pp” indicates partial pressure when available.
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CA102_S Source: Gas Species Partial Pressures CA101_S Source: Gas Species Partial Pressures
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Figure S 12. Solid CaO; and solid CaO (these are the stable phases over the entire temperature
range shown). Calculated partial pressures of the gas species over the phase(s) of interest as a
function of temperature at Po, = 10* Pa. Here, “ pp” indicates partial pressure when available.
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CD101_S Source: Gas Species Partial Pressures
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Figure S 13. Solid CdO. Calculated partial pressures of the gas species over the phase(s) of interest
as a function of temperature at Po, = 10~ Pa. Here, “_pp” indicates partial pressure when available.
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Ce-O Two-Phase Mixture: Partial Pressures (Zoomed In)
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Figure S 14. Solid CeO: (stable for 7' < 1506 K) and metastable solid Ce20s. Calculated partial
pressures of the gas species over the phase(s) of interest as a function of temperature at Po,=10~*

Pa. Here, “ pp” indicates partial pressure when available. Calculated partial pressures of the gas
species over a CexO3(s,/)+Ce(s,/) two-phase mixture with an overall composition of CeO. Here,

(s,?) indicate the solid phase at low temperatures and liquid phase at high temperatures.
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Figure S 15. Solid Cf. Calculated partial pressures of the gas species over the phase(s) of interest
as a function of temperature at Po, = 10~ Pa. Here, “_pp” indicates partial pressure when available.
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CM_L Source: Gas Species Partial Pressures
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Figure S 16. Liquid Cm (liquid Cm is stable for 7> 1618 K). Calculated partial pressures of the
gas species over the phase(s) of interest as a function of temperature at Po, = 10~* Pa. Here, “ pp”

indicates partial pressure when available.
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Figure S 17. Solid CoO and solid Co. Calculated partial pressures of the gas species over the
phase(s) of interest as a function of temperature at Po, = 10 Pa. Here, “ pp” indicates partial

pressure when available. Note that solid CoO is stable when 803 < 7'< 1496 K, solid Co is stable
when 1496 < T'< 1768 K, and liquid Co is stable when 7> 1768 K.
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Figure S 18. Solid Cr203 (solid Cr203 is stable for 7'< 2208 K, beyond which liquid Cr is stable).
Calculated partial pressures of the gas species over the phase(s) of interest as a function of

temperature at Po, = 10 Pa. Here, “ pp” indicates partial pressure when available. Calculated

partial pressures of the gas species over a Cr203(s)+Cr(s,/) two-phase mixture with an overall

composition of CrO. Here, (s,/) indicate the solid phase at low temperatures and liquid phase at

high temperatures.
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Figure S 19. Solid Cs20, solid Cs202, solid Cs203, and solid CsO; (solid CsO is the stable phase).
Calculated partial pressures of the gas species over the phase(s) of interest as a function of
temperature at Po, = 10 Pa. Here, “ pp” indicates partial pressure when available.
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Figure S 20. Solid CuO and solid Cuz0 (solid Cu0 is stable for 7'< 1059 K, beyond which sold
Cu is stable). Calculated partial pressures of the gas species over the phase(s) of interest as a
function of temperature at Po, = 10* Pa. Here, “ pp” indicates partial pressure when available.
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Figure S 21. Solid Dy>0s (solid Dy20s is the
stable phase over the temperature range
shown). Calculated partial pressures of the gas
species over the phase(s) of interest as a
function of temperature at Po, = 10~ Pa. Here,
“ pp” indicates partial pressure when
available. Calculated partial pressures of the
gas species over a Dy>0s(s,/)+Dy(s,/) two-
phase mixture with an overall composition of
DyO. Here, (s,/) indicate the solid phase at

low temperatures and liquid phase at high
temperatures.
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Figure S 22. Solid Er,03 (with a zoomed-in
view in the plot on the right). Calculated
partial pressures of the gas species over the
phase(s) of interest as a function of
temperature at Po, = 10°* Pa. Here, “ pp”
indicates partial pressure when available.
Calculated partial pressures of the gas
species over a ErO3s(s,/) + Er(s,/) two-phase

mixture with an overall composition of ErO.
Here, (s,/) indicate the solid phase at low

temperatures and liquid phase at high
temperatures.
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ES_S Source: Gas Species Partial Pressures
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Figure S 23. Solid Es (solid Es stable for 7' < 1133 K, beyond which the liquid Es is stable).
Calculated partial pressures of the gas species over the phase(s) of interest as a function of
temperature at Po, = 10 Pa. Here, “ pp” indicates partial pressure when available.
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Figure S 24. Solid EuO and solid Eu0;
10% (solid Euz0s is the stable phase). Calculated
partial pressures of the gas species over the
10-2 phase(s) of interest as a function of

temperature at Po, = 10 Pa. Here, “ pp”
indicates partial pressure when available.
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Figure S 25. Solid Fe>O3 (hematite, stable for 7< 1051 K), solid Fe;O4 (magnetite, stable for 1051
K <T< 1245 K), solid FeO (stable for 1421 K < T'< 1650 K), and liquid FeO (stable 7> 1650 K).
Calculated partial pressures of the gas species over the phase(s) of interest as a function of
temperature at Po, = 10* Pa. Here, “ pp” indicates partial pressure when available. The liquid

state of FeO(/) denotes what in practice should be a slag phase with a mixture of all iron oxides
such as FeO, Fe304, and FexOs,
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FM_S Source: Gas Species Partial Pressures
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Figure S 26. Solid Fm (the stable phase). Calculated partial pressures of the gas species over the
phase(s) of interest as a function of temperature at Po, = 10 Pa. Here, “ pp” indicates partial

pressure when available.
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Figure S 27. Solid Ga;Os3 (the stable
phase). Calculated partial pressures of the
gas species over the phase(s) of interest as
a function of temperature at Po, = 10~ Pa.
Here, “ pp” indicates partial pressure
when available. Calculated partial
pressures of the gas species over a
Gax03(s,/)+Ga(/) two-phase mixture with

an overall composition of Ga;O. Here,
(s,/) indicate the solid phase at low

temperatures and liquid phase at high
temperatures.
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Figure S 28. Solid Gd>Os3 (stable for 7' < 2698
K). Calculated partial pressures of the gas
species over the phase(s) of interest as a
function of temperature at Po, = 10~ Pa. Here,
“ pp” indicates partial pressure when
available. Calculated partial pressures of the
gas species over a Gd,0s(s,/)+Gd(s,?) two-

phase mixture with an overall composition of
GdO. Here, (s,/) indicate the solid phase at

low temperatures and liquid phase at high
temperatures.
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Ge-O Two-Phase Mixture: Partial PI’ESSUFGVSV ] Ge-O Two-Phase Mixture: Partial Pressures (Zoomed In)
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Figure S 29. Solid GeO: (the stable phase for 7' < 872 K, beyond which solid GeO(am) is stable).
Calculated partial pressures of the gas species over the phase(s) of interest as a function of
temperature at Po, = 10* Pa. Here, “ pp” indicates partial pressure when available. Calculated

partial pressures of the gas species over a GeOx(s,/)+Ge(s,/) two-phase mixture with an overall
composition of GeO. Here, (s,/) indicate the solid phase at low temperatures and liquid phase at
high temperatures.
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HG101_S Source: Gas Species Partial Pressures
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Figure S 31. Solid HgO (solid HgO is stable for 7'< 457 K, beyond which the liquid HgO phase is
stable). Calculated partial pressures of the gas species over the phase(s) of interest as a function of
temperature at Po, = 10~ Pa. Here, “ pp” indicates partial pressure when available.
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HO203_S Source: Gas Species Partial Pressures
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Figure S 32. Solid Ho20s (the stable phase)
with a zoomed-in view in the plot on the right.
Calculated partial pressures of the gas species
over the phase(s) of interest as a function of
temperature at Po, = 10 Pa. Here, “ pp”
indicates partial pressure when available.
Calculated partial pressures of the gas species
over a Ho2O3(s)+Ho(s,/) two-phase mixture

with an overall composition of HoO. Here,

(s,/) indicate the solid phase at low
temperatures and liquid phase at high
temperatures.
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Figure S 33. Solid In,Os3 (the stable phase).
Calculated partial pressures of the gas
species over the phase(s) of interest as a
function of temperature at Po, = 10 Pa.
Here, “ pp” indicates partial pressure when
available. Calculated partial pressures of the
gas species over a In2Os(s,/) + In(¢) two-

phase mixture with an overall composition
of In2O. Here, (s,/) indicate the solid phase

at low temperatures and liquid phase at high
temperatures.

43



IR102_S Source: Gas Species Partial Pressures IR_S Source: Gas Species Partial Pressures

" 107% Pa O
10| (1071 Pa 0 104 2
Gas Species Gas Species
— IR_pp — R
102/ — Riolep Ir 102/ — IRi01
—— IR102_pp — IR102
—— IR103_pp — IR103
—— O_pp — 0
10° 10°
g g
(0] [
3 1072 3 1072
(%] (%]
o o
[+ o
_ —
o
S 107 % 107
> >
1076 10-°
Ir0s
-8 -8
10 10 Ir0»
10710 : 10-10 /
800 1000 1200 1400 1600 1800 1000 1500 2000 2500 3000
Temperature (K) Temperature (K)

Figure S 34. Solid IrO> and solid Ir (solid Ir is the stable phase). Calculated partial pressures of the
gas species over the phase(s) of interest as a function of temperature at Po, = 10~ Pa. Here, “ pp”
indicates partial pressure when available.
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Figure S 35. Solid K>O, solid K»0., and solid
KO; (solid KO; is the stable phase).
Calculated partial pressures of the gas species
over the phase(s) of interest as a function of
temperature at Po, = 10* Pa. Here, “ pp”

indicates partial pressure when available.
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Figure S 36. Solid LaxO; (with a zoomed-in view in the plot on the right). Calculated partial
pressures of the gas species over the phase(s) of interest as a function of temperature at Po, = 10~

4 Pa. Here, “ pp” indicates partial pressure when available. Calculated partial pressures of the gas
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species over a La;0s(s,/) + La(s,f) two-phase mixture with an overall composition of LaO. Here,
(s,?) indicate the solid phase at low temperatures and liquid phase at high temperatures.
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Figure S 37. Solid L1202 and solid Li>O (the stable phase). Calculated partial pressures of the gas
species over the phase(s) of interest as a function of temperature at Po, = 10* Pa. Here, “ pp”
indicates partial pressure when available.
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Figure S 38. Solid Lu2Os (the stable phase)
with a zoomed-in view in the plot on the right.
Calculated partial pressures of the gas species
over the phase(s) of interest as a function of
temperature at Po, = 10* Pa. Here, “ pp”
indicates partial pressure when available.
Calculated partial pressures of the gas species
over a LuxOs(s,¢)+Lu(s,/) two-phase mixture

with an overall composition of LuO. Here,

(s,/) indicate the solid phase at low
temperatures and liquid phase at high
temperatures.
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Figure S 39. Solid MgO (the stable phase). Calculated partial pressures of the gas species over the
phase(s) of interest as a function of temperature at Po, = 10~ Pa. Here, “ pp” indicates partial
pressure when available.
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Figure S 40. Solid MnO. Calculated partial pressures of the gas species over the phase(s) of interest
as a function of temperature at Po, = 10~ Pa. Here, “_pp” indicates partial pressure when available.
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Figure S 41. Solid MoOs (the stable
phase). Calculated partial pressures of
the gas species over the phase(s) of
interest as a function of temperature at
Po, = 10 Pa. Here, “ pp” indicates
partial pressure when available.
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Figure S 42. Solid NaO,, solid NaO,, and
solid NayO (the stable phase). Calculated
partial pressures of the gas species over the
phase(s) of interest as a function of
temperature at Po, = 10* Pa. Here, “ pp”
indicates partial pressure when available.
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Figure S 43. Solid NbO: and liquid Nb2Os (solid Nb2Os is stable for 7< 1785 K and liquid Nb2Os
is stable for 7> 1785 K). Calculated partial pressures of the gas species over the phase(s) of interest
as a function of temperature at Po, = 10~ Pa. Here, “_pp” indicates partial pressure when available.
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Figure S 44. Solid Nd,Os (the stable phase)
with a zoomed-in view in the plot on the right.
Calculated partial pressures of the gas species
over the phase(s) of interest as a function of
temperature at Po, = 10™* Pa. Here, “ pp”
indicates partial pressure when available.
Calculated partial pressures of the gas species
over a Nd»Os(s,/)+Nd(s,/) two-phase mixture

with an overall composition of NdO. Here,

(s,/) indicate the solid phase at low
temperatures and liquid phase at high
temperatures.
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Figure S 45. Solid NiO (the stable phase). Calculated partial pressures of the gas species over the
phase(s) of interest as a function of temperature at Po, = 10~ Pa. Here, “ pp” indicates partial
pressure when available.
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Figure S 46. Solid Np20Os and solid NpO: (the
stable phase, with a zoomed-in view in the plot
on the right). Calculated partial pressures of
the gas species over the phase(s) of interest as
a function of temperature at Po, = 10 Pa.
Here, “ pp” indicates partial pressure when
available.
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Figure S 47. Solid P2Os_orth (stable for 7< 839 K, beyond which liquid P,Os is stable). Calculated
partial pressures of the gas species over the phase(s) of interest as a function of temperature at Po,

= 107* Pa. Here, “_pp” indicates partial pressure when available.
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Figure S 48. Solid OsO; and solid OsO4 (solid
OsOy is stable for 7'< 304 K, liquid OsOy4 is
stable for 304 < T < 314 K, solid OsO; is
stable for 314 < T < 832 K, and solid Os is
stable for 7> 832 K see the sketch of the Os-
O phase diagram above). Calculated partial
pressures of the gas species with a zoomed-in
view of the phase(s) of interest as a function
of temperature at Po, = 10 Pa. Here, “ pp”

indicates partial pressure when available.
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Figure S 49. Liquid Pa (metastable phase when 7> 1845 K). Calculated partial pressures of the
gas species over the phase(s) of interest as a function of temperature at Po, = 10~ Pa. Here, “ pp”

indicates partial pressure when available.
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Figure S 50. Solid PbO, solid PbO>, solid Pb2O3, solid Pb3O4, and PbO_yellow (the stable phase
up to 1163 K). Calculated partial pressures of the gas species over the phase(s) of interest as a
function of temperature at Po, = 10~ Pa. Here, “ pp” indicates partial pressure when available.
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Figure S 51. Solid Pd (the stable phase) and solid PdO. Calculated partial pressures of the gas
species over the phase(s) of interest as a function of temperature at Po, = 10* Pa. Here, “ pp”

indicates partial pressure when available.
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Figure S 52. Solid PmxO; (stable phase up to 2593 K). Calculated partial pressures of the gas

species over the phase(s) of interest as a function of temperature at Po, = 10* Pa. Here, “ pp”

indicates partial pressure when available. Calculated partial pressures of the gas species over a
Pm>0Os(s,¢)+Pm(s,/) two-phase mixture with an overall composition of PmO. Here, (s,/) indicate

the solid phase at low temperatures and liquid phase at high temperatures.
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Figure S 53. Solid PrO», solid PrsO11, solid Pr7O1 (the stable phase up to 1361 K), and solid Pr20;
(stable with 7> 1361 K, with a zoomed-in view in the plot on the right). Calculated partial
pressures of the gas species over the phase(s) of interest as a function of temperature at Po, = 10~
4 Pa. Here, “ pp” indicates partial pressure when available. Calculated partial pressures of the gas
species over a PryOs(s,/) + Pr(s,/) two-phase mixture with an overall composition of PrO. Here,

(s,?) indicate the solid phase at low temperatures and liquid phase at high temperatures.
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Figure S 54. Solid PtO (metastable), solid PtO;
(metastable), and solid Pt304 (metastable).
Calculated partial pressures of the gas species
over the phase(s) of interest as a function of
temperature at Po, = 10™* Pa. Here, “ pp”

indicates partial pressure when available.
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Figure S 55. Solid Puz0s and solid PuO> (the stable phase). Calculated partial pressures of the gas
species over the phase(s) of interest as a function of temperature at Po, = 10* Pa. Here, “ pp”

indicates partial pressure when available.
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Figure S 56. Solid RbO:> (solid RbOs is stable for 7'< 517 K), solid Rb202, and solid/liquid Rb,O
(solid Rb20O is the stable phase for 7' < 778 K, beyond which liquid Rb>O is stable). Calculated

partial pressures of the gas species over the phase(s) of interest as a function of temperature at Po,
= 107* Pa as well as 10! Pa and 1077 Pa for liquid Rb,O. Here, “ pp” indicates partial pressure

when available.
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Figure S 57. Solid Re>O7 (the stable phase for 7' < 600 K, beyond which liquid Re2O7 is stable)
and solid ReOs. Calculated partial pressures of the gas species over the phase(s) of interest as a

function of temperature at Po, = 10 Pa for Re;O7; and Po, = 107!° Pa for ReOs. Here, “ pp”

indicates partial pressure when available. Note that we cannot calculate the equilibria for the

metastable ReOs solid at Po> = 10 Pa since the gas phase is stable instead of ReOs. Instead, we

predicted the gas species over solid ReOs at Pox = 107!° Pa.
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Figure S 58. Solid Rh (the stable phase for
T < 2237 K, beyond which liquid Rh is

stable),

solid RhO, and solid Rh2O.

Calculated partial pressures of the gas
species over the phase(s) of interest as a
function of temperature at Po, = 10 Pa.
Here, “ pp” indicates partial pressure
when available
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Figure S 59. Solid Ru and solid RuO: (the stable phase for 7' < 893 K, beyond which solid Ru is
stable). Calculated partial pressures of the gas species over the phase(s) of interest as a function of
temperature at Po, = 10~ Pa. Here, “ pp” indicates partial pressure when available.
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Figure S 61. Solid Sc20; (with a zoomed-in
view in the plot on the right). Calculated partial
pressures of the gas species over the phase(s)
of interest as a function of temperature at Po, =
10~ Pa. Here, “ pp” indicates partial pressure
when available. Calculated partial pressures of
the gas species over a Sc203(s)+Sc(s,/) two-

phase mixture with an overall composition of
ScO. Here, (s,/) indicate the solid phase at low
at high

temperatures and

temperatures.

liquid phase
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Figure S 62. Solid SeO: (the stable phase for 7' < 633 K, beyond which liquid SeO; is stable).
Calculated partial pressures of the gas species over the phase(s) of interest as a function of
temperature at Po, = 10~ Pa. Here, “ pp” indicates partial pressure when available.
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Si-O Two-Phase Mixture: Partial Pressures
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Figure S 63. Solid SiO»_cristobalite and SiO(am). Calculated partial pressures of the gas species
over the phase(s) of interest as a function of temperature at Po, = 10~ Pa. Here, “ pp” indicates

partial pressure when available. Calculated partial pressures of the gas species over a
Si0(s,/)+Si(s,/) two-phase mixture with an overall composition of SiO. Here, (s,/) indicate the

solid phase at low temperatures and liquid phase at high temperatures.
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Figure S 64. Solid Sm>Os3 (the stable phase)
with a zoomed-in view in the plot on the
right. Calculated partial pressures of the gas
species over the phase(s) of interest as a
function of temperature at Po, = 10 Pa.
Here, “ pp” indicates partial pressure when
available. Calculated partial pressures of the
gas species over a SmyO;3(s)+Sm(s,/) two-

phase mixture with an overall composition
of SmO. Here, (s,/) indicate the solid phase

at low temperatures and liquid phase at high
temperatures.
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Figure S 65. Solid SnO; and solid/liquid
SnO (solid SnO; is the stable phase for 7’
< 1498 K, beyond which liquid SnO is
stable). Calculated partial pressures of the
gas species over the phase(s) of interest
as a function of temperature at Po, = 10~
Pa. Here, “ pp” indicates partial pressure
when available; see also Figure 4 for the
evaporation of a two-phase mixture of
SnOz(s) + Sn(/) with an overall

composition of SnO
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Figure S 66. Solid SrO» and solid SrO (these are the stable phases over the entire temperature range
shown). Calculated partial pressures of the gas species over the phase(s) of interest as a function
of temperature at Po, = 10~ Pa. Here, “ pp” indicates partial pressure when available.
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Figure S 67. Solid TaxOs (stable for 7'< 2150 K, beyond which liquid Ta;Os is stable) and liquid
TaxOs. Calculated partial pressures of the gas species over the phase(s) of interest as a function of
temperature at Po, = 10 Pa. Here, “ pp” indicates partial pressure when available. Calculated

partial pressures of the gas species over a Ta;Os(s,/)+Ta(s) two-phase mixture with an overall
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composition of TaO». Here, (s,/) indicate the solid phase at low temperatures and liquid phase at
high temperatures.
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Figure S 68. Solid TbO: and solid Tb,Os3 (stable phase over the temperature range shown, with a
zoomed-in view in the plot on the right). Calculated partial pressures of the gas species over the
phase(s) of interest as a function of temperature at Po, = 10~ Pa. Here, “ pp” indicates partial
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pressure when available. Calculated partial pressures of the gas species over a Tb2Os(s,¢)+Tb(s,/)
two-phase mixture with an overall composition of TbO. Here, (s,¢) indicate the solid phase at low
temperatures and liquid phase at high temperatures.
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Figure S 69. Solid TcO; (metastable phase). Calculated partial pressures of the gas species over
the phase(s) of interest as a function of temperature at Po, = 10~* Pa. Here, “ pp” indicates partial

pressure when available.
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Figure S 70. Solid TeO: (stable for 7<913 K,
beyond which liquid Te is stable). Calculated
partial pressures of the gas species over the
phase(s) of interest as a function of
temperature at Po, = 10 Pa. Here, “ pp”
indicates partial pressure when available.
Calculated partial pressures of the gas species
over a TeOx(s,/)+Te(s,/) two-phase mixture

with an overall composition of TeO. Here,

(s,/) indicate the solid phase at low
temperatures and liquid phase at high
temperatures.
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Figure S 71. Solid ThO; (stable phase over the temperature range shown). Calculated partial
pressures of the gas species over the phase(s) of interest as a function of temperature at Po, = 10~

4 Pa. Here, “ pp” indicates partial pressure when available.
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Figure S 72. Solid TiO;_anatase, solid TiO_rutile, solid and liquid TisO7, and liquid Ti3Os
(TiO2_rutile is stable for 7'< 1881 K, followed by solid Ti4O7 up to 1950 K, then liquid Ti4O7 up
to 2148 K, beyond which liquid Ti30s is stable), and liquid Ti4O7. Calculated partial pressures of
the gas species over the phase(s) of interest as a function of temperature at Po, = 10 Pa. Here,

“ pp” indicates partial pressure when available.
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Figure S 73. Solid T1>O (stable for 77< 852 K, beyond which liquid T1,O is stable) and solid T1>Os.
Calculated partial pressures of the gas species over the phase(s) of interest as a function of
temperature at Po, = 10~ Pa. Here, “ pp” indicates partial pressure when available.
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Figure S 74. Solid Tm20;s (stable phase over
the temperature range shown, with a zoomed-
in view in the plot on the right). Calculated
partial pressures of the gas species over the
phase(s) of interest as a function of
temperature at Po, = 10~ Pa. Here, “ pp”
indicates partial pressure when available.
Calculated partial pressures of the gas
species over a TmyOs3(s)+Tm(s,/) two-phase

mixture with an overall composition of TmO.
Here, (s,/) indicate the solid phase at low

temperatures and liquid phase at high
temperatures.
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Figure S 75. Solid U0y, solid UOs (stable for
T < 525 K, then solid U3Og up to 939 K,
beyond which U4Op is stable), and solid U3Os.
Calculated partial pressures of the gas species
over the phase(s) of interest as a function of
temperature at Po, = 10™* Pa. Here, “ pp”

indicates partial pressure when available.
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Figure S 76. Solid V203 and solid V20s (solid V20s is a metastable phase; solid V205 is stable at
7> 1289 K; note that solid V204 is stable at low temperatures with the dominant gas species being
O2; not shown). Calculated partial pressures of the gas species over the phase(s) of interest as a
function of temperature at Po, = 10~ Pa. Here, “ pp” indicates partial pressure when available.
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Figure S 77. Solid WOs (stable phase over the temperature range shown). Calculated partial
pressures of the gas species over the phase(s) of interest as a function of temperature at Po, = 10~

4 Pa. Here, “ pp” indicates partial pressure when available.
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Figure S 78. Solid Y2053 (stable for 7'< 2712
K, beyond which liquid Y203 is stable) with
a zoomed-in view in the plot on the right.
Calculated partial pressures of the gas
species with and without YO(g) over the
phase(s) of interest as a function of
temperature at Po, = 10™* Pa. Here, “ pp”

indicates partial pressure when available.
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Figure S 79. Solid Yb2Os (stable phase over the temperature range shown). Calculated partial
pressures of the gas species over the phase(s) of interest as a function of temperature at Po, = 10~

4 Pa. Here, “ pp” indicates partial pressure when available. Calculated partial pressures of the gas
species over a Yb2Os(s,/) + Yb(s,/) two-phase mixture with an overall composition of YbO. Here,

(s,?) indicate the solid phase at low temperatures and liquid phase at high temperatures.
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Figure S 80. Solid ZnO (stable phase over the temperature range shown). Calculated partial
pressures of the gas species over the phase(s) of interest as a function of temperature at Po, = 10~
4 Pa. Here, “ pp” indicates partial pressure when available.
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Figure S 81. Solid ZrO> (stable phase over the temperature range shown) with a zoomed-in view
in the plot on the right. Calculated partial pressures of the gas species over the phase(s) of interest
as a function of temperature at Po, = 10~ Pa. Here, “_pp” indicates partial pressure when available.

Calculated partial pressures of the gas species over a ZrOx(s,/)+Zr(s,/) two-phase mixture with an
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overall composition of ZrO. Here, (s,/) indicate the solid phase at low temperatures and liquid
phase at high temperatures.
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