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Wacky Oxides we Grow 
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Adsorption-Controlled	Growth	of	GaAs	
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C.D. Theis, J. Yeh, D.G. Schlom, M.E. Hawley, and G.W. Brown,�
“Adsorption-Controlled Growth of PbTiO3 by Reactive Molecular Beam Epitaxy,” Thin Solid Films 325 (1998) 107-114.



Adsorption-Controlled Growth of 
•  Plumbites

– PbTiO3 — C.D. Theis et al., J. Cryst. Growth 174 (1997) 473-479.
– PbZrO3 — (unpublished)

•  Bismuthates
– Bi2Sr2CuO6 — S. Migita et al., Appl. Phys. Lett. 71 (1997) 3712-3714.
– Bi4Ti3O12 — C.D. Theis et al., Appl. Phys. Lett. 72 (1998) 2817-2819.
– BiFeO3 — J.F. Ihlefeld et al., Appl. Phys. Lett. 91 (2007) 071922.
– BiMnO3 — J.H. Lee et al., Appl. Phys. Lett. 96 (2010) 262905.
– BiVO4 — S. Stoughton et al., APL Materials 1 (2013) 042112.
– Bi2Sn2O7 and Bi2Ru2O7 — (unpublished)

•  Titanates by MOMBE
– SrTiO3 — B. Jalan et al., Appl. Phys. Lett. 95 (2009) 032906.
– GdTiO3 — P. Moetakef et al.,  J. Vac. Sci. Technol. A 31 (2013) 041503.
– BaTiO3 — Y. Matsubara et al., Appl. Phys. Express 7 (2014) 125502.
– CaTiO3 —R.C. Haislmaier et al., Adv. Funct. Mater. 26 (2016) 7271.



Adsorption-Controlled Growth of 
•  Ferrites

– LuFe2O4 — C.M. Brooks et al., Appl. Phys. Lett. 101 (2012) 132907.

•  Vanadates by MOMBE
– LaVO3 —H.-T. Zhang et al., Appl. Phys. Lett. 106 (2015) 233102.
–  (La,Sr)VO3 —M. Brahlek et al., Appl. Phys. Lett. 109 (2016) 101903.

•  Ruthenates
– SrRuO3 — D.E. Shai et al., Phys. Rev. Lett. 110 (2013) 087004. 
– Sr2RuO4 and Ba2RuO4— B. Burganov et al., Phys. Rev. Lett. 116 

(2016) 197003. 
– CaRuO3 — H.P. Nair et al., APL Mater. 6 (2018) 046101. 
– Ca2RuO4 — (unpublished)



Adsorption-Controlled Growth of 
•  Iridates

– Ba2IrO4 —  M. Uchida et al., Phys. Rev. B 90 (2014) 075142.
– SrIrO3 and Sr2IrO4 — Y.F. Nie et al., Phys. Rev. Lett. 114 (2015) 

016401.

•  Stannates by MOCVD
– BaSnO3 — A. Prakash et al., J. Mater. Chem. C 5 (2017) 5730 .

•  Stannates
– BaSnO3 —  H. Paik et al., APL Materials 5 (2017) 116107.

•  Other
– EuO — R.W. Ulbricht et al., Appl. Phys. Lett. 93 (2008) 102105. 
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C.D. Theis, J. Yeh, D.G. Schlom, M.E. Hawley, and G.W. Brown,�
“Adsorption-Controlled Growth of PbTiO3 by Reactive Molecular Beam Epitaxy,” Thin Solid Films 325 (1998) 107-114.



Adsorption-Controlled	Growth	of	PbTiO3	
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Growth of Bi4Ti3O12 by MBE 
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Adsorption-Controlled	Growth	of	Bi4Ti3O12	
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Growth of BaSnO3 by MBE 

SnO2 

BaSnO3 

Ba2SnO4 

BaO 

H. Paik, Z. Chen, E. Lochocki, A. Seidner H., �
A. Verma, N. Tanen, J. Park, M. Uchida, �

S.L. Shang, B-C. Zhou, M. Brützam, R. Uecker, 
Z.K. Liu, D. Jena, K.M. Shen, D.A. Muller, and 
D.G. Schlom, APL Materials 5 (2017) 116107. 



Adsorption-Controlled Growth of EuO 

R.W. Ulbricht, A. Schmehl, T. Heeg, J. Schubert, and D.G. Schlom,�
Applied Physics Letters 93 (2008) 102105. 

Eu Flux = 1.1×1014 Eu atoms/(cm2 s), Tsub = 590 °C
EuO film thickness (from RBS) after 30 min



Adsorption-Controlled SrTiO3 

sorption, or an increase in the sticking coefficient, and thus a
narrowing of the growth window. Again, these results con-
firm that desorption of the metal-organic Ti source is the
primary reason for existence of a growth window in hybrid

MBE. Future studies should address if at higher temperatures
SrO also begins to desorb, as predicted in Fig. 1.

In summary, we have demonstrated that a hybrid MBE
approach, which uses a volatile metal-organic source to sup-
ply Ti, allows for SrTiO3 MBE with self-regulating stoichi-
ometry for practical growth parameters, not possible in con-
ventional MBE using only solid sources. The approach can
easily be implemented for other perovskite titanates, such as
ferroelectric BaTiO3, the rare-earth Mott titanates, or indeed
any other complex oxide for which a volatile transition metal
precursors exists. The combination of structural perfection,
high purity, and precise control of oxygen and cation stoichi-
ometry afforded by the hybrid MBE approach sets the stage
for revealing the intrinsic physics of this exciting class of
materials and their heterostructures.

The authors thank Nick Wright for some of the AFM
studies and Tom Mates for the SIMS analysis. This research
was supported by the National Science Foundation through
the UCSB MRL !Award No. DMR 05-20415" and by DOE
!Grant No. DE-FG02-06ER45994". Acquisition of the oxide
MBE system was made possible through the NSF MRI pro-
gram under Grant No. NSF DMR-0619698.
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FIG. 3. !Color online" Out-of-plane lattice parameter as a function of
TTIP/Sr BEP ratio for epitaxial SrTiO3 films grown on !001"SrTiO3 at !a"
800 °C, !b" 725 °C, and !c" 700 °C. All films were grown using an oxygen
BEP of 8!10−6 torr. The darker gray-shaded region shows the growth win-
dow for stoichiometric films with a lattice parameter that is equivalent to
that of the substrate at each temperature.

FIG. 4. !Color online" Growth window for stoichiometric SrTiO3 films for
two different oxygen BEPs of 5!10−6 !black circles" and 8!10−6 torr
!green triangles". Shown is the range of TTIP/Sr ratios that results in stoi-
chiometric films as a function of temperature and oxygen BEP. The lines are
shown as a guide to the eye.
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B. Jalan, P. Moetakef, and S. Stemmer,�
Applied Physics Letters 95 (2009) 032906.
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Single-Phase Field of GaAs vs. PbTiO3 
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III-V Phase Diagrams 

from that of an ideal lattice having the measured lattice pa-
rameter, we can deduce the concentrations of both defects,
assuming that they are the only point defects present. From
data obtained at a lower temperature !see following sections"
values for enthalpy and entropy of formation are obtained.
When values for the enthalpies and entropies of formation of
the other native point defects believed to be present in sig-
nificant concentrations were obtained, these defects were
also included in the fitting to the data of Bublik et al. data in
several iterations. The final fit, shown in Fig. 1, is the result
of that iterative process.

Comparing these results with those given in Sec. III and
Figs. 7 and 9 of the earlier paper,1 we see that the increased
VGa concentration deduced here makes only a small change
to the predicted melt composition for which a stoichiometric
crystal is obtained. !From #xAs$=0.448 in the earlier paper to
#xAs$=0.443." The full solidus curve is considered in Sec. X
and is shown in Fig. 2.

C. GaP

Morozov et al.43 measured density and lattice parameter
of a range of LEC-grown GaP crystals. Unfortunately, be-
cause of suspected phosphorus loss during growth, they were
not able to define the melt composition at the measured
points in the crystal. Assuming that all the crystals were Ga-
rich !microscopy revealed the very small nondislocation pits
commonly ascribed to Ga precipitates in all their crystals",
they calculated the deviation from stoichiometry implied by
each density/lattice parameter pair assuming only VP to be
present. The calculated deviation was seen to be linearly re-
lated to the lattice parameter. However, because the melt
composition corresponding to each data point is not re-
corded, their data cannot be used to plot the solidus in the
vicinity of the congruent MP.

It is not sufficient to consider just a single native point
defect. Noting the similarity to the behavior of GaAs and
InAs described above and below, respectively, !viz., the in-

crease in density with increasing Group V concentration" we
assume that Pi is also a major native point defect. We further
assume that, as with GaAs and InAs, Gai and VGa are present
in markedly smaller concentrations. This is likely to be par-
ticularly true for Gai because of its relatively large size. Val-
ues for the mass action constants !i.e., enthalpy and entropy"
for VP formation have been obtained by fitting to the solu-
bility curves for donor-doped GaP and this is reported in
Secs. VII C and IX E below. It is known that microprecipi-
tates of gallium metal are present in all GaP crystals grown
by the Liquid Encapsulated Czochralski !LEC" technique43

at phosphorus pressures up to that corresponding to an equi-
atomic melt composition !a phosphorus pressure of about 40
atm !see Appendix B". However, phosphorus microprecipi-
tates are reported to be present in crystals grown from melts
equilibrated at 80 atm !Ref. 42" !corresponding to a melt
composition of approximately xP=0.58". Thus the stoichio-
metric composition must lie somewhere between 40 and 80
atm. We further know that the range of density observed in
the crystals studied by Morozov et al. was from 4.128 41 to
4.128 12 g cm−3.

They also studied the Ga-rich solidus boundary at lower
temperatures by calculating the deviation from stoichiometry
at the solidus temperature. The latter was determined from
annealing experiments. Assuming that only VP, VGa, and Pi
are important and knowing already the temperature depen-
dence of #VP$ from the donor solubility, we can adjust the
mass action constants for the VGa and PI to give a solidus
curve which has a stoichiometric composition at a little be-
low xP=0.58 corresponding to a phosphorus pressure of %72
atm and a density range on the Ga-rich side which embraces
the observed range of density. This enabled a complete soli-
dus to be deduced and this is shown in Fig. 3. Also plotted
are deviations from stoichiometry on the Ga-rich side mea-
sured at lower temperatures by Jordan et al.45 !by electro-
chemical titration" and by Morozov et al.43 from quench/
anneal studies. The selected enthalpy and entropy values that
give the modeled solidus were chosen to bisect these two

FIG. 2. The calculated solidus of gallium arsenide showing the catastrophic
deviation from stoichiometry at low temperature under arsenic-rich condi-
tions. Arrow marks the congruent point.

FIG. 3. Calculated GaP solidus. Arrow marks the congruent point. Experi-
mental data: Jordan et al. !!"; Morozov et al. !"".

121301-12 D. T. J. Hurle J. Appl. Phys. 107, 121301 !2010"
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sets of experimental data. Given the number of assumptions
that have been necessary to arrive at this solidus calculation,
it must be regarded as tentative.

D. GaSb

Wilke et al.47 have measured room temperature values of
lattice parameter and density of crystals grown from melts of
composition xSb ranging from 0.47 to 0.53. They found the
lattice parameter to be independent of xSb, having the value
a0=6.096 71 Å. The density fluctuated as shown in Fig. 4.
Ascribing the density variation to the precipitation of the
excess component, the authors obtained a plot of deviation
from stoichiometry versus temperature over the liquidus tem-
perature range corresponding to the measured composition
range !i.e., down to approximately 0.6 K below the MP".
This shows a maximum in deviation from stoichiometry on
the Ga-rich solidus of 7!1019 cm−3 occurring at a tempera-
ture that is less than 0.1 K below the congruent MP. This
implies such a large enthalpy and entropy of formation of the
dominant point defect as to be thermodynamically unrealis-
tic. Therefore, in this paper, a linear least-squares fit has been
obtained to the data as shown by the dashed line in Fig. 4.
The line embraces the error bars of all the data points except
one. The density is significantly below the theoretical density
for a perfect lattice, showing that vacancies are the dominant
point defects. !The Ga-antisite defect GaSb also contributes to
the density deficit but, at its measured concentration in melt-
grown crystal !#3!1017 cm−3", its concentration is too
small for it to be the dominant contributor.

Since the lattice parameter does not increase signifi-
cantly with increasing Sb concentration in the melt !xSb", it is
likely that the concentration of the Sb interstitial cannot be
very large and so it is not included in the model. Studies by
Merten and Hatcher48 of the dependence of the segregation
coefficient of Zn in melt-grown GaSb on xSb and on zinc
concentration enables one to obtain an estimate for the mass
action constants of the Gai !assumed to be multiply charged"
and this is demonstrated in Sec. VIII D.

The above information alone is insufficient to permit de-
termination of the temperature dependence of the concentra-
tions of all four native point defects postulated to be present
in significant numbers !viz., Gai, VGa, VSb, and GaSb". How-
ever, a study by Anayama et al.31 of the dependence of the
GaSb concentration on solution composition during LPE

growth of GaSb from both Ga-rich and Sb-rich solutions
allows us to fix the temperature dependence of the concen-
trations of both types of vacancy as well as that for the in-
corporation reaction for the antisite defect GaSb. This is re-
viewed in Sec. X D. The fit to Merten and Hatcher’s Zn-
doping data is shown in Figs. 27 and 28 and that to
Anayama’s GaSb concentration data in Fig. 53. The incorpo-
ration of GaSb is considered in Sec. X D and the phase extent
plotted in Fig. 5, from which it is inferred that the congruent
point is to the Ga-rich side and a stoichiometric crystal
grows from a melt of composition xSb=0.605.

E. InAs

The density and lattice parameter behavior in the vicinity
of the MP has been measured by Bublik et al.33,40 It is very
similar to that of GaAs. The density increases linearly with
increasing As concentration in the melt !Fig. 6" indicating
that the dominant defects must by VAs and Asi. The lattice
parameter is constant showing, as with GaAs, that Asi does
not strain the lattice. The VAs concentration at the MP is
inferred from the saturation behavior of Group IV and Group
VI dopants !see Secs. VII E and IX G". Given this knowl-
edge of the VAs concentration, the VGa and Asi concentra-
tions at the MP can be obtained from the magnitude of the
density at any given melt composition and from the slope of
the line. Obtaining values for the VGa concentration at a
lower temperature, in order to obtain enthalpy and entropy
values, is more difficult since there are no known results,

FIG. 4. Density of GaSb vs atom fraction of Sb in the melt $Wilke et al.
!Ref. 47"%.

FIG. 5. Calculated GaSb solidus. Arrow marks the congruent point.

FIG. 6. Density of InAs vs atom fraction of As in the melt. $Bublik et al.
!Ref. 33".%
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similar to those for GaAs, for growth from Bi solutions
!where the VGa concentration is at its greatest". However, a
crude estimate is obtainable from Ga-solution LPE data.51

An upper bound is set by the fact that annealing heavily
donor material does not produce the dramatic changes seen
in GaAs and, therefore, it can be supposed that VGa
undersaturation-which causes these annealing effects in
GaAs-is not present in InAs. A similarly crude estimate of
the enthalpy and entropy of Asi formation is obtained from
the study of annealing behavior of As-rich melt-grown
crystals.40

Outside of the melt-growth composition range 0.48
!xAs!0.52 deviation from the linear dependence of density
and the constancy of lattice parameter occurs40 On the In-
rich side there is a fall in lattice parameter and a marked
increase in density. A 15 min anneal at 1173 K followed by
quenching restores the lattice parameter to the constant value
and the density to a value which lies on the extrapolation of
the line shown in Fig. 6. This behavior probably arises from
the decomposition of a lattice supersaturated with VAs during
cooling, according to the reaction:

VAs + InIn = VInVAs + Ini

Aggregation of the Schottky vacancy pairs to form micro-
voids, with precipitation of the Ini within them, lowers the
lattice parameter and, by removing VAs from solution, raises
the density.

On the As-rich side both density and lattice parameter
fall and again a 15 min anneal/quench restores the crystal to
its as-grown state. In this case, supersaturation of the Asi
occurs during cooling and this is probably removed by pre-
cipitation of metallic arsenic lowering both the density and
the lattice parameter. For a more detailed account of the re-
sults of annealing and how this can be used to determine the
phase extent see Morozov and Bublik.40

This data enables one to produce a !tentative" phase ex-
tent plot shown in Fig. 7. A stoichiometric crystal grows
from a melt of composition xAs=0.468 !i.e., the congruent
point is just on the As-rich side of stoichiometry".

F. InP

Density and lattice parameter measurements have been
made by Morozov et al.34 on crystals grown from three dif-
ferent melt compositions. Measurements were made in the
material “as-grown,” after a short high temperature quench-
anneal !to recover, as far as possible, the immediate postcrys-
tallization conditions" and after longer term anneals at lower
temperatures. Density was found to increase with increasing
phosphorus concentration in the melt. The lattice parameter
was constant over the range of melt composition studied.
Comparing with GaAs and InAs it can be anticipated that the
dominant native point defects grown-in are VP and Pi. The
relatively large size of the In atom makes it unlikely that
significant numbers of Ini are present and this hypothesis is
reinforced by the fact that the lattice parameter is constant. In
order to accurately model the density data it is necessary to
invoke the presence of some VIn.

Values for the mass action constants for VP and VIn at
epitaxial growth temperatures !Secs. VII–IX" are combined
with the values obtained at the MP from the density data, to
obtain the enthalpy and entropy of formation. A crude esti-
mate of these parameters for Pi are obtained from the values
for the concentration of this entity required to fit the density
data over the small temperature range explored. From their
lower temperature anneals Morozov et al. inferred the In-rich
solidus compositions at 923, 1073, and 1148 K. These are
plotted on Fig. 8. A stoichiometric crystal is predicted to
grow from a melt of composition xP=0.478. The deviation
from stoichiometry inferred by Morozov et al. from their
data is well modeled. In crystals grown from very In-rich
melts they observed many small etch pits, not associated
with dislocations. These have been identified as micropre-
cipitates of In. The precipitates are presumed to have formed
during cooling by the Frenkel reaction: InIn=Ini+VIn. The Ini

subsequently form microprecipitates by aggregating in mi-
crovoids formed by the Schottky recombination of VIn

− and
VP

+.

FIG. 7. Calcuated InAs solidus. Arrow marks the congruent point. Data
points: Bublik et al. !!".

FIG. 8. Calculated InP solidus. Arrow marks the congruent point. Data
points: Morozov et al. !Ref. 34" !!".
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G. InSb

Bublik et al.35 measured density and lattice parameter of
crystals grown from melts of composition from 49 to 51
at. % Sb. The lattice parameter was essentially constant. An
8 h anneal at 633 K produced a small decrease from 6.479 94
Å to 6.479 80 Å. There was some scatter in density values
and no clear trend with melt composition over the very lim-
ited range studied. The mean value was 5.7747 g cm−3

which is significantly below the density of the ideal !defect
free" lattice indicating that vacancies are the dominant de-
fects.

Morozov et al.52 subsequently measured lattice param-
eter of the crystals up to temperatures close to the MP and
noted that, at high temperature, there were deviations from
linearity in the lattice parameter versus temperature plots de-
pendent on the melt composition. The deviation was minimal
for a melt composition of xSb=0.514 and the authors argued
that this represented the composition that yields a stoichio-
metric crystal. Accepting this interpretation and fitting to the
measured density !using values for the enthalpy of formation
and of ionization energies of VIn and VSb obtained by ex-
trapolation from the values for InP and InAs" we obtain the
mass action constants shown in Table II. This gives the soli-
dus shown in Fig. 9. Lack of dopant solubility curves pre-
vented the use of fitting to obtain enthalpies and entropies.
Values for these quantities were obtained by comparison
with their values obtained for the other compounds. This
solidus must therefore be viewed as an “expectation” value
only.

Bublik and Shcherbachev53 studied the defects formed in
annealed nonstoichiometric crystals by x-ray diffuse scatter-
ing. The microdefects probably result from the removal of
isolated vacancies that become supersaturated as the crystal
is cooled. In the Sb-rich crystals in which this was seen, a
probable mechanism would be the formation of Schottky
pairs and isolated Sb interstitials by the reaction

SbSb + VIn = VInVSb + Sbi,

with the Schottky defects aggregating to form a microvoid
into which the Sbi can nucleate to form crystalline Sb. A

similar process is believed to occur in GaAs.1

H. Summary

The calculated concentrations of the dominant native
point defects in the vicinity of the MPs are shown in Fig. 10.
It is interesting to note how such relatively small differences
in the concentrations of these defects can result in such
marked differences in the electrophysical properties of the
materials. Also indicated is the intrinsic carrier concentration
at the MP of each compound. It can be seen that electroneu-
trality at the MP of GaP, InP, GaAs, and GaSb is controlled
by charged native point defects and not by the “intrinsic”
condition n=p. The author can find no recognition of this
fact in the literature.

The maximum phase extent of the arsenides and phos-
phides is seen to be in the range +!0.5–3"!1019 cm−3 and

FIG. 9. Calculated InSb solidus. Arrow marks the congruent point.

FIG. 10. Calculated concentrations of the significant native point defects in
the vicinity of their MPs vs atom fraction of Group V element in the melt.
The symbol !!" indicates the intrinsic carrier concentration at the congruent
MP. The upward facing arrow at the base of each figure shows the melt
composition in equilibrium with a stoichiometric crystal. Note that the con-
centration scale for the antimonides !c" is an order of magnitude lower than
for the phosphides and arsenides !a" and !b".
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Challenge 

What if the wacky oxide 
you desire cannot be 
grown by adsorption-

control? 

Sr7Ti6O19 BaSr6Ti6O19



Nuts and Bolts of Oxide MBE 

• Mean Free Path (maximum PO2
) 

• Minimum PO2
, need for PO3

, Optimal Tsub  

• MBE System, Sources, and Crucibles 

• Composition Control 
• Adsorption-Controlled Growth 
• Flux-Controlled Growth 

• Substrates 



Reflection High-
Energy Electron 

Diffraction (RHEED) 
Oscillations 

B. Bölger and P. K. Larsen, Review of Scientific 
Instruments 57 (1986) 1363-1367.
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FIG. 1. Schematic diagram ofRHEED geometry showing the incident beam 
at an angle 8 to the surface plane; azimuthal angle 'P. The elongated spots 
indicate the intersection of the Ewald sphere with the 0 I, 00, and 0 T rods. 

very uppermost layers (for which there is experimental evi-
denceI4 ). This results in a nearly two-dimensional con-
dition with the reciprocal lattice points drawn out into lat-
tice rods perpendicular to the surface. The intersection of 
these with the Ewald sphere will lie on semicircles. In prac-
tice, the rods are broadened, resulting in elongated and/or 
broadened streaks and their shape can be related to disorder, 
domains, etc.4 

The detection system shou]d be able to resolve fine fea-
tures in diffraction patterns like that shown in Fig. 2. The 
distance d)/4 between two adjacent streaks is given by 

d)/4 = LglI/k, (1) 
where L is the distance between the substrate and the phos-
phor screen, k = (2mE /fi2)1/2 is the wave vector of the pri-
mary beam of energy E, and gil = Gil /4 is the smallest lattice 
vector of the 2 X 4 surface Brillouin zone. Here Gil = (217"/ 
ao)(O,l,l), where ao is the I.attice constant. For the condi-
tions of Fig. 2 (E = 12.5 keY, L = 280 mm) we find 
d)/4 = 1.9 mm. Perpendicular to the streaks we, therefore, 
need a resolution of at least 0.2 mm (corresponding to an 
angular resolution of 0.040 or 0.7 mrad). Along the streaks 
the angular resolution 8e (i.e., system linewidth) deter-
mines the maximum measurable correlation length W, 
where W = 1T/k{je sin e. It is, therefore, important to mini-
mize 8e as much as possible. There are several other require-
ments. As mentioned above, the streak intensity may be 
highly modulated and greatly dependent on the angle of inci-

02 01 00 01 02 

FIG. 2. Diffraction pattern from the GaAs(OOI )·2X4 surface, in the [TlOl 
azimuth, taken at an electron energy of 12.5 keY and an incident angle of 
3.1'. 

1364 Rev. Scl.lnstrum., Vol. 57, No.7, July 1986 

dence. In fact, intensity variations exceeding 103 are found. 19 

This necessitates a large dynamic range and high stability 
and reproducibility of the angular setting. Further require-
ments related to MBE growth are the need for fast simulta-
neous detection of two or more beams for establishing phase 
relationships and rapid successive measurements ofline pro-
files. After presenting a few selected results we shall return to 
this point in Sec. III. 

II. SYSTEM DESCRiPTiON 

In order to ensure fast data acquisition we relied on pro-
cessing the video signal from a television camera imaged on 
to the RHEED screen. The camera was equipped with a 
sensitive silicon vidicon tube and a wide-aperture lens with 
calibrated diaphragm. The horizontal TV line scan was ad-
justed so as to be parallel to the diffraction streaks and per-
pendicular to the substrate's rotation axis defining the angle 
of incidence. The fluorescent screen was made with a com-
merciaUy available phosphor with a grain size of about 0.1 
mm (this determines the ultimate resolution of the system). 
It is, however, possible to produce phosphor screens having 
a resolution of - 30 flm. Such screens are used for medical 
applications. 

The video signal was processed by two different systems 
each having its own merits. The first system, shown in Fig. 3, 
used a two-channel boxcar integrator. Each channel had a 
time aperture over which the signal was averaged. Proper 
triggering of the boxcar could place this aperture anywhere 
on the video signal (TV picture). We used the TV frame-
and line-synchronization pulses (F.S. and L.S.), taken from 
the video monitor, to trigger two pulse-delay generators for 
scanning purposes. Their output pulses pass through an AND 
gate which triggers the boxcar. The horizontal delay is thus 
referenced to the preceding horizontal synchronization 
pulse. The delayed frame synchronization pulse has to have 
the duration of a line sweep (i.e., 60 fls) for triggering on a 
single line. The aperture of the boxcar can now be swept 
linearly over the screen along any direction wanted. The po-
sition of the two apertures are made visible by adding the 

Phosphor 
Screen \----, 

U H V I ' TV: VIdeo I ' J @ ---j' 
system, 1, camera dIS"I' -- 'I 

. I amp_ , r g. '----.Ji ' 
I '- I VIdeo I -------- --l monitor I 

I : (M;'-ker) I . s.! 
Boxcar I" sync". sync. 

Gated I Gated -A-p.-rt-.. - 'I': Scan delay l, : Scan delay I 

Inl Int and sweep: . ... ,-L B \ l. i Trig, 

l,v 1 -1 Y2 -J-'0-0-n-s r.1-L r= X __ _ 
I 

. 

FIG. 3. Layout of video signal processing system employing a boxcar inte· 
grator. 
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B.A. Joyce, P.J. Dobson, J.H. Neave, K. Woodbridge, 
J. Zhang, P.K. Larsen, and B Bölger,�
Surface Science 168 (1986) 423-438.



Molecular Beam Epitaxy:  Applications to Key Materials,�
edited by R.F.C. Farrow (Noyes, Park Ridge, 1995), p. 694. 

Conventional RHEED Oscillations 



Conventional RHEED Oscillations 
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direction of (a) BaTi03(001) film, (b) La2Cu04(001) film,
and (c) YBa2Cu30T —„

film of which growth was finished at the
sixteenth, tenth, and fifth peak positions of the RHEED oscil-
lations, respectively. The peaks indicated by the arrows are
those of the Laue function.

the two-dimensional layer-by-layer growth mode.
As mentioned already, the intensity recovered and the

oscillation amplitude increased after the growth was in-
terrupted. This recovery of the intensity is commonly
observed in the growth of GaAs by MBE. It is interpret-
ed to be due to an increase in the mean terrace width of
the surface and, hence, a reduction in the surface step
density by the migration of surface adatoms to the flat
terrace edge. From the remarkable recovery of the
RHEED intensity, it is assumed that the migration of
surface adatoms occurs easily in the BaTi03 system.
Figure 3(a) shows a schematical illustration of a
deposition-and-growth process model for BaTi03.
Figures 1(b) and 1(c) show RHEED oscillations

observed during the growth of La2Cu04(001) on
SrTi03(100) and YBa2Cu307-„(001)on SrTi03(100).
In the first place, we must note that an abrupt increase
of the RHEED intensity is observed in both cases as soon
as the growth is initiated. An initial transient increase of
the RHEED intensity is well known in the MBE growth
of GaAs. ' ' It was revealed that the transient behavior
strongly depended on the diffraction conditions, i.e., the

2686

FIG. 3. Schematical illustrations for the deposition and
growth process of (a) BaTi03(001), (b) La2Cu04(001), and
(c) YBa2Cu30T- (001) on SrTi03(100). Insets: The stacking
sequences of the atomic layers in each crystal, with the growth
units indicated. Note that the stacking sequences in the
growth units shown in the figures have no specific meaning; the
top layer cannot be specified.

angle and the azimuth of the incident beam. The initial
transient behavior has been explained to be caused by an
initial smoothing of steps already present on the sub-
strate surface' or a reconstruction of the substrate sur-
face. ' Anyway, as the period to the first peak from
growth initiation is very short compared with those of
the subsequent regular oscillations, we can distinguish
between the first peak and others.
Figure 2(b) shows an x-ray-difraction pattern for a

La2Cu04(001) film whose growth was finished at the
tenth peak position of the RHEED oscillations. In the
numbering of the oscillation peaks, we neglected the ini-
tial transient peak. For this film, the thickness was
determined from the Laue function and Sherrer's formu-
la [628(004) =1.40 ) to be 66.0 and 65.0 A, respective-
ly. From this result, one period of the RHEED oscilla-
tions was determined to be 6.5 A. For La2Cu04, the
chemical repetition unit consists of three atomic layers
(LaO), (LaO), and (Cu02), as shown in the inset of Fig.

BaTiO3 

La2CuO4 

YBa2Cu3O7 

T. Terashima, Y. Bando, K. Iijima, K. Yamamoto, K. Hirata, K. Hayashi, K. Kamigaki, and H. Terauchi, 
Physical Review Letters 65 (1990) 2684–2687. 





Oscillations of the central diffracted rod as the Sr and Ti 
are deposited in a sequential manner   

3 % Ti Rich 3 % Ti Poor 

Stoichiometric  SrTiO3  [011] Azimuth 

J.H. Haeni, C.D. Theis, and D.G. Schlom, Journal of Electroceramics 4 (2000) 385-391.

Shuttered RHEED to Get Sr:Ti = 1:1 



J.H. Haeni, C.D. Theis, and D.G. Schlom, Journal of Electroceramics 4 (2000) 385-391.

Beat Frequency for Sr:Ti = 1:1 Absolute 
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1.15 monolayers of each cation
(beat frequency ! 7 oscillations)

0.85 monolayers of each cation
(beat frequency ! 7 oscillations)

1.0 monolayers of each cation

1.1 monolayers of each cation
(beat frequency ! 10 oscillations)

0.9 monolayers of each cation
(beat frequency ! 10 oscillations)

Sequential Deposition of SrTiO3

(Sr : Ti Ratio = 1) 



How we do it 
•  Use Quartz Crystal Microbalance to Get Fluxes 

Close (~10% accuracy) 

•  Use Shuttered RHEED Oscillations 
(analogous to MEE of GaAs) 

•  Yields Sr:Ti Relative Incorporation Ratio  
(~1% accuracy) 

•  Yields Absolute Monolayer Dose for SrO and TiO2 
(~1% accuracy) 

•  Works for many Perovskites 

J.H. Haeni, C.D. Theis, and D.G. Schlom, Journal of Electroceramics 4 (2000) 385-391.



Shuttered RHEED Oscillations 



Shuttered RHEED Oscillations 

A-Site Rich B-Site Rich 



Substrates are Key 



[110] GdScO3, d = 32 mm [110] DyScO3, d = 32 mm 

Commercial Perovskite Substrates 

D.G. Schlom, L.Q. Chen, C.J. Fennie,�
V. Gopalan, D.A. Muller, X.Q. Pan,�

R. Ramesh, and R. Uecker,�
“Elastic Strain Engineering�

of Ferroic Oxides,”�
MRS Bulletin 39 (2014) 118-130. 



Surface Termination Recipes 
•  (100) and (111) SrTiO3 �

G. Koster, B.L. Kropman, G.J.H.M. Rijnders, �
D.H.A. Blank, H. Rogalla, “Quasi-Ideal Strontium 
Titanate Crystal Surfaces through Formation of 
Strontium Hydroxide,”�
Applied Physics Letters 73 (1998) 2920-2922. 

•  (110) REScO3�
J.E. Kleibeuker, G. Koster, W. Siemons,�
D. Dubbink, B. Kuiper, J.L. Blok, C-H. Yang,�
J. Ravichandran, R. Ramesh, J.E. ten Elshof,�
D.H.A. Blank, and G. Rijnders, “Atomically�
Defined Rare-Earth Scandate Crystal Surfaces,”�
Advanced Materials 20 (2010) 3490-3496.

•  (100)p and (111)p LaAlO3 �
J.L. Blok, X. Wan, G. Koster, D.H.A. Blank,�
and G. Rijnders, “Epitaxial Oxide Growth on Polar 
(111) Surfaces,”�
Applied Physics Letters 99 (2011) 151917 .

A
FM

 (1
00

) S
rT

iO
3—

Jo
ch

en
 M

an
nh

ar
t



Pyrochlores 

Substrate lattice (Å)

10.7 10.8

Bi2 Ti2 O7

Lu2 Ti2 O7 Y2 Ti2 O7

Sm2 Ti2 O7

Film lattice (Å)

10.510.310.210.110.0 10.6

Eu2 Ti2 O7

10.4

Bi2 Sn2 O7

Y4 Nb3 O12 Gd4 Nb3 O12

Nd4 Nb3 O12

La4 Nb3 O12 Pr2 Zr2 O7

La2 Sn2 O7

10.9 11.0 11.1

Bi2 Pb2 O7

La2 Zr2 O7

Bi2Ru2O7	

No Commercial Pyrochlore Substrates! 



Pyrochlore Substrates 

Substrate lattice (Å)

10.7 10.8

Bi2 Ti2 O7

Lu2 Ti2 O7 Y2 Ti2 O7

Sm2 Ti2 O7

Film lattice (Å)

10.510.310.210.110.0 10.6

Eu2 Ti2 O7

10.4

Bi2 Sn2 O7

Y4 Nb3 O12 Gd4 Nb3 O12

Nd4 Nb3 O12

La4 Nb3 O12 Pr2 Zr2 O7

La2 Sn2 O7

10.9 11.0 11.1

Bi2 Pb2 O7

La2 Zr2 O7

AFM: as-polished (111) 
Sm2Ti2O7 (floating zone) 

Sm2Ti2O7 grown by 
Czochralski (IKZ, Berlin) 

Floating zone furnace 
(Augsburg) 

with 
Tyrel McQueen 

Jochen Mannhart 
Reinhard Uecker 

Bi2Ru2O7	



MBE of Pyrochlores 

Bi2Ru2O7 

Bi2Sn2O7 

Sm2Ti2O7 



Bi2Ru2O7 

Bi2Sn2O7 

Sm2Ti2O7 

Bi2Ru2O7 

Sm2Ti2O7 

MBE of Pyrochlores 



MBE of Pyrochlores 

Pb2Ru2O7 

Sm2Ti2O7 

Red: Sm, Green: Ti 

Yellow: Pb, Blue: Ru 

Red: Ti 
Green: Sm 
Blue: Ru 
Cyan: Pb 



MBE Summary 

•  Extreme Flexibility  

•  Independent Growth 
Parameters  

•  Compatible with wide 
range of in situ 
Diagnostics  

•  Clean  

•  Gentle 

•  Precise Layering Control 
at the Atomic Level 

•  Extreme Flexibility 
(uncontrolled flexibility = 

chaos!)  

•  High Cost   

•  Long Set-up Time 

•  MBE (the other 
meanings…)  

Advantages Disadvantages 




