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The emergence of molecular beam epitaxy~MBE! as an
unparalleled technique for growing high quality epitaxial ox-
ides, oxide heterostructures, and layered oxide
superlattices1–3 has generated a need for stable effusion cell
sources for low vapor pressure solids.4 Titanium poses a par-
ticular problem because of the high temperatures required
~.1500 °C! to achieve an acceptable sublimation rate. The
family of titanates includes insulators, ferroelectrics, antifer-
roelectrics, and even superconductors. The ability to fabri-
cate titanates provides the MBE researcher with an arsenal of
additional perovskites that are structurally matched to other
perovskites actively being researched by MBE, e.g., the well
known cuprate superconductor phases. Recently, several
groups have reported the growth of titanates by physical va-
por deposition using electron-beam~e-beam! evaporation5,6

or high-temperature effusion cells.3 Using a high-
temperature effusion cell for titanium, Ecksteinet al. report
stabilities in atomic flux of a few percent over periods of
hours for all of their sources.3 Commercially available high-
temperature cells have several drawbacks, including high
cost, relatively small crucible volume, and the difficulty in
finding a suitable crucible material. Similarly,e-beam
sources are expensive and achieving flux stability of a few
percent over periods of hours is difficult.

Our solution employs a titanium sublimation pump
known as a Ti-Ball™~Ref. 7!. It is used traditionally as an
aid to vacuum pumping where titanium is a ‘‘getter’’ atom to
which colliding reactive gases have a high sticking coeffi-
cient. The Ti-Ball™ consists of a hollow prolate spheroid of
titanium ~;35 g of usable titanium! encasing a coiled tung-
sten filament.8,9 The filament is crimped on the top and bot-
tom to a molybdenum nipple and support leg, respectively.8,9

The spheroid itself is supported by four molybdenum wires
which are in turn spot welded to an insulated stainless steel
base.8,9 Power is supplied from an external power supply,
which in our case was a stable dc supply for source flux
stability. The bulk of the resistive load is carried by the tung-
sten filament which radiatively heats the titanium internally
and provides a uniform temperature distribution through the
ball. The Ti-Ball™ is designed for a maximum operating
temperature of approximately 1600 °C at 750 W.8,9

In their description of the development of the Ti-Ball™,
Hara and Snouse9 reported the sublimation rate of a Ti-
Ball™ over a period of more than 80 h. They demonstrated a
sublimation rate of;0.5 g/h630% over the first 70 h of
operation.9 We wondered if a Ti-Ball™, heated with a stable

power supply, could be used as a stable titanium source for
thin film deposition over periods of several hours. Here we
report our analysis of the stability of the titanium deposition
rate, the effect of ozone gas on this stability, and the purity of
the deposited films.

Our setup consists of a Ti-Ball™ source powered by an
HP 6268A dc power supply. The Ti-Ball™ is mounted in a
water-cooled stainless steel enclosure~with a nominal inner
diameter of 4.8 cm! typically used for MBE effusion cells.10

The inner wall of the cooling jacket is lined with coiled
sheets of titanium metal 0.25 mm thick. This foil prevents
deposited titanium from peeling off of the walls of the water
cooling jacket and thermally shorting the Ti-Ball™ to the
water-cooled enclosure. Oxidant is supplied to the chamber
in the form of purified ozone. Ozone is first made by flowing
oxygen through a PCI Ozone Corporation model G1-L gen-
erator. The ozone is then purified in an ozone distillation
apparatus previously described by Schlom and Harris.2 All
deposition thicknesses are measured with an Inficon IC 6000
quartz crystal monitor. The water-cooled quartz crystal is lo-
cated 20.6 cm from the center of mass of the titanium spher-
oid. The thickness is recorded automatically by computer as
a function of time. The deposition rates are calculated from
this data over time intervals such that the error bars of the
deposition rate~due to the finite~1 Å! resolution of the
quartz crystal monitor! are comparable to the long term sta-
bility of the deposition rate. All depositions were performed
with an output power of;700 W to the Ti-Ball.™ This
choice of power gave us approximately 50 h of stable output
from the Ti-Ball™ while maintaining acceptable titanium
deposition rates. The Ti-Balls™ used in these experiments
were outgassed to remove the adsorbed contaminants from
the surface in accordance with the recommendations of the
manufacturer.

One of the major pitfalls in the MBE growth of oxides is
the formation of oxides on the source materials, which can
result in large changes in the source flux despite the stability
of the effusion cell temperature. The oxidation of alkaline
earth source materials in effusion cells following the intro-
duction of an oxidant has been well documented by Hellman
and Hartford.11 In the case of Mg, Ca, and Sr sources, they
found the flux to decrease exponentially with increasing oxy-
gen pressure.11 In contrast, the Ba flux increased linearly
with O2 pressure.11 Similarly, studies have been done by
Kuznetsov, Nasarov, and Ivanovsky12 on the sublimation rate
of titanium in various N2 and CO ambients. They found that
at lower sublimation temperatures~1300–1350 °C! the tita-a!Electronic mail: schlom@ems.psu.edu
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nium sublimation rate decreased and finally stopped as the
background pressures were increased.

In addition to the potential effect of an oxidizing gas on
the stability of the evaporating titanium flux from a Ti-
Ball,™ we were concerned about the introduction of impu-
rities into the depositing flux due to the oxidation of the hot
molybdenum components of the Ti-Ball.™ MoO3 is known
to be extremely volatile at high temperatures.13 Numerous
researchers utilizing MBE to grow oxides have seen molyb-
denum contaminants in their films that resulted from using
hot molybdenum parts in an oxidizing environment.2 In the
case of the Ti-Ball™ the molybdenum nipple and support
legs are a source of concern. In case this turned out to be a
problem, we fabricated a Ti-Ball™ in which all the molyb-
denum parts within line of site of the substrate were replaced
by hafnium parts. Unlike molybdenum, hafniumand its ox-
ides are extremely refractory. As it was realized that the tita-
nium flux would lower the ozone partial pressure in the vi-
cinity of the Ti-Ball,™ perhaps sufficiently to protect the
molybdenum parts, the Ti-Ball™ was always heated and
cooled under vacuum conditions.14

Figure 1 shows the deposition rate of TiO2 in Å/s over a
4.5 h period in an ozone pressure of 5.031025 Torr. The
deposition rate decreases by;2.5% per hour. A patchy oxide
scale was seen on the Ti-Ball™ surface~after cooling in
vacuum! following growth at these conditions. The decrease
in flux is attributed to the formation of this oxide scale on the
Ti-Ball.™ Figure 2 shows the same Ti-Ball subject to an
ozone background pressure of 2.031026 Torr. The deposi-
tion rate remains fairly constant with fluctuations of approxi-
mately62.5% over a period of 5 h. Similarly, Fig. 3 shows
the deposition of titanium in vacuum with a stability roughly
62.0% over a period of 4 h. All data shown are with an input
power of;700 W to the Ti-Ball™, and have a starting base
pressure of 1.031027 Torr. The warmup period of 30–40
min is not shown in each graph.

The purity of the deposited TiO2 films was analyzed by
electron microprobe analysis~EMPA! and direct current
plasma emission spectrometry~DCP! on films deposited in
both 5.031025 and 2.031026 Torr of ozone. Results indi-

cated no molybdenum contamination down to the detection
limit of 1000 ppm~0.1%! by EPMA, and 100 ppm~0.01%!
by DCP.

The Ti-Ball™ source has proven to be a stable source of
titanium for thin film depositions in oxide MBE systems with
a stability as good or better than that of conventional high-
temperature effusion cells. We were able to achieve a stable
titanium flux ~62% in vacuum! over a 4.5 h period simply
by using a stable power supply~i.e., without rate-monitor
feedback!. Similar stabilities~62.5%! were seen using a low
background pressure of 2.031026 Torr of ozone. No molyb-
denum contamination in films deposited at a background
pressure as high as 5.031025 Torr of ozone was detected by
EMPA or DCP. The cost of a Ti-Ball™ with a holder is more
than an order of magnitude less than a high-temperature ef-
fusion cell or e-beam source. Replacement Ti-Balls™ are
about the same price as replacement crucibles. Thus, the Ti-
Ball™ is a cheap and stable source of titanium for most
oxide MBE applications.
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FIG. 1. Titanium dioxide deposition rate~Å/s! vs time~hours! deposited in a
background ozone pressure of 5.031025 Torr. An input power of 700 W to
the Ti-Ball™ was used.

FIG. 2. Titanium dioxide deposition rate~Å/s! vs time~hours! deposited in a
background ozone pressure of 2.031026 Torr. An input power of 700 W to
the Ti-Ball™ was used.

FIG. 3. Titanium metal deposition rate~Å/s! vs time ~hours! deposited in
vacuum with a 1.031027 Torr base pressure. An input power of 700 W to
the Ti-Ball™ was used.
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