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ABSTRACT The epitaxial growth of CeO; thin films has been realized on (100) InP
substrates using reactive r.f. magnetron sputtering. Oxide films were nucleated in the
presence of molecular hydrogen (4% H,/Ar sputtering gas) in order to reduce the na-
tive oxide formation on the InP surface, which interferes with CeO; epitaxy. A metal
cerium target was used as the cation source, with water vapor serving as the oxidiz-
ing species. Epitaxial films were sputter-deposited at a substrate temperature of 550 °C
in a HyO vapor pressure of approximately 10~ Torr. Crystallinity of the oxide films
was examined using 0-260 X-ray diffraction, w-rocking curves, and in-plane ¢-scans.
The best results were obtained when the initial nucleation layer was deposited with
P(H>0) < 107 Torr, followed by deposition at P(H,0) = 1073 Torr. The epitaxial
growth of CeO; on InP could prove enabling in efforts to integrate functional oxides

with InP-based optoelectronic and microwave technologies.

PACS 77.55.4f; 81.15.Cd; 81.15.-z

1 Introduction

Inrecent years, significant ef-
fort has focused on the integration of
complex oxides with compound semi-
conductor technologies [1-3]. Com-
pound semiconductor materials are used
in a variety of electronic and opto-
electronic applications, including light-
emitting diodes and lasers of tunable
wavelengths, as well as high-speed
bipolar transistors. Since many ferro-
electric and dielectric oxides are key
functional components in discrete electro-
optic and microwave systems, it would
prove enabling to integrate electronic
oxides on compound semiconductor
wafer platforms. Among the compound
semiconductor materials, indium phos-
phide (InP) and related alloys are partic-
ularly important in the areas of optical
communications and high-speed inte-
grated circuits [4,5]. Diode lasers and

optical waveguides, operating in the
1.55-pm dispersion minimum of silica
fibers, can be constructed by growing
lattice-matched layers of InGaAsP ma-
terial on InP substrates. In many cases,
it will be advantageous to have epitax-
ial oxides grown directly on the InP
substrate surface for fully integrated mi-
crowave or electro-optic systems.

In order to explore the potential inte-
gration of functional oxides with III-V
electronics, we have investigated the
epitaxial growth of CeO, on InP sub-
strates using reactive sputter deposi-
tion. CeO, has several material char-
acteristics that make it attractive as
a dielectric buffer layer for subsequent
epitaxial oxide growth on InP, includ-
ing a moderately high dielectric con-
stant (& =17), a simple cubic crystal
structure and a reasonable lattice match
8%. There are significant challenges in
growing epitaxial oxide films on InP.
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At temperatures above 365 °C, the crys-
tallinity of the InP surface degrades
due to phosphorus evaporation from
the substrate [3]. For epitaxial oxide
growth, one also needs to prevent native
oxide formation on the surface, as native
oxides will interfere with the nucleation
of crystalline material. In this work, mo-
lecular hydrogen was used during the
oxide nucleation process in order to ac-
tively reduce the native oxide from the
InP surface. The reduction mechanism
can be seen from the chemical reaction
of H, with In,O5:

In,0O3+3H, = 2In+3H;0.

From Le Chatelier’s principle, an in-
creased amount of H, will drive the
equation to the right, effectively dis-
sociating the InyOs3 native oxide. This
can be quantified by the use of Elling-
ham diagrams that are derived from the
change in the Gibbs free energy of for-
mation for specific temperatures and
pressures of products and reactants [6].
Figure 1 shows the oxide stability curve
for In;O3 in the presence of water va-
por and hydrogen. By controlling the
ratio of water vapor and hydrogen par-
tial pressure, conditions can be realized
where the In, O3 native oxide is thermo-
dynamically unstable while the CeO,
is stable. Thus, without the presence of
anative oxide, epitaxial growth of CeO,
on InP should be possible.

2 Experimental methods

Radio frequency magnetron
sputtering was used in our experiments
for the deposition of CeO; films. Previ-
ous work in hydrogen-assisted physical
vapor deposition of oxides has focused
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FIGURE 1

Oxide stability curves for InpO3 and P,Os as a function of P(Hp)/P(H,0) and tempera-

ture. The dashed line indicates the technical limit for hydrogen-to-water-vapor ratios

on pulsed-laser deposition as the means
for film growth [7]. In comparison, reac-
tive sputtering is much more amenable
to large-area deposition, and is rou-
tinely used in semiconductor process-
ing. The experiments were performed
in a stainless steel UHV sputter deposi-
tion system that was equipped with four
sputter guns, two DC sputter guns and
two r.f. sputter guns, an attached load-
lock chamber and a radiant tungsten-
wire heater. A stainless steel vessel con-
nected to the chamber through a vacuum
leak valve served as the water vapor
source. The purging procedure for the
water vapor source consisted of freez-
ing deionized water inside the vessel
while evacuating residual air and other
airborne impurities. This procedure was
done twice in order to eliminate most of
the impurity gases from the water vapor
source. As compared to oxygen, the use
of water vapor as the oxidizing species
had the additional benefit of being rea-
sonably compatible with the tungsten
filament heater for oxide growth.

InP (100) substrates were ultrason-
ically cleaned in sequential baths of
trichloroethylene, acetone, and isopropyl
alcohol for 5min each. The samples
were then blown dry with N,. A sam-
ple platen was ultrasonically cleaned
in nitric acid and solvents. The sam-
ples were attached to the sample platen
using silver paint. After allowing the
Ag paint to dry for approximately 1 h,
the samples were loaded into the load
lock for transfer into the film-growth
chamber. In order to outgas the sol-

vent and binder in the silver paint, the
sample platen was heated to 100 °C for
an additional 30 min. The background
pressure in the chamber was then set to
25 mTorr of forming gas (4% H,/Ar),
providing a hydrogen partial pressure

of 1 mTorr. The heater temperature was
quickly heated to the deposition tem-
perature. A fast ramping rate for the
temperature is crucial in minimizing the
phosphorus evaporation from the InP
substrate. The r.f. sputtering gun was
set to 100 W power. The water vapor
pressure was then adjusted by opening
the leak valve. The deposition time was
1.5 h for all experiments.

3 Results

In order to identify the condi-
tions necessary for the epitaxial growth
of CeO, using Ce metal and H,O,
preliminary studies focused on ceria
growth on (100) yttria-stabilized zirco-
nia (YSZ) substrates. Oxide epitaxy on
single-crystal oxide surfaces is easier
to achieve than oxide growth on semi-
conductors due to the absence of an
amorphous native oxide. Experiments
were performed at 550 °C in water va-
por pressures ranging from 5 x 1073 to
1073 Torr. Films deposited at 10~3 and
10~* Torr were epitaxial, showing high-
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FIGURE 2 X-ray diffraction data for CeO, sputter deposited on (001) YSZ using water vapor as the
oxidization source. The films were deposited at 550 °C
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intensity (200)-oriented CeO, peaks, as
seen in Fig. 2. Ceria films deposited at
P(H,0) =5 x 1073 Torr showed both
(111) and (200) CeO; peaks, indicating
polycrystalline growth.

After identifying conditions for CeO,
film growth on the YSZ substrates,
CeO; films were deposited onto the
(100) InP substrates. Significant degra-
dation of the InP surface was observed
for film-growth temperatures greater
than 600 °C. Epitaxial oxide films on
InP were realized for deposition at
550°C in H,O wvapor pressures of
1073 Torr. The thickness of the films
was approximately 200-300 nm. Fig-
ure 3 shows the X-ray diffraction data
taken of the films grown under these
conditions. The films deposited at
1073 Torr show a strong (200) peak, in-
dicating excellent growth oriented with
the surface of the InP substrate. For
films deposited at P(H,0) = 10~* Torr,
both (111)- and (200)-oriented CeO, is
evident in the diffraction pattern, signi-
fying polycrystalline growth.

Further X-ray diffraction characteri-
zation of films was done using in-plane
¢-scans and w-rocking curves. Figure 4a
shows the w-rocking curve data for the
film grown at 1073 Torr. The film ex-
hibits excellent out-of-plane alignment
of the (100) planes, with a full width
half maximum of only 0.9°. While this
mosaic spread is much larger than that
for the InP substrate, it is small rela-
tive to other oxides grown on semicon-
ductor substrates [6]. A four-circle X-
ray diffraction ¢-scan through the CeO,
(202) plane is shown in Fig. 4b. The data
indicate that the CeO; filmis completely
in-plane aligned, with a cube-on-cube
orientation relative to the InP lattice.
The in-plane peak width is 1.4°. The
lattice constants for the CeQO, film ex-
hibit a slight tetragonal distortion with
a=b=5436A and c =5.401 A, but
are remarkably close to those of bulk
Ce0;. This suggests that the oxide film
does not possess significant oxygen de-
ficiency, as this would be reflected in
an expanded unit cell. All of these re-
sults indicate excellent epitaxial growth
of the CeO; layer on the InP substrate.

4 Conclusions

In conclusion, this work has
shown that reactive r.f. magnetron sput-
tering is a suitable method for the
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FIGURE 3 X-ray diffraction data: a for an epitaxial CeO, film grown at P(H,0) = 1073 Torr; and
b a polycrystalline film grown at P(H,O) = 10~ Torr on (001) InP
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FIGURE 4 Plot showing: a an w-rocking curve; and b an in-plane ¢-scan for an epitaxial CeO, film

on (001) InP

growth of epitaxial CeO, films on (100)
InP substrates using hydrogen-assisted
nucleation. A key to obtaining repro-
ducible results is to control the water

vapor partial pressure both during nu-
cleation and oxide film growth. Future
work will focus on characterizing the di-
electric, surface and optical properties
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of the CeO; films, as well as the proper-
ties of the InP/CeQ; interface.
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