
APPLIED PHYSICS LETTERS VOLUME 76, NUMBER 21 22 MAY 2000
Epitaxial Pb „Mg1Õ3Nb2Õ3…O3 thin films synthesized by metal-organic
chemical vapor deposition
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Metal-organic chemical vapor deposition was used to prepare Pb~Mg1/3Nb2/3!O3 ~PMN! thin films
on ~001! SrTiO3 and SrRuO3/SrTiO3 substrates, using solid Mgb-diketonate as the Mg precursor.
Parameters including the precursor ratio in the vapor phase, growth temperature, growth rate, and
reaction pressure in the reactor chamber were varied in order to determine suitable growth
conditions for producing phase-pure, epitaxial PMN films. A cube-on-cube orientation relationship
between the thin film and the SrTiO3 substrate was found, with a~001! rocking curve width of 0.1°,
and in-plane rocking-curve width of 0.8°. The root-mean-square surface roughness of a
200-nm-thick film on SrTiO3 was 2 to 3 nm as measured by scanning probe microscopy. The
zero-bias dielectric constant and loss measured at room temperature and 10 kHz for a 200-nm-thick
film on SrRuO3/SrTiO3 were approximately 1100 and 2%, respectively. The remnant polarization
for this film was 16mC/cm2. © 2000 American Institute of Physics.@S0003-6951~00!04321-7#
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The relaxor ferroelectric Pb~Mg1/3Nb2/3!O3 ~PMN! and
its solid solution with PbTiO3 ~PT! have attracted much at
tention recently because of excellent dielectric and elec
mechanical properties.1 For many applications benefitin
from integrated devices, deposition of thin film PMN-P
would be required. It has, however, proven difficult to sy
thesize phase pure perovskite PMN films because of the
tively poor stability of the perovskite phase relative to, f
example, the pyrochlore phase. Despite this, a variety of
film synthesis techniques have been used to fabric
PMN-PT films, including chemical solution deposition,2–4

sputtering,5 pulsed laser ablation,6–8 and metal-organic
chemical vapor deposition~MOCVD!.9 Among these meth-
ods MOCVD offers advantages for composition select
and control, film uniformity, high deposition rate, conforma
ity, and scalability to large deposition areas. However, o
limited effort has been directed at obtaining PMN-PT us
MOCVD:9 thin films were grown with perovskite as th
main phase only for compositions with Ti/~Mg1Nb
1Ti!.25 mol %, and little information on microstructur
and properties was reported. Additionally, for many appli
tions, it is desirable to obtain highly oriented or singl
crystal PMN-PT thin films in order to fully utilize the aniso
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tropic piezoelectric properties. Thus, epitaxial PMN films a
essential as model systems so as to better understand
erties.

As MOCVD processes for PbTiO3 are relatively well
developed, it is expected that many issues in the depos
of PMN-PT may be more simply addressed by investigat
of the growth of pure PMN. Here we report the MOCV
synthesis of epitaxial perovskite Pb~Mg1/3Nb2/3!O3 thin films
on ~001! SrTiO3 and SrRuO3/SrTiO3 substrates. Result
from initial structural and electrical characterization are d
scribed.

PMN thin films were grown in a cold-wall, horizonta
low-pressure MOCVD reactor with a resistive substra
heater. Tetraethyl lead, Pb~C2H5)4 , niobium pentaethoxide
Nb~OC2H5)5 , and solid magnesium b-diketonate,
Mg~C11H19O2)2 were chosen as the metal ion precursors
mixture of the metal-organic precursor vapor was introduc
into the reactor via high purity nitrogen carrier gas. The te
peratures, pressures, and carrier gas flow rates for each o
precursor chambers were controlled to adjust the film co
position. Pure oxygen was used as the oxidant and in
duced into the reactor via a separate delivery line. The p
cursor delivery lines, as well as the inlet flange, were hea
to a temperature higher than the highest source tempera
in order to avoid condensation of the precursors. Single-s
polished, single crystal~001! SrTiO3 was chosen as the sub
strate for samples used for growth optimization and str
6 © 2000 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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tural characterization. For electrical characterization, PM
films were grown on 140-nm-thick epitaxial films of the m
tallic oxide SrRuO3, which had previously been deposite
by off-axis sputtering at 600 °C on 2° miscut~001! SrTiO3 .10

Substrates were cleaned with acetone and methanol; no
ther surface treatments were performed. The typical gro
conditions are given in Table I.

The temperatures of the Mg and Nb precursors in
case are reduced compared to those used by others.9 Because
of this, process reproducibility and controllability were im
proved significantly. Dielectric characterization was p
formed at 10 kHz and 0.1 V root-mean-square~rms! oscilla-
tion level using an HP4192A impedance analyzer,
capacitors formed by electron beam evaporation of Pt
electrodes through a shadow mask at a temperature
350 °C. Electric displacement—electric field hysteresis loo
were measured using a Radiant RT6000 test system.

Film phase content and crystallinity were characteriz
by x-ray diffraction both on a laboratory source using CuKa
radiation, and on BESSRC-CAT beamline 12-ID-D of t
Advanced Photon Source using 14.5 keV photons. Depe
ing on the growth conditions, x-ray diffraction demonstrat
that the resultant films were either pure PMN or PMN p
significant quantities of impurity phase; identification of sp
cific impurity phases will be discussed elsewhere.11 Once the
relationships between the growth conditions and the resul
phases were established, phase-pure perovskite PMN c
be easily obtained by optimization of precursor temperatu
and carrier gas flow rates, until such time as significant s
tering of the solid Mg precursor occurred. This was typica
of the order of 10–20 h at temperature, after which
growth conditions required reoptimization.

The CuKa radial scan along the specular direction o
typical 200 nm film deposited on~001! SrTiO3 at 700 °C is
shown in Fig. 1. In addition to the strong~001! and ~002!
peaks of the SrTiO3 substrate~labeledS!, peaks occur at
approximately 21.9° and 44.6°~labeledP! corresponding to
the ~001! and ~002! reflections of the pseudocubic PM
phase, respectively.12 Four circle x-ray diffraction using syn
chrotron radiation indicated a purely cube-on-cube orien
tion relationship between the PMN film and SrTiO3 sub-
strate, with a PMN~001! rocking curve width of 0.1° and an
in-plane width of 0.8°. A tetragonal structure was found
the PMN film, with out-of-plane and in-plane lattice param
eters of 0.406 and 0.404 nm, respectively. This tetrago

TABLE I. Growth conditions for PMN thin films.

Substrate temperature: 700–780 °C
Reactor pressure: 6 Torr
Precursor temperature: Pb: 28–30 °C

Mg: 120–135 °C
Nb: 78–84 °C

Pressure in evaporation chamber: Pb: 500 Torr
Mg: 18 Torr
Nb: 18 Torr

Flow rate of carrier gas (N2): Pb: 20–25 sccm
Mg: 36–42 sccm
Nb: 55–62 sccm

Flow rate of O2 : O2 : 400 sccm
Flow rate of background gas (N2): N2 : 200 sccm
Growth rate: 4–5 nm/min.
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distortion is most likely the result of temperature-depend
misfit strain~i.e., lattice mismatch and difference in therm
expansion coefficient! induced by the substrate, and whic
has only been partially relieved. Extremely weak, broad
perlattice reflections were found at the~1/2,1/2,1/2! recipro-
cal lattice positions of the PMN, indicating a very small d
gree ofB-site ordering.13–15 The degree of ordering is les
than has been observed in, for instance, PMN films prepa
by chemical solution deposition,4 and which were processe
at higher temperatures~800–850 °C!.

PMN films grown at temperatures from 700 to 780 °
appeared almost identical based on x-ray diffraction spec
However, if the growth temperature was increased to 800
it became exceedingly difficult to deposit phase-pure film
presumably because of difficulty in maintaining proper s
ichiometry due to poor lead incorporation. This is corrob
rated by a strong drop in deposition rate at the higher te
peratures.

A scanning probe microscope image of the surface
this sample is shown in Fig. 2. The rms roughness of
mm32 mm region was 2 nm, with a maximum peak to valle
height of approximately 12 nm. Despite the fact that there
a strong three-dimensional orientation relationship betw
the PMN and the SrTiO3 , the surface microstructure appea
granular with a length scale slightly less than 100 nm. T
suggests a growth mode with a relatively high nucleat
density followed by columnar growth. This is not unexpect

FIG. 1. X-ray diffraction spectrum of a 200 nm PMN/SrTiO3 sample. This
radial scan along the specular direction demonstrates that the film has
(00l ) orientation. PMN peaks are indicated by ‘‘P, ’’ substrate peaks by
‘‘ S. ’ ’

FIG. 2. Scanning probe microscope image of the surface of a 200 nm P
film on SrTiO3 . The rms roughness is approximately 2 nm over the 2mm 3
2 mm region.

IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



O

ric
a

e
a
o

er
lm

is
r

e
io
e,
ea
o
e
ric
d
u

, t
th
th

pe
N
h
i

es.
en
be

n-
h-
n-
as
t
m
ith
ty,
nd
re

d S.

er,

oc.

gr.

ys.

pl.

J.
nce

ys.

A.

ev,

1

nm
t

3108 Appl. Phys. Lett., Vol. 76, No. 21, 22 May 2000 Bai et al.
given the relatively large lattice mismatch between SrTi3

and PMN~3.5% at room temperature!, and the relatively low
growth temperature.

The room temperature relative permittivity and dielect
loss as a function of electric field for 200 nm films grown
700 and 780 °C are shown in Figs. 3~a! and 3~b!, respec-
tively. Significant improvement in the shape of th
permittivity-field curves is observed for films deposited
the higher temperature. Zero-bias relative permittivities
approximately 1100 were found, still substantially low
than has been obtained in bulk materials or by other thin fi
deposition techniques. Interestingly, substantial hysteres
observed even at room temperature in the forward and
verse sweeps. This is also reflected in electric displacem
electric field measurements, Fig. 4. A remnant polarizat
of approximately 16mC/cm2 was measured for this sampl
despite the fact that, as a relaxor ferroelectric, PMN m
sured at room temperature is typically expected to dem
strate only a very slim-loop response. Although a tim
dependent transition from the relaxor state to an elect
field-induced ferroelectric state has been demonstrate
bulk materials,16 the measurements described here are o
side the bounds of reported phase diagrams. Therefore
observed ferroelectric-like behavior may be a result of
imposed tetragonality as seen by x-ray diffraction, or of
very high electric fields that these films can support.

In summary, an MOCVD process has been develo
for growth of nearly phase-pure perovskite, epitaxial PM
films. The films show very high structural quality, althoug
relative permittivities are somewhat lower than is obtained

FIG. 3. Forward and reverse permittivity-electric field curves taken at
kHz for ~a! a 300 nm PMN film grown at 700 °C and~b! a 200 nm PMN
film grown at 780 °C.
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bulk materials and using other thin-film synthesis techniqu
The films display substantial remnant polarization wh
driven to high fields, by mechanisms which remain to
explored.
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FIG. 4. Electric displacement-electric field hysteresis loop for a 200
PMN film grown on SrRuO3 /SrTiO3 at 780 °C, showing significant remnan
polarization.
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