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Plume-induced stress in pulsed-laser deposited CeO 2 films
D. P. Norton,a) C. Park, J. D. Budai, S. J. Pennycook, and C. Prouteaub)

Oak Ridge National Laboratory, Solid State Division, Oak Ridge, Tennessee 37831-6056

~Received 1 October 1998; accepted for publication 16 February 1999!

Residual compressive stress due to plume-induced energetic particle bombardment in CeO2 films
deposited by pulsed-laser deposition is reported. For laser ablation film growth in low pressures,
stresses as high as 2 GPa were observed as determined by substrate curvature and four-circle x-ray
diffraction. The amount of stress in the films could be manipulated by controlling the kinetic
energies of the ablated species in the plume through gas-phase collisions with an inert background
gas. The film stress decreased to near zero for argon background pressures greater than 50 mTorr.
At these higher background pressures, the formation of nanoparticles in the deposited film was
observed. ©1999 American Institute of Physics.@S0003-6951~99!04215-1#
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Understanding and controlling stresses in thin films is
important issue for any deposition processes. Stress can
to film cracking and delamination, as well as to variations
film properties. Stresses due to thermal expansion coeffic
mismatch or lattice mismatch between the film and subst
are generally independent of the deposition process. H
ever, specific defect structures inherent to the deposition
cess can introduce additional compressive or tensile st
components.1 Metal films, such as Cu, are often charact
ized by tensile strain when deposited by evaporation.2 The
origin of this tensile strain is generally believed to be
attractive interaction across voids within the film.1 In con-
trast, the simultaneous bombardment with energetic ionic
neutral species during film deposition can result in compr
sive stress for many systems.3 For example, intrinsic com-
pressive stress has been observed in Y2O3 films deposited by
reactive sputtering due to the bombardment of energetic
ions during deposition.4 The origin of compressive stress du
to energetic bombardment is associated with subsur
damage from the impinging energetic species leading to
terstitial defects. The kinetic energy necessary for the on
of recoil implantation of surface atoms into the film interi
through bombardment is material dependent, but is often
served for ion bombarding energies of a few eV or great5

For many thin-film systems, the tailoring of stress in t
film becomes possible through the bombardment of the
positing film with energetic species during film growth.
pulsed-laser deposition~PLD!, the kinetic energies of ions
and neutral species in the ablation plume can range fro
few tenths to as high as several hundred eV. These ene
should be sufficient to modify the stress state of film
through defect formation, as has been documented for
beam-assisted approaches. Unfortunately, few studies
addressed this issue for PLD. One study on the homo
taxial growth of SrTiO3 using PLD showed the presence
compressive stress in the films as indicated by lat
distortion.6 Further work is needed to better understand
role of ablation energies in determining film stress, in p
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ticular, to delineate the effects of plume kinetic energ
from other possible sources of lattice distortion, includi
deviations in oxygen content in the films.

We have examined the intrinsic stress induced by en
getic species in the laser ablation plume for CeO2 films de-
posited using pulsed-laser deposition. Cerium oxide is
interesting oxide buffer layer due to a favorable lattice ma
with silicon and the high-temperature superconducting ma
rials, and is an important material for optical coatings due
its relatively high refractive index.7–13 In addition, CeO2 is
an attractive binary oxide model system, since it has been
subject of previous studies on ion bombardment effects d
ing film growth.14,15 In this study, we have attempted to d
lineate the specific effects of plume energetics in determ
ing the compressive stress by manipulation of the ion a
neutral kinetic energies using inert Ar as the background g
Previous work indicates that the ablation of CeO2 results in a
significant flux of ejected Ce1 ions with kinetic energies
ranging from 10 to 50 eV for laser energy densities on
order of 1.7–6.7 J/cm2 in a background pressure o
1026 Torr or less.16 At higher background pressures, ga
phase collisions between the ablated species and backgr
gas molecules reduce the kinetic energies, allowing one
tune the energy distribution.17 The specific energies depen
on the ablation process at the target and the collision c
section of the ablated species with the background ga
The oxidation kinetics are kept relatively unchanged
maintaining a fixed oxygen partial pressure for different
background pressures.

A KrF ~248 nm! excimer laser was used as the las
ablation source. The laser energy density was maintaine
;3 J/cm2 with a repetition rate of 5 Hz. Deposition wa
performed at 100 and 700 °C in order to delineate the effe
of thermal expansion mismatch andin situ annealing at the
deposition temperature. The substrates used were~100! YSZ
and thin ~111! Si. The ~111! Si substrates were useful fo
determining stress by measuring the degree of bowing
duced in the substrate due to the stress in the~111!-textured
polycrystalline CeO2 films. The films on the~100! YSZ were
generally epitaxial for both the 100 and 700 °C deposit
temperatures. These films were used to measure the st
induced lattice parameter distortion. The thermal expans
4 © 1999 American Institute of Physics
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coefficient of YSZ is nearly identical to that for CeO2. Base
pressure for the vacuum system was;531026 Torr. The
total background pressure was varied from 531026 to 2
31021 Torr using argon and oxygen as the backgrou
gases. For total pressure greater than or equal to
31024 Torr, the oxygen partial pressure was maintain
near 431024 Torr. With the beam scanning setup used
these experiments, thickness uniformity was on the orde
65% or better.

For CeO2 films deposited at 100 °C using PLD, we o
serve significant compressive stress for films deposited
lower total background pressures due to energetic ions
neutral species in the ablation plume. Figure 1 shows a
face profile scan of a 660 nm thick CeO2 film deposited at 5
mTorr background pressure and 431024 Torr oxygen partial
pressure on 110mm thick Si showing significant bowing du
to the compressive stress in the film. Based on the mech
cal properties of the Si substrate, one can calculate the s
in the film evident in the substrate bowing using the expr
sion

ss5Esd
2@6~12ns!tR#21,

where ns is Poisson’s ratio of the substrate,Es is the
Young’s modulus of the substrate,t is the film thickness,d is
the substrate thickness, andR is the radius of curvature fo
the Si substrate. Using this, a compressive stress of 2 GP
calculated for this sample.

The presence of compressive strain was also manife
by a tetragonal distortion of the CeO2 crystal lattice for epi-
taxial films on~100! YSZ. Figure 2~a! shows thec-axis lat-
tice parameter of epitaxial CeO2 films deposited on~100!
YSZ substrates for various background pressures ran
from 1025 to 200 mTorr. The oxygen partial pressure
maintained at 431024 Torr for all cases except for the low
est pressure in which no background gas was intention
introduced. The large lattice distortion is a manifestation
both the stresses in the film as well as defects in the fi
such as oxygen vacancies, that expand the CeO2 unit cell
volume independent of stress. In order to delineate these
fects, we must determine the ‘‘unstrained’’ lattice spaci
that the film would assume given a release of the str
From measurements of both the in-plane and out-of-pl

FIG. 1. Surface profile scan of CeO2 film deposited on thin Si~111!.
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lattice spacing of the film, the nominally cubic lattice param
eter of the film in the absence of stress can be determined6 by
the equation

a05@~12n f !a'12n fai#@12n f #
21,

wheren f is the Poisson’s ratio of CeO2, a' is the out-of-
plane lattice parameter, andai is the in-plane lattice param
eter of the film. From this, one can determine the film str
ss using

ss5@Ef~a'2a0!#@~12n f !a0#21,

where Ef is the Young’s modulus,ai is the film in-plane
lattice parameter, anda0 is the ‘‘unstrained’’ lattice param-
eter of the CeO2 film. Table I shows the compressive stre
as a function of total background pressure for several film

FIG. 2. Plot of~a! out-of-plane lattice parameter and~b! x-ray diffraction
I (200)/I (111) intensity ratio as a function of total background pressure
CeO2 films deposited using PLD.

TABLE I. Lattice spacing and strain for various CeO2 films.

Temp.
~°C!

P(O2)
~mTorr!

P~Total!
~mTorr!

a'

~Å!
ai

~Å!
a0

~Å!
sXRD

~GPa!
sBowing

~GPa!

100 0 0.05 >5.5 5.5 5.5 ¯ 0.8
100 0.4 0.4 5.477 5.403 5.443 1.7 ¯

100 0.4 0.4 5.487 5.40 5.45 2.0 2.9
100 0.4 5 5.482 5.42 5.454 1.5 2.0
100 0.4 50 5.4 ¯ ¯ ¯ ¯

700 0.4 0.4 5.417 5.41 5.414 0.17 ¯
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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For films deposited at constant oxygen pressure, the c
pressive stress decreases as the background gas press
increased, reflecting a reduction in the kinetic energy of
lated species through collisions. The relatively low stress
films deposited in vacuum probably reflects the poor crys
linity due to oxygen deficiency. Also shown in Table I is th
‘‘unstrained’’ lattice spacinga0 , as a function of total back
ground pressure. For films deposited at 5 mTorr or less,
unstrained lattice parameter is significantly expanded rela
to the bulk CeO2 value. This suggests that the energetic C1

ions preferentially sputter oxygen atoms, leaving an oxyg
depleted CeO2 lattice. This is consistent with Monte Carl
simulations that show a lower-energy threshold for the
moval of oxygen off of the CeO2 surface as compared t
Ce.14 A volume expansion is typical for oxygen deficiency
bulk CeO22x . The largest unstrained lattice expansion is o
served for the film deposited in vacuum. A preliminary me
surement of the kinetic-energy distribution for the ablati
plume in vacuum was performed using an ion probe. En
gies of several hundred eV were observed. These ene
are relatively high for laser ablation plumes, and account
the significant lattice distortions in the films.

For films deposited at 700 °C, the stress and volume
pansion in the films was significantly less than that obser
at 100 °C, although it was not zero. The reduction in str
and lattice distortion is presumably due to thein situ anneal-
ing of plume-induced defects. The observation of some st
and lattice distortion reiterates the general need to cons
plume-induced stress even in high-temperature film gro
using PLD.

In addition to the stress, it is instructive to also consid
the crystallinity of the films as monitored by x-ray diffractio
~XRD! peak intensity. Figure 2~b! shows the~200!/~111!
peak intensity ratio for the epitaxial CeO2 films on ~100!
YSZ. Superior epitaxial crystallinity is achieved for the i
termediate pressure range 0.5–5 mTorr. At the higher p
sures, the degree of epitaxy diminishes drastically. In fa
the films deposited in 50 and 200 mTorr at 100 °C resem
a particulate film with no adhesion to the substrate. It
unclear whether these particles nucleate in the gas or on
substrate surface. Figure 3 shows a cross-section trans
sion electron microscopy image of a CeO2 film grown epi-
taxially on a~001! Ni surface at a deposition temperature
710 °C. The initial 30 nm was nucleated in the presence
the 200 mTorr Ar/2% H2 mixture. This was followed by
deposition in vacuum (1025 Torr base pressure! and 4
31024 Torr oxygen background. A transition in film micro

FIG. 3. Cross-section transmission electron microscope image of CeO2 film
deposited on~100! Ni showing the presence of nanoparticles.
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structure is observed for the different background pressu
The film deposited at 200 mTorr Ar/2% H2 exhibits a
uniaxial structure while the microstructure of the film grow
at 1025 Torr vacuum is reminiscent of a columnar structu
These changes in microstructure are similar to that obse
for films deposited in the presence of an energetic ion be
Note also that the initial layer deposited at high backgrou
pressure is decorated with nanocrystals. The size of th
nanoparticles ranges from 5 to 10 nm in diameter. The lay
deposited at lower pressures have no nanoparticles. Th
consistent with the particulate-like coatings for the Ce2

films deposited at 100 °C in high background pressure,
reiterates the fact that the formation of nanoparticles by la
ablation must be considered in film growth at backgrou
pressures greater than 50 mTorr. This will be particula
true for binary oxide films where the formation of stab
nanoparticle phases involves only two atomic constituen

In conclusion, we have shown that energetic ions and
neutral species in a laser ablation plume can induce sig
cant compressive stress in deposited films. To some ex
the background pressure during ablation can be used to
nipulate the ion energies and control the resulting comp
sive stresses. However, a sufficient increase in the ba
ground pressures may lead to the formation of nanoparti
in the deposited films.
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