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Plume-induced stress in pulsed-laser deposited CeO  , films

D. P. Norton,? C. Park, J. D. Budai, S. J. Pennycook, and C. Prouteau®
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 iiilmceO
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 Physids$S0003-695(99)04215-1]

Understanding and controlling stresses in thin films is articular, to delineate the effects of plume kinetic energies
important issue for any deposition processes. Stress can lefm other possible sources of lattice distortion, including
to film cracking and delamination, as well as to variations indeviations in oxygen content in the films.
film properties. Stresses due to thermal expansion coefficient We have examined the intrinsic stress induced by ener-
mismatch or lattice mismatch between the film and substratgetic species in the laser ablation plume for Gdins de-
are generally independent of the deposition process. Howposited using pulsed-laser deposition. Cerium oxide is an
ever, specific defect structures inherent to the deposition prdnteresting oxide buffer layer due to a favorable lattice match
cess can introduce additional compressive or tensile stresgith silicon and the high-temperature superconducting mate-
component$. Metal films, such as Cu, are often character-rials, and is an important material for optical coatings due to
ized by tensile strain when deposited by evaporatidime its relatively high refractive indeX:** In addition, CeQ is
origin of this tensile strain is generally believed to be anan attractive binary oxide model system, since it has been the
attractive interaction across voids within the filnin con-  subject of previous studies on ion bombardment effects dur-
trast, the simultaneous bombardment with energetic ionic oing film growth!**>In this study, we have attempted to de-
neutral species during film deposition can result in compreslineate the specific effects of plume energetics in determin-
sive stress for many systerhgzor example, intrinsic com- ing the compressive stress by manipulation of the ion and
pressive stress has been observed.@.films deposited by neutral kinetic energies using inert Ar as the background gas.
reactive sputtering due to the bombardment of energetic APrevious work indicates that the ablation of Ga€sults in a
ions during depositiofi The origin of compressive stress due significant flux of ejected Ceions with kinetic energies
to energetic bombardment is associated with subsurfacenging from 10 to 50 eV for laser energy densities on the
damage from the impinging energetic species leading to inerder of 1.7-6.7 Jictin a background pressure of
terstitial defects. The kinetic energy necessary for the onset0 © Torr or less'® At higher background pressures, gas-
of recoil implantation of surface atoms into the film interior phase collisions between the ablated species and background
through bombardment is material dependent, but is often obgas molecules reduce the kinetic energies, allowing one to
served for ion bombarding energies of a few eV or greater.tune the energy distributio. The specific energies depend

For many thin-film systems, the tailoring of stress in theon the ablation process at the target and the collision cross
film becomes possible through the bombardment of the desection of the ablated species with the background gases.
positing film with energetic species during film growth. In The oxidation kinetics are kept relatively unchanged by
pulsed-laser depositio(PLD), the kinetic energies of ions maintaining a fixed oxygen partial pressure for different Ar
and neutral species in the ablation plume can range from hackground pressures.
few tenths to as high as several hundred eV. These energies A KrF (248 nm excimer laser was used as the laser
should be sufficient to modify the stress state of filmsablation source. The laser energy density was maintained at
through defect formation, as has been documented for ion=3 J/cnf with a repetition rate of 5 Hz. Deposition was
beam-assisted approaches. Unfortunately, few studies hayerformed at 100 and 700 °C in order to delineate the effects
addressed this issue for PLD. One study on the homoeppf thermal expansion mismatch aisitu annealing at the
taxial growth of SrTiQ using PLD showed the presence of deposition temperature. The substrates used (€@ YSZ
compressive stress in the films as indicated by latticeand thin (111 Si. The (111) Si substrates were useful for
distortion® Further work is needed to better understand thedetermining stress by measuring the degree of bowing in-
role of ablation energies in determining film stress, in par-duced in the substrate due to the stress in(iHg)-textured

polycrystalline Ce@films. The films on thé100) YSZ were
SElectronic mail: ntn@ornl generally epitaxial for both the 100 and 700 °C deposition
: .gov .
bAlso with the Dept. of Physics, University of lllinois at Chicago, Chicago, temMperatures. These films were used to measure the stress-
IL 60607-7059. induced lattice parameter distortion. The thermal expansion
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For CeQ films deposited at 100 °C using PLD, we ob- 3 / \ ]
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neutral species in the ablation plume. Figure 1 shows a sur- PTOTAL(mTorr)

face profile scan of a 660 nm thick Ce@ilm deposited at 5

mTorr background pressure an40 4 Torr oxygen partial FIG. 2. Plot of(a) ogt-of-plane lattice parameter aifio) x-ray diffraction

pressure on 11@m thick Si showing significant bowing due I(200)_/I(111) |nte_nS|ty r_atlo as a function of total background pressure for
. . . CeO, films deposited using PLD.

to the compressive stress in the film. Based on the mechani-

cal properties of the Si substrate, one can calculate the stress _ _ _ _ _
in the film evident in the substrate bowing using the expreslattice spacing of the film, the nominally cubic lattice param-
sion eter of the film in the absence of stress can be deterfimed

the equation

os=Ed?[6(1—vg)tR] %, ap=[(1-vpa, +2va[1- v~ 7,
where v; is the Poisson’s ratio of CefQDa, is the out-of-

where v, is Poisson’s ratio of the substrat&, is the plane lattice parameter, amq is the in-plane lattice param-
Young's modulus of the substrategs the film thicknessd is eter of the film. From this, one can determine the film stress
the substrate thickness, aftis the radius of curvature for o using
the Si substrate. Using this, a compressive stress of 2 GPa is _ 1
calculated for this sargple. P os=[Ef(a, —ag)][(1-vpao] 7,

The presence of compressive strain was also manifestatlhere E; is the Young’s modulusg, is the film in-plane
by a tetragonal distortion of the Ce@rystal lattice for epi- lattice parameter, and, is the “unstrained” lattice param-
taxial films on(100) YSZ. Figure 2a) shows thec-axis lat-  eter of the Ce@film. Table | shows the compressive stress
tice parameter of epitaxial CeQilms deposited on(100)  as a function of total background pressure for several films.
YSZ substrates for various background pressures ranging
from 107> to 200 mTorr. The oxygen partial pressure isTABLE I. Lattice spacing and strain for various Cefims.
maintained at 4 10~ Torr for all cases except for the low-

est pressure in which no background gas was intentionallyemp. P(O;)  P(Tota)  a, 8 @  OXRD  OTBoving
introduced. The large lattice distortion is a manifestation of *© _ (mTom  (mTorp (&) (A  (A) (GPa  (GPa
both the stresses in the film as well as defects in the film, 100 0 005 =55 55 55 0.8
such as oxygen vacancies, that expand the Q& cell 100 0.4 0.4 5477 5403 5443 17
volume independent of stress. In order to delineate these ef100 04 0.4 5487 540 545 2.0 2.9
fects, we must determine the “unstrained” lattice spacing 100 8:2 52 2'282 '5.',42 _?'_454 15 _._2‘0
that the film would assume given a release of the stresszgg 04 04 5417 541 5414 017

From measurements of both the in-plane and out-of-plane
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structure is observed for the different background pressures.
The film deposited at 200 mTorr Ar/2% ,Hexhibits a
uniaxial structure while the microstructure of the film grown
at 10 ° Torr vacuum is reminiscent of a columnar structure.
These changes in microstructure are similar to that observed
for films deposited in the presence of an energetic ion beam.
Note also that the initial layer deposited at high background
pressure is decorated with nanocrystals. The size of these
nanoparticles ranges from 5 to 10 nm in diameter. The layers
deposited at lower pressures have no nanoparticles. This is
FIG. 3. Cross-section transmission electron microscope image of figO c_on5|stent \_Nlth the partIC_UIat_e'“ke coatings for the GeO
deposited or{100) Ni showing the presence of nanoparticles. films deposited at 100 °C in high background pressure, and
reiterates the fact that the formation of nanopatrticles by laser
. ) ablation must be considered in film growth at background
For films deposited at constant oxygen pressure, the CONkrassyres greater than 50 mTorr. This will be particularly
pressive stress decreases as the background gas pressurg,jg for binary oxide films where the formation of stable
increased, reflecting a reduction in the kinetic energy of abnangparticle phases involves only two atomic constituents.
lated species through collisions. The relatively low stress in |, conclusion, we have shown that energetic ions and/or
films deposited in vacuum probably reflects the poor crystalyeytral species in a laser ablation plume can induce signifi-
linity due to oxygen deficiency. Also shown in Table lis the cant compressive stress in deposited films. To some extent,
“unstrained” lattice spacing, as a function of total back- the packground pressure during ablation can be used to ma-
ground pressure. For films deposited at 5 mTorr or less, thgjpylate the ion energies and control the resulting compres-
unstrained lattice parameter is significantly expanded relativgjye stresses. However, a sufficient increase in the back-

to the bulk Ce@value. This suggests that the energetic Ce ground pressures may lead to the formation of nanoparticles
ions preferentially sputter oxygen atoms, leaving an oxygenp, the deposited films.

depleted Ce@lattice. This is consistent with Monte Carlo
simulations that show a lower-energy threshold for the re-  This research was sponsored by the Oak Ridge National
moval of oxygen off of the CeQsurface as compared to Laboratory, managed by the Lockheed Martin Energy Re-
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