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An improved continuous compositional-spread technique based
on pulsed-laser deposition and applicable to large substrate areas

H. M. Christen,a) C. M. Rouleau, I. Ohkubo, H. Y. Zhai, H. N. Lee, S. Sathyamurthy,
and D. H. Lowndes
Oak Ridge National Laboratory, Condensed Matter Sciences Division, Oak Ridge, Tennessee 37831-6056

~Received 16 January 2003; accepted 17 June 2003!

A method for continuous compositional-spread~CCS! thin-film fabrication based on pulsed-laser
deposition~PLD! is introduced. This approach is based on a translation of the substrate heater and
the synchronized firing of the excimer laser, with the deposition occurring through a slit-shaped
aperture. Alloying is achieved during film growth~possible at elevated temperature! by the repeated
sequential deposition of submonolayer amounts. Our approach overcomes serious shortcomings in
previousin situ implementation of CCS based on sputtering or PLD, in particular the variation of
thickness across the compositional spread and the differing deposition energetics as a function of
position. While moving-shutter techniques are appropriate for PLD approaches yielding complete
spreads on small substrates~i.e., small as compared to distances over which the deposition
parameters in PLD vary, typically'1 cm!, our method can be used to fabricate samples that are
large enough for individual compositions to be analyzed by conventional techniques, including
temperature-dependent measurements of resistivity and dielectric and magnetic properties~i.e.,
superconducting quantum interference device magnetometry!. Initial results are shown for spreads
of (Sr12xCax)RuO3. © 2003 American Institute of Physics.@DOI: 10.1063/1.1602962#
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I. INTRODUCTION

Recent advances in data analysis, data acquisition,
robotic techniques have led to intensive efforts to deve
combinatorial techniques, i.e., approaches in which a mu
tude of samples are prepared in one fabrication run.
clear advantage over the conventional ‘‘single-sample
proach’’ is that all fabrication parameters are kept identi
by design, while the effect of chosen variables~such as com-
position, film deposition temperature, or film thickness! can
be studied in much detail. Discrete combinatorial techniq
have been very successful in pharmaceutical research, a
corresponding precursor-based thin-film approach has b
developed for various inorganic materials that can be syn
sized via an equilibrium route.1 Here, the starting material
are first deposited at room temperature, and a subseq
annealing process can lead to intermixing and crystallizat
The same precursor principle can also be applied to cont
ous compositional-spread~CCS! approaches, where the com
position varies uniformly and continuously across t
sample.2–4 However, for materials that are not formed by t
equilibrium processes involved in the precursor method,
in general for materials with properties that depend stron
on the deposition technique, alternate approaches mus
developed that are based on thein situ formation of the de-
sired alloys.

A CCS approach providing a means for thisin situ alloy
formation has been introduced more than 35 years ago b
on the codeposition of the constituents: Kennedy5 showed
that metastable intermetallic phases can be formed
cosputtering from multiple sources, and that a subst
holder with a spatial temperature gradient can be used

a!Electronic mail: christenhm@ornl.gov
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determine the optimal deposition temperature for each c
position. The approach was later refined by Hanak,6 but did
not gain popularity before the widespread use of electro
data analysis and representation. The successful applica
to high-k dielectrics7 has lead to an increased interest
sputter-based CCS, with recent work focusing, for examp
on transparent conducting oxides.8

Pulsed laser deposition~PLD! can similarly be used for a
codeposition based CCS approach. In particular, a be
splitter may be used to obtain simultaneous ablation fr
two PLD targets, and the spatially overlapping plumes res
in a composition variation in the deposited film.9 As an al-
ternative to codeposition,in situ intermixing between the
constituents of an alloy can also be achieved by the repea
sequential deposition of submonolayer amounts of the in
vidual constituents, as demonstrated by the successful us
rotating, segmented targets to form uniform films of mix
oxides.10 Applying this approach to CCS is easily achiev
by using a synchronized target and substrate positioning
proach, so that the plumes of the individual constituents
spatially centered on different positions on the substrates
we have previously shown, this yields a CCS approach
can be used for the growth of metastable oxides11 and epi-
taxial superlattices.12

One advantage of thesein situ approaches is that no
masks are required, which simplifies the process and red
the risk of cross-contamination. Unfortunately, such PL
and sputter-based methods also suffer from serious dr
backs. In particular, the film thickness varies as a function
position on the substrate, and thus the comparison of dif
ent compositions is convoluted with that of varying fil
thickness. More importantly, the deposition energetics
also different for each composition, which is a significa
8 © 2003 American Institute of Physics
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fundamental problem particularly for the PLD-based a
proaches. Furthermore, the composition is a nontrivial fu
tion of the position that needs to be determined from t
runs and calibration procedures.

These difficulties can be overcome by introducing
moving mask between the substrate and the target.13 Again,
the deposition sequence is chosen such that less th
monolayer of each constituent is deposited at one time~for
each ‘‘pass’’ of the mask!, assuring complete intermixing
i.e., in situ alloy formation. To guarantee that the film thick
ness and the deposition energetics are reasonably uni
across the entire composition spread, the sample size sh
be less than about 1 cm. These dimensions are approp
for specialized characterization tools, such as optical cha
terization for phosphor materials, concurrent x-r
diffraction,13 superconducting quantum interference dev
~SQUID! microscopy,13 or microwave microscopy.14 Other
characterization techniques, including those most commo
used in solid-state physics, require larger sample sizes.
example, careful four-circle x-ray analysis, ellipsometry, a
temperature-dependent measurements of resistivity, die
tric permittivities, and magnetic properties~using a SQUID
magnetometer! all require sample areas on the order of
mm2 per measurement point, and thus a much larger area
a compositional spread.

In this work, we introduce an approach to CCS in whi
the composition variations occur over a range of several c
timeters, thus allowing for these measurements to be
formed for various compositions. For the exploration of
nary phase diagrams, the only fundamental limit on
sample size is the travel range of a translating subst
heater.

In this article, we demonstrate the approach by show
results for composition-spread films of (Sr12xCax)RuO3.
This particular alloy~with complete solubility for 0<x<1)
is chosen for its interesting magnetic properties:15 Ferromag-
netism is observed at low Ca concentrationx ~with a Tc of
about 160 K for SrRuO3 and decreasing with increasingx!,
whereas the susceptibility of CaRuO3 shows a negative
Weiss temperature, suggesting a tendency toward antife
magnetism. In addition, thin films have been grown pre
ously by various groups, allowing us to compare the qua
of the films obtained here to literature values.

The article is structured as follows: First, we introdu
the basic principle of the deposition and present the key
ements of the control algorithm. We then show that the
sired profiles can be obtained accurately. Next, the appro
is applied to binary phase diagrams of (Sr12xCax)RuO3 for
which we show uniform composition variations across
sample. Finally, we show that the obtained films are of go
quality, and that measurements of lattice parameters~from
x-ray diffraction!, resistivity @i.e., r(T) curves#, and mag-
netic properties@i.e., M (H) loops# can be obtained.

II. METHOD

Our PLD-CCS approach is based on a conventional P
system, modified only by having full and rapid control ov
target exchange, heater translation, and laser firing
-
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Lambda Physik LPX325i excimer laser with 248 nm rad
tion ~160 W! is used to ablate from any one of four targe
mounted on a standard carrousel. The substrates are atta
~using silver paint! to a rotatable Inconel plate, which i
heated radiatively from behind by an exposed metallic fi
ment. The entire heater/substrate assembly is mounted
translation stage capable of 75 mm of travel. Appropri
stepper motors assure that any position along that line ca
reached in less than 0.5 s. Target–substrate distance is
cally 50–80 mm, and a slit-shaped aperture~typically a 3
mm wide opening! is inserted 3 mm from the substrate su
face.

For the deposition of composition spreads, the subst
is passed behind the slit-shaped aperture and the laser is
at predefined ‘‘trigger points.’’ These nonequally spac
points are selected such as to lead to the desired spatial v
tion of the composition, as described below. After one pa
during which less than one monolayer of the material m
be deposited, the target is exchanged, a different set of
ger points for the second material is chosen, and the subs
is passed behind the aperture again. Figure 1 illustrates
procedure schematically.

In order to obtain a composition that varies linearly fro
left to right across the substrate, both constituents have t
deposited with linear spatial deposition-rate profiles. In ot
words, the deposition of each constituent must be such th
deposited by itself, the resulting film would have
‘‘wedge’’-type thickness profile@ t(x)5t01ax#. Obtaining a
linear profile via a slit-shaped aperture is significantly diffe
ent from using a moving-edge mask~allowing deposition
onto a variable fraction of the substrate!. With moving-edge
masks, linear wedges are obtained simply by a const
velocity motion and a constant deposition rate, but the
proach is inadequate for large substrate areas.

In the current PLD approach, each laser pulse lead
the deposition of a finite and equal amount of material in
narrow region of the aperture slit. This deposition can
described as a smudged line perpendicular to the directio
the composition gradient, with a cross section that roug
follows a Gaussian shape. We therefore need to approxim
the linear profile as a superposition ofN Gaussians centere

FIG. 1. Schematic representation of the PLD-CCS process. The substr
passed behind a slit-shaped aperture, and the laser is fired wheneve
substrate position coincides with one of the predetermined ‘‘trigger poin
Different sets of trigger points are used for the two constituents of the a
and less than one monolayer of material is deposited in each cycle.
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at xi ~these values are then used as ‘‘trigger points’’ dur
the deposition!.

Simple geometrical arguments show that a linear pro
t(x)5t01ax can be approximated by such a superpositio
successive trigger points are spaced by

dxi52 (
n51

i 21

dxn2
t0

a

1AF (
n51

i 21

dxn1
t0

a G2

12dx1

t0

a
1dx1

2. ~1!

dx0 is chosen iteratively such that the desired length of
profile corresponds to

L5xN1
dxN

2
. ~2!

The calculations in Fig. 2 show the type of profile that wou
be obtained if 15 trigger points are used and the depositio
assumed to have a Gaussian shape with a width of 0.1.
desired profile for material A is shown as a broken line
Fig. 2~a! and can be represented as

t~x!5H 0.8, x,0

0.820.6x, 0<x<1

0.2, 1,x.

~3!

Clearly, 15 trigger points are insufficient to yield a smoo
profile, and we typically use sets of several hundred trig
points. This could, in principle, lead to more than one mon
layer of material being deposited per pass. In order to av
this situation, the complete set of trigger pointsxn is first

FIG. 2. Calculated results for deposition rate or thickness profiles assu
a Gaussian distribution of the deposited material with a width of 0.1 for e
laser pulse. The dotted line in~a! indicates the desired profile. Clearly, th
use of 15 trigger points is insufficient to obtain a uniform profile.
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calculated, but only a subset is used for each pass: for
ample, in pass one, the laser can be fired forn50, 5, 10, etc.,
in pass two forn51, 6, 11, etc.

Experimental results in Fig. 3 demonstrate the validity
this approach: The repeated deposition using a rate pr
similar to that used in the simulations~but with 450 trigger
points! yields a smooth variation, and repeated deposition
two profiles with opposite gradients results in a unifor
thickness across the entire substrate area~45 mm!. ~For these
experiments, SrTiO3 was deposited at 780 °C onto Al2O3

substrates, and the total thickness was about 300 nm for
uniform profile.!

As in all CCS approaches, the compositionc(x) at each
point x varies uniformly along the direction of the sprea
Therefore any sample of finite sizeDx bears a compositiona
variation of Dc5(]c/]x) Dx. The composition slope
(]c/]x) depends both on the range of compositions inve
gated (Dcmax) and the linear size of the spread (Dxmax), so
that the composition nonuniformity of each sample is giv
by

Dc5
Dcmax

DxmaxDx. ~4!

For example, in the case of an alloy AxB12x , Dcmax51 if the
entire range 0<x<1 is investigated, butDcmax50.1 if only
alloys between A0.3B0.7 and A0.4B0.6 are of interest. For the
examples of (Sr12xCax)RuO3 composition spreads given be
low, Dcmax51 and Dxmax527 mm, thus for a 2 mm wide
sample,Dc57.5%. This is sufficient for initial studies an
the observation of general trends but can complicate deta
investigations. Therefore such studies require a narro
concentration range~e.g.,Dcmax50.1) chosen in the area o
interest. Using our apparatus’ capability ofDxmax>40 mm, a
value ofDc<0.005 can then readily be obtained.

Finally, it is possible to use the apparatus as describe
grow ~by simple two-target mixing and keeping the substr
stationary! uniform-composition films of any of the materia

ng
h

FIG. 3. Thickness profiles~measured by profilometry! of SrTiO3 films
grown on Al2O3 . Circles represent the thickness of a single ‘‘wedge’’ profi
obtained by repeatedly passing the substrate behind the aperture and u
set of 450 trigger points. Crosses indicate the thickness profile obtaine
the overlapping of two ‘‘wedges’’ with opposite gradient. Error bars cor
spond to the uncertainty of the profilometry measurements.
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within a compositional spread, allowing for direct confirm
tion of the results and further detailed examination
samples with specific compositions.

A future generalization of this approach
~pseudo-!ternary phase diagrams will be straightforward:
requires~1! a rotation of the substrate by 60° between t
deposition steps of the individual constituents and~2! laser
beam scanning along a line parallel to the aperture slit~to
assure good deposition uniformity in that direction!.

III. „Sr1ÀxCax…RuO3 COMPOSITION SPREADS

Binary composition-spread films of (Sr12xCax)RuO3

were grown according to the procedure described abo
with a total film thickness of about 250 nm. Commercia
available SrRuO3 and CaRuO3 targets were used for thi
study. Eight individual substrates of LaAlO3 ~each measur-
ing 5310 mm2) were mounted on the heater plate within
area of 45310 mm2 ~i.e., leaving less than 1 mm space b
tween adjacent pieces!. For detailed characterization, the
samples were cut into 2310 mm2 slabs after deposition. Fig
ure 4 shows measurements of the compositioncmeas(x) as a
function of positionx on the heater plate. The solid lin
indicates the profilecdesign(x) as entered into the control sof
ware. Measurements were performed using energy dispe
x-ray spectroscopy~EDX! in a scanning electron micro
scope, and by Rutherford backscattering spectrosc
~RBS!; these two methods show agreement well within
expected experimental errors.

As is clearly seen, the experimental data agree well w
the desired values for the composition. Two types of syste
atic deviations are nevertheless observed: First, ther
clearly some ‘‘rounding’’ in the profile near the inflectio
points at 9 and 36 mm. This is expected for an apert
consisting of a slit with finite width. Furthermore, the expe
mental data points are systematically shifted by about 1
due to imperfect alignment of the system~laser spot, cente
of the aperture, and ‘‘zero position’’ on the heater positi
not falling onto a perfectly straight line!. Taking these two
effects into consideration, the expected composition va
tion ccalc(x) can be calculated~by a superposition of Gauss
ian profiles centered at the ‘‘trigger points’’! and is shown as
a broken line in Fig. 4.

FIG. 4. Ca concentration as measured on 16 points along a compos
spread of (Sr12xCax)RuO3 , measured by EDX~circles! and RBS~crosses!.
The desired profile~i.e., the parameters supplied to the control software! is
indicated by the solid line. The broken line is the calculated composi
assuming an aperture with a finite slit width, and a 1 mm misalignment
between laser spot, slit center, and heater position.
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Figure 5 represents the same data in a different form
In Fig. 5~a!, the measured values of the composition a
shown as a function of the ‘‘design’’ parameter, i.e
cmeas(cdesign). In Fig. 5~b!, the same data points are shown
a function of the calculated values@i.e., cmeas(ccalc)]. Good
linearity @r .0.998 forcmeas(cdesign)] and good overall agree
ment is observed in both cases; even when plotted directl
a function of the desired compositions, deviations are ma
visible near the end points. This illustrates that complica
calculations to obtain the composition values are not
quired, except perhaps in cases where a much wider ma
required to increase deposition speed. Even in such spe
cases the required calculations are simple and straigh
ward.

Using the average squared difference between the m
sured composition and the design variable@i.e., s
5N21$S(cmeas2cdesign)2%22] as a measure of the error i
the prediction of the composition for each point of th

FIG. 6. Lattice parameter as a function of Ca concentration
(Sr12xCax)RuO3 composition-spread films on LaAlO3 substrates. The val-
ues obtained for these films are slightly larger than those for bulk polyc
talline samples, as expected for films grown under in-plane compres
strain. Data from Ref. 16.

on

n

FIG. 5. ~a! Measured Ca concentration for the same composition sprea
in Fig. 4, but plotted as function of the desired Ca content. In~b!, the same
data is drawn as a function of the calculated Ca content~i.e., the broken line
in Fig. 4!. In both cases, the linearity is excellent, and differences betw
~a! and ~b! are observed mainly near the end points of the spread. T
shows that complicated calculations to obtain the composition as a func
of position on the substrate are not required for most applications.
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spread, we find from data in Figs. 4 and 5 that the predic
of the composition is accurate to within less than 3%. T
above-mentioned ‘‘rounding’’ near the end points, the m
alignment of the system, and the error in positioning the t
for compositional analysis are likely to be the most sign
cant contributions to this estimate. Thus the fundamental
curacy of the approach is expected to be significantly be

IV. PROPERTIES OF „Sr1ÀxCax…RuO3
COMPOSITION-SPREAD FILMS

The (Sr12xCax)RuO3 films on LaAlO3 substrates~cut
into pieces measuring 2310 mm2) were first characterized
using standard x-ray diffraction to determine their out-
plane lattice parameters. The results are shown in Fig
together with published data for polycrystalline bu
samples.16 An expansion in the out-of-plane direction is o
served, as would be expected for films grown under co
pressive strain on a substrate with a smaller lattice param

FIG. 7. Resistance as a function of temperature for three represent
samples of the (Sr12xCax)RuO3 composition spread, normalized atT
5300 K. Arrows indicate approximate positions of the ferromagnetic tr
sition. Values of the resistance at 300 K are below 350mV cm for all
samples. Circles represent published data for a sputtered film after lif
from the SrTiO3 substrate~Ref. 20!, squares for a PLD-grown film on
LaAlO3 ~Ref. 21!.

FIG. 8. Magnetic hysteresis loop at 5 K for a (Sr12xCax)RuO3 sample
across whichx varies from 0.16 to 0.24. Sample size is 2310 mm2, and this
preliminary data shows that our method yields samples large enough
such experiments.
n
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Excellent agreement is observed between the film and b
data for the general trend of decreasing lattice param
with increasing Ca concentration.

The sample’s electrical resistance was measured a
function of temperature, and selected results are show
Fig. 7. The resistivity at 300 K was 330mV cm for SrRuO3,
which compares favorably to literature values.17,18 Finally,
SQUID magnetometer measurements were performed,
preliminary results are shown in Fig. 8 for a sample w
average composition of Sr0.80Ca0.20RuO3 at 5 K. Despite the
fact thatDc50.08 for this 2310 mm2 sample, the data~ob-
tained with the magnetic field in the plane of the substrate! is
similar to earlier reports for SrRuO3,19,20 again indicating
that our approach yields high-quality samples. A more
tailed investigation of the magnetic and transport proper
of these samples is in progress.
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