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A method for continuous compositional-spre@CS 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 growtpossible at elevated temperatuby 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 substratéise., small as compared to distances over which the deposition
parameters in PLD vary, typically1 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 prdperties
superconducting quantum interference device magnetojnétitial results are shown for spreads

of (Sr,_,Ca)RuG;. © 2003 American Institute of Physic§DOI: 10.1063/1.1602962

I. INTRODUCTION determine the optimal deposition temperature for each com-

Recent advances in data analysis, data acquisition, arR]osition. The approach was later refined by Hahakt did

robotic techniques have led to intensive efforts to develog'©t 9ain popularity before the widespread use of electronic

combinatorial techniques, i.e., approaches in which a mulidata analysis and representation. The successful application

tude of samples are prepared in one fabrication run. Thi® highk dielectrics has lead to an increased interest in
clear advantage over the conventional “single-sample apSPutter-based CCS, with recent work focusing, for example,
proach” is that all fabrication parameters are kept identical®n transparent conducting oxides.
by design, while the effect of chosen variablesch as com- Pulsed laser depositigPLD) can similarly be used for a
position, film deposition temperature, or film thicknesan ~ codeposition based CCS approach. In particular, a beam
be studied in much detail. Discrete combinatorial technique§Plitter may be used to obtain simultaneous ablation from
have been very successful in pharmaceutical research, and0 PLD targets, and the spatially overlapping plumes result
corresponding precursor-based thin-film approach has bedh a composition variation in the deposited fifis an al-
developed for various inorganic materials that can be synthgernative to codepositionn situ intermixing between the
sized via an equilibrium routeHere, the starting materials constituents of an alloy can also be achieved by the repeated,
are first deposited at room temperature, and a subsequesgquential deposition of submonolayer amounts of the indi-
annealing process can lead to intermixing and crystallizationvidual constituents, as demonstrated by the successful use of
The same precursor principle can also be applied to continuotating, segmented targets to form uniform films of mixed
ous compositional-spred@CS approaches, where the com- oxides'® Applying this approach to CCS is easily achieved
position varies uniformly and continuously across theby using a synchronized target and substrate positioning ap-
sample’~* However, for materials that are not formed by the proach, so that the plumes of the individual constituents are
equilibrium processes involved in the precursor method, angpatially centered on different positions on the substrates. As
in general for materials with properties that depend stronglyve have previously shown, this yields a CCS approach that
on the deposition technique, alternate approaches must gin be used for the growth of metastable oxtdesmd epi-
developed that are based on fhesitu formation of the de-  taxial superlattice$?
sired alloys. One advantage of thesa situ approaches is that no

A CCS approach providing a means for thissitualloy  masks are required, which simplifies the process and reduces
formation has been introduced more than 35 years ago basege risk of cross-contamination. Unfortunately, such PLD
on the codeposition of the constituents: Kenrfesljowed ang sputter-based methods also suffer from serious draw-
that metastable intermetallic phases can be formed byacks. In particular, the film thickness varies as a function of
cosputtering from multiple sources, and that a substratgqsition on the substrate, and thus the comparison of differ-
holder with a spatial temperature gradient can be used t@nt compositions is convoluted with that of varying film
thickness. More importantly, the deposition energetics are
3Electronic mail: christenhm@ornl.gov also different for each composition, which is a significant
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fundamental problem particularly for the PLD-based ap- Target A

proaches. Furthermore, the composition is a nontrivial func- T

tion of the position that needs to be determined from trial

runs and calibration procedures. Substrate Y TP
These difficulties can be overcome by introducing a T >

moving mask between the substrate and the tafggain, mtt 1

the deposition sequence is chosen such that less than aTrigger points (A) TTarQet B

monolayer of each constituent is deposited at one {ifoe

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 uniform ~ T T T TTTm

across the entire composition spread, the sample size should Trigger points (B)

be less than about 1 cm. These dimensions are appropriate

for specialized characterization tools, such as optical charad<G. 1. Schematic representation of the PLD-CCS process. The substrate is

terization for phosphor materials, concurrent x-rayPassed behind a slit-shaped aperture, and the laser is fired whenever the
substrate position coincides with one of the predetermined “trigger points.

diffraction, ) SUpercor;dUCtm_g quantum .mterference dewceDifferent sets of trigger points are used for the two constituents of the alloy,
(SQUID) mICI’OSCOpy’E or microwave mICI’OSCOpJf Other and less than one monolayer of material is deposited in each cycle.

characterization techniques, including those most commonly

used in solid-state physics, require larger sample sizes. Felampda Physik LPX325i excimer laser with 248 nm radia-
example, careful four-circle x-ray analysis, ellipsometry, andijon, (160 W) is used to ablate from any one of four targets
temperature-dependent measurements of resistivity, dielegyounted on a standard carrousel. The substrates are attached
tric permittivities, and magnetic propertiessing a SQUID  (ysing silver paint to a rotatable Inconel plate, which is
magnetometgrall require sample areas on the order of 10neated radiatively from behind by an exposed metallic fila-
mnY per measurement point, and thus a much larger area fQfent, The entire heater/substrate assembly is mounted on a
a compositional spread. translation stage capable of 75 mm of travel. Appropriate

In this work, we introduce an approach to CCS in whichgtepper motors assure that any position along that line can be
the composition variations occur over a range of several Celyaached in less than 0.5 s. Target—substrate distance is typi-
timeters, thus allowing for these measurements to be PeEally 50—80 mm, and a slit-shaped apertitgically a 3
formed for various compositions. For the exploration of bi- ym wide openingis inserted 3 mm from the substrate sur-
nary phase diagrams, the only fundamental limit on thegce.

sample size is the travel range of a translating substrate Eqr the deposition of composition spreads, the substrate

heater. ~ is passed behind the slit-shaped aperture and the laser is fired
In this article, we demonstrate the approach by showingyt predefined “trigger points.” These nonequally spaced
results for composition-spread films of (SkCa)RuG;.  points are selected such as to lead to the desired spatial varia-

This particular alloy(with complete solubility for Gsx<1) tion of the composition, as described below. After one pass,
is chosen for its interesting magnetic properfBerromag-  quring which less than one monolayer of the material must
netism is observed at low Ca concentratiofwith a T; of  pe deposited, the target is exchanged, a different set of trig-
about 160 K for SrRu@and decreasing with increasin®  ger points for the second material is chosen, and the substrate
whereas the susceptibility of CaRyGhows a negative s passed behind the aperture again. Figure 1 illustrates this
Weiss temperature, suggesting a tendency toward a”tife”(b‘rocedure schematically.
magnetism. In addition, thin films have been grown previ- | order to obtain a composition that varies linearly from
ously by various groups, allowing us to compare the qualityieft to right across the substrate, both constituents have to be
of the films obtained here to literature values. deposited with linear spatial deposition-rate profiles. In other
The article is structured as follows: First, we introduceyords, the deposition of each constituent must be such that if
the basic principle of the deposition and present the key e'deposited by itself, the resulting fim would have a
ements of the control algorithm. We then show that the de“wedge”-type thickness profil§t(x) =t,+ax]. Obtaining a
sired profiles can be obtained accurately. Next, the approagfhear profile via a slit-shaped aperture is significantly differ-
is applied to binary phase diagrams of {SICa)RuG; for  ent from using a moving-edge mag&llowing deposition
which we show uniform composition variations across thegntg a variable fraction of the substratevith moving-edge
sample. Finally, we show that the obtained films are of goodnasks. linear wedges are obtained simply by a constant-
quality, and that measurements of lattice paramefiee  yelocity motion and a constant deposition rate, but the ap-
x-ray diffraction, resistivity [i.e., p(T) curved, and mag- proach is inadequate for large substrate areas.
netic propertiegi.e., M(H) loops can be obtained. In the current PLD approach, each laser pulse leads to
the deposition of a finite and equal amount of material in the
narrow region of the aperture slit. This deposition can be
described as a smudged line perpendicular to the direction of
Our PLD-CCS approach is based on a conventional PLDhe composition gradient, with a cross section that roughly
system, modified only by having full and rapid control over follows a Gaussian shape. We therefore need to approximate
target exchange, heater translation, and laser firing. Ahe linear profile as a superposition MfGaussians centered
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FIG. 2. Calculated results for deposition rate or thickness profiles assumin&mple’ in pass one, the laser can be firechfel0, 5, 10, etc.,
a Gaussian distribution of the deposited material with a width of 0.1 for eacHn pass two fom=1, 6, 11, etc.
laser pulse. The dotted line i@) indicates the desired profile. Clearly, the Experimental results in Fig. 3 demonstrate the validity of

use of 15 trigger points is insufficient to obtain a uniform profile. this approach: The repeated deposition using a rate profile
similar to that used in the simulatioribut with 450 trigger
atx; (these values are then used as “trigger points” duringpo'”ts) ylglds a.smooth vgrlatlon,'and repeated' dep03|t.|on of
the deposition two profiles with opposite gradients results in a uniform
Simple geometrical arguments show that a linear prof”ethlckness across the entire substrate g4éamm). (For these

t(X) =to+ax can be approximated by such a superposition ifeXPeriments, SrTig was deposited at 780°C onto Al
successive trigger points are spaced by substrates, and the total thickness was about 300 nm for the

uniform profile)
. to As in all CCS approaches, the compositifx) at each
oX; = _nzl X~ a point x varies uniformly along the direction of the spread.
Therefore any sample of finite sizex bears a compositional
-1 t variation of Ac=(dc/ox) Ax. The composition slope
0
+\/| > Xt 3
n=1

to
+2%— + X, (1) (dclox) depends both on the range of compositions investi-
8Xg is chosen iteratively such that the desired length of théhat the composition nonuniformity of each sample is given

2

a
gated Ac™®) and the linear size of the spread ™), so

profile corresponds to by
&(N Acmax
L_XN+7' 2 Ac= WAX. (4)

The calculations in Fig. 2 show the type of profile that would

be obtained if 15 trigger points are used and the deposition i50r example, in the case of an alloyBy ,, Ac™®=1 if the
assumed to have a Gaussian shape with a width of 0.1. THNtire range &x=<1 is investigated, buAc™*=0.1 if only
desired profile for material A is shown as a broken line inalloys between §3B, 7 and Ay By are of interest. For the

Fig. 2(a) and can be represented as examples of (Sr_,Ca)RuO; composition spreads given be-
low, Ac™®=1 and AXx™*=27 mm, thus fo a 2 mmwide
0.8, x<0 sample,Ac=7.5%. This is sufficient for initial studies and
t(x)=4 0.8-0.6x, 0O=xs<l1 (3)  the observation of general trends but can complicate detailed
0.2, 1<x. investigations. Therefore such studies require a narrower

concentration rangée.g.,Ac™=0.1) chosen in the area of
Clearly, 15 trigger points are insufficient to yield a smoothinterest. Using our apparatus’ capability &™®=40 mm, a
profile, and we typically use sets of several hundred triggewvalue of Ac=<0.005 can then readily be obtained.
points. This could, in principle, lead to more than one mono-  Finally, it is possible to use the apparatus as described to
layer of material being deposited per pass. In order to avoigrow (by simple two-target mixing and keeping the substrate
this situation, the complete set of trigger poixsis first  stationary uniform-composition films of any of the materials
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FIG. 4. Ca concentration as measured on 16 points along a composition
spread of (Sr_,Ca)RuO;, measured by EDXcircles and RBS(crosses 2 : N N
The desired profildi.e., the parameters supplied to the control softwie 0.0 0.2 0.4 0.6 0.8 1.0
indicated by the solid line. The broken line is the calculated composition Calculated Ca concentration
assuming an aperture with a finite slit width,dam 1 mm nisalignment
between laser spot, slit center, and heater position.

Measured
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[
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FIG. 5. () Measured Ca concentration for the same composition spread as
in Fig. 4, but plotted as function of the desired Ca contentb)nthe same
data is drawn as a function of the calculated Ca corfient the broken line
within a compositional spread, allowing for direct confirma- in Fig. 4. In both cases, the linearity is excellent, and differences between

tion of the results and further detailed examination Of(a) and (b) are observed mainly near the end points of the spread. This

| ith ifi it shows that complicated calculations to obtain the composition as a function
samples with specinc CqmeSI Ions. . of position on the substrate are not required for most applications.

A future generalization of this approach to

(pseudoxpernary phase diagrams will be straightforward: it
requires(1) a rotation of the substrate by 60° between the
deposition steps of the individual constituents d8glaser
beam scanning along a line parallel to the aperture(tdit
assure good deposition uniformity in that direcdion

Figure 5 represents the same data in a different format.
In Fig. 5@), the measured values of the composition are
shown as a function of the “design” parameter, i.e.,
cmeagcdesi9n |n Fig. 5(b), the same data points are shown as
a function of the calculated valugse., c™?{c®®9]. Good
linearity [r >0.998 forc™2{cs!9Y] and good overall agree-
ll. (Sr;-.Ca,)RuO; COMPOSITION SPREADS ment is observed in both cases; even when plotted directly as

Binary composition-spread films of (Sr,Ca)Ru0Q;  a function of the desired compositions, deviations are mainly
were grown according to the procedure described aboveyjsible near the end points. This illustrates that complicated
with a total film thickness of about 250 nm. Commercially calculations to obtain the composition values are not re-
available SrRu@ and CaRu@ targets were used for this quired, except perhaps in cases where a much wider mask is
study. Eight individual substrates of LaAl@each measur- required to increase deposition speed. Even in such special
ing 5X 10 mnf) were mounted on the heater plate within ancases the required calculations are simple and straightfor-
area of 45 10 mn¥ (i.e., leaving less than 1 mm space be-ward.
tween adjacent piecesFor detailed characterization, these Using the average squared difference between the mea-
samples were cut intoX210 mnt slabs after deposition. Fig- sured composition and the design variablee., o
ure 4 shows measurements of the compositiBff{x) asa =N~1{3(cM-c?9)2}2] as a measure of the error in
function of positionx on the heater plate. The solid line the prediction of the composition for each point of the
indicates the profile?®$97x) as entered into the control soft-

ware. Measurements were performed using energy dispersive 3.94 — : : — .
x-ray spectroscopyEDX) in a scanning electron micro- o —O— composition-spread films |
scope, and by Rutherford backscattering spectroscopy 3.92 _U&\ —O— bulk data’ _
(RBY); these two methods show agreement well within the —_ I )

expected experimental errors. f—f* 3901 \\O\

As is clearly seen, the experimental data agree well with 2 5\8\0 i
the desired values for the composition. Two types of system- g 388/ \F_'I\O 1
atic deviations are nevertheless observed: First, there is 8§ \D\o 1
clearly some “rounding” in the profile near the inflection 8 NN

. . £ 3.86| a o
points at 9 and 36 mm. This is expected for an aperture = \\
consisting of a slit with finite width. Furthermore, the experi- O
mental data points are systematically shifted by about 1 mm 384 04
due to imperfect alignment of the systdiaser spot, center ofo sz * Of4 ofe ofe * 1f0

of the aperture, and “zero position” on the heater position
not falling onto a perfectly straight lineTaking these two
effects into consideration, the expected composition variaFIG. 6. Lattice parameter as a function of Ca concentration for
tion CcaIC(X) can be caIcuIatery a superposition of Gauss- (Srl,xC@)RuQ compos_ltlon-sprea_d films on LaAlGsubstrates. The val-

. . - . . ues obtained for these films are slightly larger than those for bulk polycrys-
lan pr0f|le$ Ce_nter_ed at the “trigger poingsand is shown as  jjine samples, as expected for films grown under in-plane compressive
a broken line in Fig. 4. strain. Data from Ref. 16.

Ca concentration
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1.0 Y Excellent agreement is observed between the film and bulk
0.9 data for the general trend of decreasing lattice parameter
osl with increasing Ca concentration.
8 o7 The sample’s electrical resistance was measured as a
8 06 7 function of temperature, and selected results are shown in
% T /',d Fig. 7. The resistivity at 300 K was 332 cm for SrRuQ@,
508 - /"9"{ which compares favorably to literature valués® Finally,
ﬁ 04 13\ SrRuO, & SQUID magnetometer measurements were performed, and
g 03 Sr, 5sC8, ,,RUO, ! preliminary results are shown in Fig. 8 for a sample with
S o2t ooQ Sr _Ca.. RuO . average composition of §§LCa ,RUO; at 5 K. Despite the
r4 0 070~ 83U, " _ e . n?
01 act thatAc=0.08 for this 2< 10 mnt sample, the datéob-
tained with the magnetic field in the plane of the subsjriate
00 ] A '] L A 'l A i A . . . 9’20 . . . .
) 50 100 150 200 250 300 similar to earlier reports for SIRuQ'*?° again indicating
Temperature (K) that our approach yields high-quality samples. A more de-

tailed investigation of the magnetic and transport properties

FIG. 7. Resistance as a function of temperature for three representativgf these samples is in progress

samples of the ($r,Ca)RuO; composition spread, normalized at
=300 K. Arrows indicate approximate positions of the ferromagnetic tran-
sition. Values of the resistance at 300 K are below 380cm for all ACKNOWLEDGMENTS
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