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We report on a novel mask design for the combinatorial synthesis of a ternary composition spreads library,
which allows such libraries to be deposited through a series of simple masks on a rotatable mount. This
eliminates the use of complicated actuation of a heated substrate. In our configuration, this design leads to
a standard linear phase diagram by varying the growth rate of each constituent nearly linearly from O to
100% at a triangular area on the substrate. Film growth occurs as a series of cycles in which one molecular
layer of the material is deposited over the entire area of the spread by a synchronization of the mask movement,
target exchange, and laser pulses. The technique has been applied to the synthesis of photoluminescent
ThCa0(B0Os);—ScCa0O(BGs);—PrCa0O(BO0s)s, demonstrating its value for the mapping of direct relationship
between composition and the light-emitting property.

Introduction distribution has been achieved by controlling the film
deposition time or thickness at each position on the substrate
with the aid of physical shadow mask movement and
substrate rotatidfi 3. Nevertheless, this method still contains
the weak point that the restless substrate rotation in the above
combinatorial process is quite time-consuming and tends to
cause mechanical troubles.

In this paper, we report on the computer-aided design of
a new masking scheme (pattern and movement) for vapor
4 deposition (molecular beam epitaxy, sputtering, pulsed laser

deposition, etc.) of spatially addressable ternary composition
epitaxial thin film growth conditiong. spreads, as illustrated ir_1 Figure la. Thg mair_lladvantage of

The continuous composition spread method using the co-this deposition method in _F|gure 1b is its abllllty to crqate
deposition technique can be traced back to the report by N.te.rnary—phase.dlagrams Wlthou.t substrate _rotatlon and in the
C. Miller in 19678 Subsequent reports came from Handk’s, direct cqr'relatlon.betwgen the library Iocathn (address) and
Koinuma'sX® and other groups. Recently, van Dover's group COMPosition, as in typical ternary-phase diagrams. A suc-
investigated the dielectric properties of various ternary oxide C€SSful implementation of this method is reported for
systems, including Zr@-SnQ~TiO, 4 Co-deposition is a  Phosphors of ToCO(BOs)s, ScCaO(BO;)s, and PrCzO-
simple process, but the distribution of the composition on a (BOs)s terary system. The spreads are screened with high-
substrate cannot be directly controlled and must be deter-throughput characterization methods, as illustrated in Figure

mined independently by such an analytical technique as 1c.

electron probe microanalysis (EPMA} Another drawback Equipment
of this method is the difficulty in covering the entire phase
diagrams, because of the inevitable intermixing of chemical
species evaporated from different sources. Formation of
ternary composition spreads with predetermined composition

Various kinds of high-throughput thin-film synthesis
techniques coupled with rapid characterization tools have
been developed for exploring new compositions as well as
for optimizing process parameters of materiddMethods
to prepare different types of combinatorial thin-film libraries
include discrete sequentially masked deposifiooemposi-
tion spread co-depositichand composition-gradient mo-
lecular layer epitaxy.These techniques have resulted in the
discovery of many exciting new materials, such as Co-dope
TiO, transparent magnétand in the quick optimization of

Ternary composition spread libraries were synthesized by
the combinatorial laser molecular-beam epitaxy (CLMBE),
as illustrated in Figure 1b. In the CLMBE, molecular layers
are deposited from several kinds of solid sources through a
* To whom correspondence should be addressed; E-mail: takahashi@ S€r1€s of physical shadow masks placed on a heated substrate,

oxide.msl.titech.ac.jp. and the deposited materials are crystallized in as-grown
TMaterials and Structures Laboratory, Tokyo Institute of Technology. gtates
* National Institute of Material Science. ' . . .
§ Frontier Collaborative Research Center, Tokyo Institute of Technology. The ternary composition spread is shaped into a 15-mm-

OCREST. side triangle by repeating the superposition of three different

10.1021/cc030038i CCC: $27.50 © 2004 American Chemical Society
Published on Web 11/13/2003



Combinatorial Shadow Masks Journal of Combinatorial Chemistry, 2004, Vol. 6, No. 81

Substrate Carrousel Mask
P -\ '_/ \\ Camera UV lamp
L Laser W ‘_% % %
ﬂmm . B Mask Pattern ~
,’/ P L. :: ™, H.-.""ﬁ-..
/ Target ™"
2 S —
[ I
3 |

p—

(a) (b)
Figure 1. Schematic of experimental steps: (a) the computer-aided design of the shadow mask, (b) the synthesis of a composition spread,
and (c) the rapid screening.
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Figure 2. (a, b) Ideal deposition profile for each film to form a ternary-phase diagram. (c) Movement of the combinatorial masks on the
carrousel holder. (d) Simulation mapping for= 75° andj = 45° (e) Simulation cross-sectional profile along the line in (d). A good linear

thickness gradient was successfully achieved.

films of its thickness in a linear gradient along the three axes, at a spotX, y) on the substrate, respectively.
separated by 12@otations, as illustrated in Figure 2a,b. The _
total thickness of the three gradient films in a deposition AFilm(x, y, 6) :{1:()(' y) € maskp, o, ﬁ)} )
cycle is made constant at one unit cell (0.8 nm). The 0:(x, y) € mask@, o, 5)
elemental diffusion length should exceed the vertical film
thickness of each deposition cycle on a heated substrate,
whereas it should be short enough to give composition spread
horizontally. Here, @ is the rotation angle of the mask and is the
Figure 2c shows the shapes and movements of the shadowotation angle unit for calculating thick,(y). The parameters
mask on a rotating holder (radius: 60 mm) in the CLMBE. o andpj are characteristic of the mask shape as defined in
To create film thickness gradients along the three axesFigure 2c. The total mask rotation angles aré &fr the
separated by 120rotations, we employed two shapes trapezoid mask and 4dor the triangle mask, respectively.
(trapezoid and triangle) of opening and optimized the angles The mapping images of the thick, (y) for oo = 75° andf
o andp to make ternary-phase diagrams. For the simulation = 45°, andA@ = 1° are depicted in Figure 2d. Figure 2e
of film thicknesses at various positions on a substrate, the shows the cross-sectional profile along the line in the Figure
following functions are defined by egs 1 and 2 for represent- 2d. The deposition profile for each film is almost identical
ing the film deposition “1” or not “0” and the film thickness  to the ideal profile shown in Figure 2a. The average error in

thick(x,y) =  Afilm(x, y, nA6) )
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e oreon procedure depicted in Figure 2. The oxygen pressure and
) - substrate temperature were fixed to be<110¢ Torr and

e 800°C, respectively®> TbCOB, ScCOB, and PrCOB ceramic

targets were ablated by KrF eximer laser pulses (248 nm,

3J/cn?, 10 Hz).
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Ezog v, on The de.position rates of cpmppnents ThCOB, PrCQB, and
£ e - ScCOB films were determined in advance by repeating the
§1on o deposition of each one of the films under the piston motion
£ * of a shadow mask. The thickness gradients of films thus
5 A "“\ prepared were evaluated by the Stylus method (Sloan
0 p===== = DEKTAKSST). As shown in Figure 3ac, the thickness
/ Eogo} % C9® gradient of each film was quite consistent with that from
5 ‘3;\_“3 the simulation (dotted line); a good linear thickness gradient
£ 40 "o was successfully achieved. A ternary composition spread film
1ML > { 2 . of Tby—x—ySGPrCaO(BOs)3 (300 nm) was then synthesized
0

s 1‘2 on Al,0O3(0001) and YCOB(100) substrates used for evaluat-
position(mm) ing the film composition and growing epitaxial thin films,
Figure 3. Thickness gradients of PrCOB (a), ScCOB (b), and respectively. The film thi_ckness of a dep_ositic_m cycle was

ThCOB (c) films synthesized by repeating the deposition of each kept constant at one unit cell (0.8 nm thick) in the whole
one of the films under the piston motion of shadow mask. The area by synchronizing the mask movement, target exchange,
dotted line shows the simulation result in Figure 2e. The experi- and laser pulses. This cycle was repeated 375 times in 20 h
mental thickness_ gradients are quite consistent with the_simulation; in order to obtain the designed thickness of 300 rrD(8
a good linear thickness gradient was successfully achieved. . . - .

x 375 nm). The linear change in composition as a function
the composition is<5%, except for the near-edge region. Of position in the Th-,—,ScPrCa0(BO;)s spread film on
On the basis of this result, we can produce a ternary-phasethe ALO3(0001) substrate was verified with EPMA, and the
diagram or a composition spread library by repeating the absence of impurity phases was confirmed by X-ray dif-
deposition cycles of films A, B, and C under the conditions fraction spectra of the film on the YCOB substrate.
of forming each film where each thickness gradient across The photoluminescence (PL) property of the spread film
a triangle is from 0 to 0.8 nm. This condition can be satisfied Was investigated by taking a color photograph of the chip

eas"y by Contro”ing the moving rates of the masks. under excitation with an ultraviolet (254-nm) Iamp (Figure
' ' 4a). The intensity of white light emission is shown in Figure
Experimental Section 4b. A high-intensity light-emitting region was clearly

The simulation was experimentally verified in the forma- observed in the intensity map. The o8 LCaO(BOs)s
tion of a ternary composition spread of RCOB, where R and region had the brightest emission, and there was no positive
COB represent Th, Sc, or Pr and J04BOs);, respectively. effect of Pr. A similar PL intensity dependence in the
GdCOB and YCOB are known as nonlinear optical materials Composition was confirmed in the PL spectra®Df — 'Fs
with transmittance in the range of 22@600 nm, a high emission (542 nm) excited with a frequency-doubled Ar laser
damage threshold, and a high chemical stabffijb atoms (488 nm). Details and discussions will be reported elsewhere.
at the R site are known to induce luminescence of green
light (542 nm) as a result of tH®, — Fs transition under
the irradiation of an ultraviolet source. To synthesize the We have designed a new mask system for synthesis of
ternary-phase diagram of Th-,ScPr,CaO(BOs)s, TbCOB, spatially addressable ternary-phase diagrams by various thin
ScCOB, and PrCOB films were deposited according to the film synthesis processes, such as pulsed laser deposition. The
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Figure 4. (a) Color photograph of the Tb,—,ScPr,CaO(BOs)s library under ultraviolet (254 nm) excitation. (b) Intensity map of the
white light emission of (a). The TS «Ca0(BOs); region had the brightest emission. There was no positive effect of Pr.
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computer simulation of the method was verified in the
optimization of light emitting properties in the ternary system
of calcium oxyborates of Th, Sc, and Pr. This method
drastically speeds up the screening of ternary composition
materials and can be extended to complicated multicompo-
nent systems.
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Note Added after ASAP Posting
This paper was inadvertently posted before all corrections

had been made. In the second paragraph of the Experimental

Section, A}JO5(0001) and YCOB(100) notation was changed.
The corrected paper was posted on November 17, 2003.
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