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A material highway for building up crystal lattices and heterojunctions from molecular layers has
been developed based on a concept of combinatorial lattice integration. The atomic-scale precision
of automated multilane paving of multilayered thin films irs situ monitored by concurrent
reflection high-energy electron diffraction. The designed nanolayered structures are rapidly verified
by a concurrent x-ray diffractometer which has been developed for the purpose of this technology.
This scheme corresponds to the concurrent two-dimensional Merrifield synthesis to form a variety
of sequence-controlled layer structures in parallel and should be widely applicable for systematic
fabrication and property screening of nanostructured materials and devic280® American
Institute of Physics.[DOI: 10.1063/1.1385587

The discovery of highF. superconductivity in layered we have designed a scheme for parallel fabrication of such
perovskite cupratésstimulated extensive studies on perovs-layered structures with atomic-scale precision by integrating
kites and related oxides in order to find new materials, propthe concepts and methods of combinatorial chemistry, laser
erties, and device applications. As a result of enormous timemolecular beam epitaxy, and concurrent electron and x-ray
consuming efforts, various new materials and phenomendiffractometries. This scheme makes it possible to pave a
have been discovered in metal oxides, e.g., intrinsic Joseplsubstrate with a number of artificial lattices or heterojunc-
son effect colossal magnetoresistantéiigh-temperature tions of each layer composition, thickness, and sequence
quantum paraelectricif,and excitonic UV lasing at room controlled on an atomic scale. The structure of resulting lat-
temperaturé. On the other hand, several research groupgices or devices library is rapidly characterized by the con-
have realized the benefit of the smart time-saving method ofurrent x-ray diffractometer. We present here the concept of
combinatorial chemistry, which is well recognized as a techcombinatorial lattice integration and some details of compo-
nique to increase dramatically the rate of new drug discoveryient systems and demonstrate the operation of this scheme in
by parallel solution chemical procesSefar the exploration the parallel fabrication of superlattices of perovskite oxides.
of solid materials as well.The current combinatorial mate- The combinatorial lattice integration technology we have
rial process is composed first with the deposition of a largeéleveloped is schematically illustrated in Figajl This tech-
number of thin films of different or continuously spread nology is essentially a development of molecular layer epi-
compositions on a substrate, usually at room temperaturéaxy, which is required for atomically controlled layer-by-
second with annealing of the films to turn them into homo-layer epitaxial growth of thin films, for parallel operation.
geneous amorphous films, and finally with high-temperatur&Vhen compared with the Merrifield syntheSighich is the
heating to crystallize them. Since this process is essentiall§oot of combinatorial chemistry in organic synthesis of one-
the same as classical sintering, in which the products aréimensionally bonded chemicals by a series of reactions,
dominated by thermodynamics, it is hardly applicable for thee-g., peptides from amino acifisig. 1(b)], our technique can
fabrication of atomically controlled layered materials. In be regarded as a two-dimensional and parallel version of the

other words, the products of this process are not controlled iMerrifield synthesis. Molecular layers are deposited from
the direction normal to the substrate. several kinds of solid sources through a series of physical

In view of the facts that every crystalline material is Masks on a heated substrate so as to crystallize the deposited

composed of molecular layers stacked periodically and thahaterials in the as-grown stafe Synchronizing the target

modern electronic devices have nanoscaled layer strudure§€Xchange with mask switching, we can synthesize a number
of artificially designed lattices on a single substrate.

~In order to materialize this concept of combinatorial ep-
ltaxial crystal lattice integration, we have constructed a depo-

dAuthor to whom correspondence should be addressed; electronic mai
koinuma@oxide.rlem.titech.ac.jp

PAlso at: Japan Science & Technology Corporati@REST. s_ition system _which is illustrated in Fig. 2. Two new ad_di-
®Also at: Cominatorial Materials Exploration and Technold@OMET). tions to our high-temperature laser molecular beam epitaxy
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(MBE) chambet* are shown in the figure. One is the mask-
ing system and the other is the scanning reflection high- , N _ ,
energy election diffactiofRHEED). Target exchange, set- %, % £ Tices o RHEED speeuer pinsnes ung e e
ting of deposition conditions, reaction diagnostics, and mas%g ton=2, 4, and 6 are shown for clarity. The deposition sequence and
exchange are all controlled by a computer. Laser MBE hasnask positions are shown at the bottom. Each block corresponds to the
been widely used for oxide film growth ever since we veri- d_eposition_of two molecular unit cell Ia_yers. Inten_sily oscillations for indi-
fied its usefulness for fabricating atomically regulated epitax—‘t’)f:r?]' regions were observed by rapidly scannid§ H2 the electron
ial oxide thin films!? '

As a demonstration of combinatorial lattice integration
by this system, ten SrTigBaTiO; superlattices with
equimolar ratios and different periodicities were fabricated at
an oxygen pressure of QL0 ° Torr and a substrate tem- (ﬂ}
perature of 700°C. The use of chemically etched SgTiO
(001) substrates with atomically flat surfa¢&enabled us to £
observe clear RHEED intensity oscillation, which is a typical Anode ¢
indication of atomically controlled layer-by-layer epitaxy. A
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FIG. 4. (Color) A demonstration of parallel x-ray diffractioria) depicts a
schematic of the system. Point source x-rays are focused to form a 10 mm
X 0.1-mm stripe on the specimen. Diffracted x-rays are collected with a
two-dimensional detectofimaging plat¢. The intensity mapping for low
FIG. 2. (Color) lllustration of the combinatorial molecular layer epitaxy angle(b) and high angléc) diffraction for a combinatorial superlattice chip
system. A continuous wave Nd:yttrium—aluminum—garnet laser heating prowhich contains ten superlattice pixels @{SrTiO;),/(BaTiOs),]50 (N
vides high substrate temperaturg to 1400 °Q in an atmosphere ranging =12,14,16,...,28 and 30The lines appeared at the angles corresponding to
from ultrahigh vacuum to 1 atm oxygein situ scanning RHEED and a the superlattice periodicitiesd) Schematic illustration of sample configu-
moving mask system are included in order to control the deposition thick+ation. () and(f) Intensity profiles as a function of«2picked up from the

ness of each region. data for[(SrTiO;)1,/(BaTiOs);5]50 pixel.
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charge coupled device camera looking at the RHEED screed(c)], we could clearly observe reflection lines at the angles
Synchronization between the RHEED beam sweeping andorresponding to the designed periodicities of the individual
image acquisition was performed with the computer. Usingsuperlattices. The line profiles extracted from the
this technique, combined with moving physical masks, we(SrTiO;);,/(BaTiOs)1,]5, diffraction patterns are shown in
were able to control simultaneously the growth of as many agigs. 4e) and 4f). The positions of the reflection peaks well
ten(at presentthin films in parallel on a single substrate. By agree with the simulated ones. The lattice-engineered struc-
rotating the substrate by 90° and repeating the procedure, ftire was also confirmed by transmission electron micro-
is possible to fabricate a X010 matrix of superlattices. scope. Compared to the scanning x-ray diffractometry on a
Figure 3 shows the RHEED intensity variations moni- combinatorial materials library with a focused synchrotron
tored during the parallel growth of SrTigBaTiO; superlat-  radiation x-ray bean® this technique is easily accessible by
tices(data from only three points on the substrate are showmormal laboratory users.
for clarity). A schematic drawing of the deposition sequence  The well-defined control of deposition conditions and
and mask positions is shown in the inset. The top, middlefilm thickness in conjunction with a mask operation enables
and bottom curves correspond {éSrTiO;),/(BaTiOs),], the production of a number of lattices, superlattices, and
[(SrTiOy),/(BaTiOs),], and [(SrTiOy)s/(BaTiOs)g] superlat-  junctions in the as-grown and as-programmed form, thus dif-
tices, respectively. Deposition thickness was controlled byerentiating this process from the conventional combinatorial
counting RHEED intensity oscillations. We have fabricatedprecursor method: parallel deposition and sintering prdcess
other oxide lattice and superlattice libraries by this method asvhere only thermodynamically dominated film structure is
well. Some of the examples are epitaxial oxi@O, TiO,, formed at each deposition site. We believe that the combina-
etc) films solid soluted with transition metals, composition torial molecular layer technology provides a key to acceler-
spread dielectric§Ba; _,Sr, TiO3, etc), and SrTiQ/SrVO;  ate the search for new structures and their properties of ox-
superlattices. A nonlinear conductivity indicating a specificides as well as of artificially designed materials in general.

property of the low-dimensional systéhwas reconfirmed in ) _ .
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