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A Combinatorial Approach to Materials Discovery

X.-D. Xiang,* Xiaodong Sun, Gabriel Bricefio, Yulin Lou,
Kai-An Wang, Hauyee Chang, William G. Wallace-Freedman,
Sung-Wei Chen, Peter G. Schultz*

A method that combines thin film deposition and physical masking techniques has been
used for the parallel synthesis of spatially addressable libraries of solid-state materials.
Arrays containing different combinations, stoichiometries, and deposition sequences
of BaCOj, Bi,0,, Ca0, CuO, PbO, SrCO,, and Y,0, were generated with a series of
binary masks. The arrays were sintered and BiSrCaCuO and YBaCuO superconducting
films were identified. Samples as small as 200 micrometers by 200 micrometers in size
were generated, corresponding to library densities of 10,000 sites per square inch. The
ability to generate and screen combinatorial libraries of solid-state compounds, when
coupled with theory and empirical observations, may significantly increase the rate at
which novel electronic, magnetic, and optical materials are discovered and theoretical
predictions tested. .

Science 268, 1738 (95)
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COMBINATORIAL APPROACH TO MATERIALS
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Sintesi di materiali tramite approccio combinatoriale in FCS
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How many different compounds are there?
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Binary compounds have the form ABS ® I ®> a3dICZ { A/ I %Y hIXdc
60 x 60 x different combinationmost are known
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Combinatorial libraries of inorganic materials
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Quaternary Masking
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(Right) Luminescent image of the same library after thermally processed under UV excit:

Science 279, 1712 (1998)



Various combinatorial experimental designs

discrete libraries vs composition spreads
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Composition spreads allow continuous mapping of physical
properties and phase boundaries

Run to run variation in ordinary experiments is removed




Combinatorial UHV
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CCS-Continuos Composition Spread Approach
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Composition Spreads of
Ternary Metallic Alloy Systems
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Scanning SQUID microscope based on
YBa,Cu,0- thin film (F. Wellstood, UMD)
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Scanning SQUID image of a Ni-Mn-Ga
spread wafer (room temperature)
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Combinatorial search of ferromagnetic shape memory alloys
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Spatially Programmable Equipment Design
for Combinatorial CVD

New paradigm for intelligent design and

control of semiconductor process
equipment

process recipe
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G. W. Rubloff, R. Adomaitis, et. al.



Combinatorial CVD Reactor

Segmentwafer spacing

Imm 3mm




CombtCVD Programmabillity

Thickness of W032905-10 (nm)

30

[T

25

1]

20

> 15

10

IRERE

5

[ 1T

111

11

Thickness of W040105-19 (nm)

30

25

20

> 15

10

5

Thickness of W032905-12 (nm)

awy thickness T T aw thickness awg thickness
Ss1 s2 s3 [TETT FITTT s1 s2 s3 S1 S2 S3
560 782 717 10 li 2 2 “502 872 566 X G5 il G ° EX) “ ® ”
W032905_10 S1 S2 S3 W040105 19 S1 S2 S3 W032905 12 S1 S2 S3
WF6 6 9 12 WF6 9 12 6 WF6 12 6 9
H2 24 36 48 H2 36 48 24 H2 48 24 36
Ar 30 15 0 Ar 15 0 30 Ar 0 30 15

Spatially programmable CVD enables
combinatorial studies
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Combinatorial W CVD from \WH,

Reactant flow distributions Film thickness distributions
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.CombiCVD Materials Synthesis
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Atomic Layer Deposition

a simple picture

an ideal process

Initial surface
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ALD reactor design
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Our approach to combi ALD

Final objective:

Compositional gradient for ternary systems requires thickness gradient across wafer

A
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L"-IfOZ

Tuning of materials properties via

compositional gradient




Process flow sequence for combi Hf-Al-O films

P.“
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Manifold Al
TMA half cycle TEMAH
n(i OH) + AI(CH,); Y -O-),Al-(CH,),,.*+n CH, Hf(NEtMe),
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TEMAH half cycle
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Effect of TMA dose on thickness profiles

Thickness [Angstrom]
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Fixed saturating water dose

Decrease in TMA dose (3.6 to
0.43) results in increasing but
continuous thickness non-
uniformities (<30%)

Below critical dose,
discontinuous profile

Higher growth rate at inlet

A May result from localized
OH* oversaturation as
H2O/TMA increases and
multilayer deposition

Higher growth at inlet
aggravates TMA depletion
near outlet
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Ex-situ wafer characterization

under water-starved conditions (0.8 e mol)
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under water-starved conditions (0.8 e mol)

Film properties across wafer
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Film properties across wafer
for TMA-underdosed films

1200 600E0107  TMA, H,0 dose [nmol]
o 0.33, 0.81
1000 A T 5.00E-010- et
= 90 2 = 0.33,2.65
S 800 . & 4.00E-010 "
&, 700- . E
= 1 a o
< 600 . ®  3.00E-010-
o 1 . . @)
@ 500 = .,
£ 400- " 2.00E-0104 C
o 1
‘= 300-
'_ E
200 1.00E-010- .
100 AP
9 [] A L L
0 T —————— ——8-80E+000 r _—
_— Position across wafer [cm] L) Position across wafer [cm]
e m B g ’ -.
8.0- _a 33 . 1.84
7.5 1.82-
_ 7.0 . 1.80 .
T 6.5- 5 1.784
2 6.04 2 1764
3 55 % S 174
2 5.0- g 172 :
& 4.5 £ 170
Q ] I
a 404 0 1.68- )
3.5-. 1.66-. .-....-ll.l
3.0 . 1.644
1 i .
2.5 1.62-
0 2 4 6 8 10 0 2 4 6 8 10

Position across wafer [cm]

Position across wafer [cm] 49



Combinatorial ALD

Numerous process recipe permutations in real-world ALD

Reactant A ReactantB
large A, small B

small A, large B

Dose=14 11 08 05 0.2

T
precursor
Sr
precursor - _ . . : . .
ACombinatorial Chemical Synthesis of Thin Fi
H.O G.W.Rubloff, R.A.Adomaitis, L.Henn-Lecordier and M.Anderle
oxigant Invited to 4th International Workshop on Combinatorial Materials

Science and Technology, December 4-6, 2006, San Juan, Puerto Rico




