
iNRiM, Torino,  18/09/2008 M. Anderle, Approcci combinatoriali alla scoperta di nuovi materiali

Approcci combinatoriali alla 
scoperta di nuovi materiali

Mariano Anderle

Fondazione Bruno Kessler
Povo- Trento



iNRiM, Torino,  18/09/2008 M. Anderle, Approcci combinatoriali alla scoperta di nuovi materiali

Outline

Scienza combinatoriale

Tavola di Mendeleeve possibili combinazioni

Approcci sperimentali

Nuovi  materiali e nuove interfacce



iNRiM, Torino,  18/09/2008 M. Anderle, Approcci combinatoriali alla scoperta di nuovi materiali

Chemical &
Engineering
News, 
August 2001



Science 268, 1738 (95)







9/18/2008
7

Sintesi di materiali tramite approccio combinatoriale in FCS 
ŀŘŀǘǘŀƴŘƻ Ŝ ǳǘƛƭƛȊȊŀƴŘƻ ƭΩŀǇǇŀǊŀǘƻ ƎƛŁ ŜǎƛǎǘŜƴǘŜ

CLUSTER LAB



Correlation between materials complexity

and physical properties
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60 x 60 x different combinations: most are known.

Take 60 
άǳǎŜŦǳƭέ ŜƭŜƳŜƴǘǎΦ

There are about
30,000 known inorganic 
compounds.

How many different compounds are there?
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Combinatorial libraries of inorganic materials

Luminescent 

materials libraries,

Science 279, 

1712 (1998)

Semiconductor gas sensor library, 

ñelectronic noseò,

Appl. Phys. Lett. 83, 1255 (2003)

Magnetic shape memory alloy library,

Nature Materials 2, 180 (2003)
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Quaternary Masking
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A B

C ED

# depositions: 4 x n
# combinations: 4n

5 masks: 
п Ȅ р Ґ нл ŘŜǇƻΩǎ
45 = 1024 samples



(Right) Luminescent image of the same library after thermally processed under UV excitation.

Science 279, 1712 (1998)



Various combinatorial experimental designs

discrete libraries vs composition spreads

A B

B

A

C

Å Composition spreads allow continuous mapping of physical 

properties and phase boundaries

Å Run to run variation in ordinary experiments is removed 



CCS-Continuos Composition Spread Approach

x

Combinatorial UHV 

Co-sputtering (Pbase~1x10-9 Torr)

x

guns

distance between 

guns & substrate 

spread profile



Composition Spreads of 

Ternary Metallic Alloy Systems

Co-sputtering scheme Ni

Mn

Al

3ò spread wafer

Ni Al

Mn

Phase diagram

Composition is mapped using an electron probe (WDS)



Scanning SQUID microscope based on 

YBa2Cu3O7 thin film (F. Wellstood, UMD)  

SQUID assembly 

inside vacuum

Room temperature samples are measured

Minimal 

separation of 

device to sample

~ 50 microns 
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Combinatorial search of ferromagnetic shape memory alloys
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Ga

Ferromagnetic 

regions

Most strongly 

magnetic

New region of 

magnetic shape 

memory alloys 

was identified

Nature Materials 2, 180 (2003)

Composition 

gradient fabricated 

on

micromachined 

cantilever arrays



ñSistema di monitoraggio rapido del gruppo sanguigno      

e per la rivelazione di reazioni immunoematologicheò

macro Ąmicro Ą nano



Morpho thamyris (Nymphalide)



Morpho thamyris (Nymphalide)



Spatially Programmable Equipment Design
for Combinatorial CVD

New paradigm for intelligent design and 
control of semiconductor process 
equipment

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

Control 
system

Mass-spectrometer

Load

Lock

Combinatorial 
CVD reactor
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Combinatorial CVD Reactor

1mm 3mm

Segment-wafer spacing
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Combi-CVD Programmability

Å Spatially programmable CVD enables 
combinatorial studies

Å Post-process mapping of 
thickness/rate

Å Composition mapping (IRST 
microcombi project)

W032905_10 S1 S2 S3

WF6 6 9 12

H2 24 36 48

Ar 30 15 0

W040105_19 S1 S2 S3

WF6 9 12 6

H2 36 48 24

Ar 15 0 30

5 10 15 20 25 30

5

10

15

20

25

30

1

2

3

x

y

Thickness of W040105-19 (nm)

avg thickness 

S1   S2   S3

592  872  566

0

100

200

300

400

500

600

700

800

900

5 10 15 20 25 30

5

10

15

20

25

30

1

2

3

x

y

Thickness of W032905-12 (nm)

avg thickness 

S1   S2   S3

606  611  623

100

200

300

400

500

600



9/18/2008
40

1

2 3

Seg 1.     Seg 2.     Seg 3.

Ar              0            60           30  [sccm]

WF6         12             0             6   [sccm]

H2            48             0           24   [sccm]

Total        60           60            60  [sccm]

1

2

3

Heater T         : 400 oC  
Chamber P    : 1 torr  
Gap                : 1mm
Process time : 10 min

Growth rate θ [PH2]
1/2

Reactant flow distributions Film thickness distributions

Combinatorial W CVD from WF6 /H2
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W Si

W Si

W Si

X-SEM SEM

Combi-CVD Materials Synthesis

ά/ƻƳōƛƴŀǘƻǊƛŀƭ /ƘŜƳƛŎŀƭ {ȅƴǘƘŜǎƛǎ ƻŦ ¢Ƙƛƴ CƛƭƳ aŀǘŜǊƛŀƭǎΥ /±5 ŀƴŘ ![5έ
G.W.Rubloff, R.A.Adomaitis, L.Henn-Lecordier and M.Anderle
Invited to 4th International Workshop on Combinatorial Materials 
Science and Technology, December 4-6, 2006, San Juan, Puerto Rico
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ALD reactor design

ALD mini- reactor

Z-axis pneumatic

actuator

Moveable cap

MKS RGA

50µm orifice

100 mm wafer

Substrate 

heater

UHV chamber

0.1 torr

10-5 torr

Gas InletGas Outlet

100 mm substrate heater 

with inlet / outlet slits



Our approach to combi ALD 

ŮHfO2

Ůr

Final objective:

Compositional gradient for ternary systems requires thickness gradient across wafer

TMA

TEMAH

ŮAl2O3

Tuning of materials properties via 

compositional gradient



Process flow sequence for combi Hf-Al-O films

P1

Pi

t

P2

P3

TMA half cycle

n(ïOH)  +  Al(CH3)3 Ÿ (-O-)nAl-(CH3)2/n* + n CH4

H2O half cycle

-O-Al-(CH3)n
* + n H2OŸ  (-O-)Al-(OH)n*+ n CH4

TEMAH half cycle 

ïOH  +  Hf-(NEtMe)4 Ÿ (-O-)2Hf-(NEtMe)2* + 2NEtMe

H2O half cycle

(-O-)2Hf-(NEtMe)2* + 2 H2OŸ  (-O-)2Hf-(OH)n*+ 2NEtMe

TMA

Al(CH3)3

H2O

TEMAH

Hf(NEtMe)4

Manifold

To pump
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Effect of TMA dose on thickness profiles
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H2O dose = 1.25 ɛmol
Â Fixed saturating water dose

Â Decrease in TMA dose (3.6 to 

0.43)  results in increasing but 

continuous thickness non-

uniformities (<30%)

Â Below critical dose, 

discontinuous profile

Â Higher growth rate at inlet

Â May result from localized 

OH* oversaturation as 

H2O/TMA increases and 

multilayer deposition

Â Higher growth at inlet 

aggravates TMA depletion 

near outlet

ALD cross-flow arrangements makes it easy to see when reaction is 

unbalanced as it amplifies consequent non uniformities
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Wafer 115  -  Current measured at -1.5 V

AVG constant = 3.74E-012 A

STD constant = 1.41E-012 A, or 37.82%
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Wafer 115  -  Current measured at -1.5 V

AVG constant = 3.74E-012 A

STD constant = 1.41E-012 A, or 37.82%

Estimated leakage current in center 7.7124e-007 A for 150 A thickness

AVG and STD determined from 163 points
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Thickness

Mean = 142.77
Min = 88.007
Max = 183.32
Std Dev = 24.103
Uniformity = 16.883 %
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Wafer 115  -  Capacitance measured at -1.9 V

AVG constant = 1.48E-010 F

STD constant = 2.59E-011 F, or 17.48%

Estimated dilectric constant in center: 6.222 for 150 A thickness
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Ex-situ wafer characterization

under water-starved conditions (0.8 ɛmol)
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Film properties across wafer

under water-starved conditions (0.8 ɛmol)
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Film properties across wafer

for TMA-underdosed films
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Combinatorial ALD
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oxidant

Numerous process recipe permutations in real-world ALD
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