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Need for new sensing technologies to Chemical Sensors

meet the requirements for Zero

emission energy sources Goals of Research are Two-Fold

Nanocomposite Materials 1. Develop prototype materials for

*Optical analysis of Au SPR bands use 1n next generation sensing

*YSZ, Ti0,, CeO, matrix materials devices

*500-800°C operating environment e  Sensitivity, reliability,

*SOFC, Jet engines, turbines selectivity

*CO, H,, NO,, R,S 2. Determine fundamental material
: .v..,_ - properties/dynamics/kinetics

_%‘ “‘\\j\‘,. which govern the sensing
mechanism
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« Sample preparation
PVD deposition of 10 at. % Au-YSZ(TiO,) films in 5 mtorr of

Ar

~1800 sccm of Ar

-MBE grown CeO, with implanted Au nanoparticles

-PNNL

Gas exposure bench

Sample

CCD

Monochromator
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Film thickness is varied by changing deposition time
Films are annealed at ~900 °C for 2 hours at 760 torr and

path
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Optical Beacons For Transduction
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Volume cell of one AUNP Same volume cell exposed Volume cell then exposed
and corresponding YSZ to a AuNP oxidizing gas to a AuNP reducing gas
matrix in inert gas
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*YSZ. is an oxygen ion conductor above ~350°C
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Sensing Tests on MBE grown Au-Ceria’

Hydrogen at r;5()0"C
f
f

3.98

3.96

;%’ 3.90 A1203
Lo 2B3% 5009 g s 5.00% 3o
’ 2 0 g 0y 8% Ceria is 200nm thick
386 2 1 9] °
H, Concentrations: *Gold is 1mplanted to
0.01, 0.05, 0.20, 0.50, 1.00% depth of ~75nm
“ | 90-min exposures |
*Post annealed to 1000°C
° i ’ " amem 7 Gold particle size ~30nm

H, + O + Au?**/ CeO, — H,O+ Au/CeO,

Charge donation back to the Au nanoparticle
Blue shift of the SPR band

“In collaboration with M. Nandasiri, S. Kuchibhatla, T. Suntharampillai @ PNNL College 0f NanoScale Science and Engineering
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Similar equilibrium charge exchange analysis as previously performed for Au-YSZ*

*Rogers. P. H.: Sirinakis, G.: Carpenter, M. A. J. Phys. Chem. C 2008, 112, 6749 C0llege of NanoScale Science and Engineering
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An assumption within current model is that the dielectric function is

constant
6104 | 06— —— 1 Ne’
£ o4l < Q=_|7 ——
6102 | son ° ] (1+ 2¢, +x" (Q))ne4ﬂgoR3
< 01F a
0.0 - l ‘ . -
6100 " ‘mogmareem | *Filling oxygen vacancies likely
Eoost .l W | increases polarizability of
fgepel £ = = | eDielectric function should
A& w1zl sl sl 2 1  increase as well
s00.2 | Syl 2 W | e\ g, will cause red shift in SPR
(l) ] :1(1)6 " '2(1).0 - 32)0: :,\4:(130:‘_I: 5(130 . . . .
time (min) *Vacancy filling coincides with

WN and a red shift in SPR

Deconvolution of AN and Ae,, requires in-situ measurement of €,

which is of interest
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peak position (eV?)

s00°c ,

NO, in Air
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peak position (eV

peak position (eV?)
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peak position (eV?)

Au-Ce0, - 500°C
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PC2 vs PC1
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’% UN IVE RS ITYATALBAN Y Principal Component Analysis
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Sensor Array Studies

Element 1: MBE grown CeQO, with implanted gold

*Ceria is 200nm thick

*Gold is implanted to depth of
~7Snm

*Post annealed to 1000°C
*Gold particle size ~30nm

*Au ~ 8 at. %

Element 2: PVD Au-YSZ

e ~30nm thick Au-YSZ SOOOC

*Au particle size ~25nm H, | CO | NO,

~10 at.% Au Exposure 1 200 200 2

Element 3: PVD Au-TiO, posure? 0 I

Exposure 3 1000 500 10

* ~30nm thick Au-TiO, Exposure 4 5000 | 1000 20

*Au particle size ~25nm i ; 10000 | 2000 o8
xposure

~10 at.% Au

*Simultaneously Compare Sensing Characteristics
*PCA performed for Selectivity

*Detailed analysis to be completed for sensing mechanism analysis



Simultaneous NO, Exposures in Air

: T ~ T T 1 1 "1
3681 Au-CeO2 film
I
3.677 |
H, | co | No,
Exposure 1 200 200 2 3.672 |-
E 2 500 300 5 [
Xposure 1668 L
Exposure 3 1000 500 10 1 | 1 | |. | 1 | 1 | 1 | 1 | 1 | 1 | 1 |
—~ 39114 | Au- SZ film
Exposure 4 5000 1000 20 N>
> i
Exposure 5 10000 2000 98 ; 3.9061 |-
o
S 3.9008 §
O
ml -
_CYU 3.8955 |
(O] | I PR [T SR NN W T NN TN MW MW
o

1 1 1

3.5154 |-
3.5112

3.5070 -

10 15 20 25 30 35 40 45 50 55
Time (hr)



NO, APeak position vs.
Concentration
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Simultaneous CO Exposures in Air
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APeak-Squared (eV?)

CO APeak position vs.
ancentratipn
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NO,
Exposure 1 2
Exposure 2 5
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Exposure 4 20
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H, APeak vs Concentration

> O O
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PCA Analysis of Sensor Array Data

PC2 vs PC1
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*45 observables ( S gas concentrations, 3 target gases & 3 [O,]

*~175 wavelengths used as inputs from the spectra



PCA Analysis of Sensor Array Data

PC3 vs PC2
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PC3

PCA Analysis of Sensor Array Data

PC3 vs PC1
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H, Sensing Mechanism
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Analysis of sensing mechanism across the array is in initial stages



Material Control: Electron

-Size and shape control Beam Lithography of AuNPs

*Tune catalytic properties

Tune the optical probe signal

Pattern 3 UV-VIS
Different Polarizations 90 X 580nm l’OdS

Longil:fudina
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Laterali SPR
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Sensing analysis with imaging spectrometer



Pattern 3
Parallel Polarization 90 x 580nm rods

0.6
- Pattern 3 |,
0.5 -
- Pattern 3 Background
=
-2 ©
—_ 0.4 .
3 &
& 2
o 2
c 03~ M2 e
m o=
£ E
Q =
5 2§
0.2 - &0
(&)
©
o
0.1 - - 0.5
0 | T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T O

1 11 12 13 14 15 16 17 18 19 2 21 22 23 24 25 26 27 28 29 3 31 32 33 34 35

Wavelength (um)

Ebeam pattern geometry changes can tune plasmon wavelength deep
in NIR and even the mid-IR



In-situ Analysis of SPR bands

Quartz—GOLD-YSZ sample

*Thermal ramp to 800°C in argon
*Ramp time is ~1hr

*incoming light was unpolarized

23°C

Pattern1 44x15(

*Rods appear stable
up to ~700°C

*Rods clearly have a
drastic change at
higher temps

*Post analysis ESEM
has been done

abs (a.u.)

00 600 700 800 900 1000 1100 1200
wavelength (nm)



ESEM Post Analysis — 10hr anneal up to 800°C

Before

ag [x 0.0111mm|  —100 nm—

%
*Ebeam patterned rod sample had dramatic structural change

*Plasmon peak position blue shifts ~300nm
*Signal/noise ratio is ~50:1, high contrast, Large A Shift



NIR Spectra — Ebeam patterned Au on Silicon

010 T T T T v I T | !
_ 44 x 150 NIR Spectrum ! §i-YSZ-Au-YSZ
0.08 | Annealed for 12 hrs at 600°C .
- Light Polarization: T ?pe.c“a
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0.06 | i .
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S 0.
o]
<

2.0 ,
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Sensing tests on ebeam samples have begun

L
Signal A = InLens Date :7 Feb 2011
Mag = 100.00 K X Tilt Angle = 0.0°

EHT = 1.00 kV
WD= 3mm
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Summary

o Efforts this past year have focused on developing a library of Au-metal oxide
plasmonic sensing elements for parallel testing

o PCA analysis shows promise for selective detection of emission gases
o Demonstrated enhanced control of metal oxide characteristics — MBE

o Developed ebeam lithography techniques for depositing patterns of Au-metal oxide
nanoparticle arrays

o Demonstrated thermal stability characteristics

Future Efforts

o Continue development of multi-variable sensor array development
o Enhanced sensitivity and selectivity

o Testing a Sm-doped ceria sample deposited by PNNL, enhanced oxygen ion
diffusivity — array test with un-doped ceria

o Testing ebeam patterned AuNPs
o Develop understanding of sensing mechanisms across array elements
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