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Need for new sensing technologies to Harsh Environment
meet the requirements for zero Chemical Sensors
emission energy sources Goals of Research are Two-Fold
Nanocomposite Materials 1. Develop prototype nanorod
*Optical analysis of Au SPR bands materials for use in next
*YSZ, Ti0,, CeO, matrix materials generation sensing devices
*500-800°C operating environment . Sensitivity, reliability,
*SOFC, Jet engines, turbines selectivity

*CO, H,, NO,, R,S 2. Design and develop bulls-eye

energy harvesting structures

Why do we need energy harvesting?
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General Overview of Lab Bench

30 —300nm

Experimental Sefup Sample Array—

Quartz
Flow Tube

——

] Shutter UV filter SafRiEe
ccDl _:::\ ‘ll l ' Substrate
|.———- ey | QTH M YSZ, CeO,, TiO
\\\\\ l’ 1 /I‘_- NN B - __[l-_E Lam ? 1
W | P Au
Wil by
Wil 1y Lens
\\\l |'l ||Il |
oy Iris l 1
Spectrograph Gas Gas
P Jrap Outlet Inlet
c Exposure Plot
.‘g 630 . .
g » § o) This 1s too complex
s g 628 - o o
2 < el for integration...
S 626} | .
600 “ 62 | ON | OFF | | ON | OFF

624 L ——

Wavelenith ‘nml " Time ‘ YSZ = Yttria Stabilized Zirconi:
cnse.albany.edu



COLLEGE OF NANOSCALE

SC[ENCE & ENGINEERING
SITY AT ALBANY S niversity of New Yor!

The Concept Combine energy harvesting bulls-eyes with

patterned nanorods
Heat activated plasmonic based chemical sensor

(1) Bulls-eye
* Absorbs thermal energy
* Emits light

(2) Nanorods
Transmitted light
dependent on gas

cxposure [ P—— Y %/\MMW
Too“ -'-' ‘4 - ' 5 ]
3 | A
[ S | o~
No external light H : :
source required Furnace /

No expensive Y
detectors needed \
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Research Objectives: = =

@Optlcal modeling of both nanorod and energy harvesting
plasmonic devices (FDTD)

@Development of e-beam patterned arrays of Au nanorods
embedded in metal oxide matrices with optical responses in the
600 nm to 1200 nm range.

@Design and development of a plasmonic energy harvesting light
source.

@Stability and selectivity testing for the detection of target gases in
the presence of interfering species. Principle component analysis
(PCA)

S)Development of a single wavelength sensor testing station

6)Design of packaging details

cnse.albany.edu




Bulls-eye Basics: Thermal Excitation of Plasmons

A O L I S AR 1 a1 e B NGNS

Light absorption Thermal emission
(reverse process)

e According to Kirchhoff’s law, emissivity = absortivity.

¥ Plasmonic structures such as metallic gratings, bull’s eye
etc. can modulate optical absorption. Conversely, they
can also tailor thermal emission at higher temperatures,
via converting thermally generated plasmons to light.



Smoothness vs. Resonance Linewidth

b e il PRSI So SRR SR
Nagpal Lindquist, Oh & Norris, Science 325, 594 (2009)
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¥ Resonators and gratings with ultra-smooth surfaces show
sharp plasmon peaks

B Template-stripped Ag bull’ s eye shows a sharp and
directional absorption dip with the linewidth below ~10
nm.

¥ The same structure made by direct FIB milling showed a
broader and much weaker peak.
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Background - Au Nanoparticles as Optical

- ‘ ‘ ‘ Beacons For Transduction Events
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Q -SPR Frequency
N - free electron number

m, - electron mass
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%" (Q)-Interband trans. dielectric const.
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Example of Data Acquisition
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Position Exposure Plot
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Sensing Tests on MBE grown Au-Ceria-

3.98

H}zdrogen at PSOOOC
_ r :

394+

3.92

390+ | _

peak position (eV?)

200% ?)'83% 5.00% g g30, 5.00%
’ 20 g0, 8% *Ceria is 200nm thick
3.86 2 1 < s
H, Concentrations: *Gold is lmplanted to
001, 0.05,0.20, 0.50, 1.00% depth of ~75nm
| | 90-min exposures 7
*Post annealed to 1000°C
° i ’ " umern "~ +Gold particle size ~30nm

Reliability has been tested into hundreds of hours

Nicholas A. Joy, Manjula I. Nandasiri, Phillip H. Rogers, Weilin
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Selectivity Challenge

How to Discriminate
Between Gases?

Data Analysis Exposure Materials
(extract selective information) Conditions (influence selective reactions)
* Principal Component Analysis  Temperature
* Linear Discriminant Analysis
* (Neural Networks, Cluster Gold
Analysis. .. Metal Oxide .
ysis..) Particles
*YSZ *Size
*Ti0, *Shape
*CeO,

cnse.albany.edu



Sensor Array Studies

Element 1: MBE grown CeO, with implanted gold

*Ceria is 200nm thick

*Gold is implanted to depth of
~75Snm

*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, Exposure 2 200 300 2

Exposure 3 1000 500 10

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

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

~10 at.% Au i

*Simultaneously Compare Sensing Characteristics
*PCA performed for Selectivity

*Detailed analysis to be completed for sensing mechanism analysis



co | No,
Exposure 1 200 2
Exposure 2 300 5
Exposure 3 500 10
Exposure 4 1000 20
Exposure 5 2000 98

Peak-Squared (eV?)

3.893

3.876

3.859

3.842

4114

4.097

4.080

4.063
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3.584

3.552

Simultaneous H, Exposures in Air

Au-CeO2 film

Au-YSZ film[

AU-TiO, film|_
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Time (hr)
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45
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H, APeak vs Concentration
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Sensor Array Analysis: Applying
PCA
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PCA Analysis of Sensor Array Data

PC2 vs PC1
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Why Au Nanorods?

1. Two SPR absorbance peaks s A
2. Tunable longitudinal peak position <—

3. Catalysis by gold nanoparticles 1s aspect ratio = ba
size dependent!!]

4. Sensitivity is shape dependent!?! Longitudinal peak rd Longitudinal
. change§ in th(la dl.ele,c‘[f}.é Peak
[2] 428 A
= || Transverse |gf: :
-g‘z- ;
Challenges: =
] ey Cogl
1. Thermal Stability el
2. Show sensing response from 2= =4
ok . " “s" -
both peaks 5006 ot 2000500 80%0 900 1507080 3060

AL (nmVavelength (i )nm)

[1] M. Haruta, “Size- and support-dependency in the catalysis of gold,” Catalysis Today, vol. 36, no. 1, pp. 153—-166, Apr. 1997.

[2] K.-S. Lee and M. A. El-Sayed, “Gold and Silver Nanoparticles in Sensing and Imaging: Sensitivity of Plasmon Response to Size, Shape, and Metal
Composition,” The Journal of Physical Chemistry B, vol. 110, no. 39, pp. 19220-19225, Oct. 2006.
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1. Quartz Substrate

Quartz

Au Nanorod Fabrication Process

4. Pattern PMMA

PMMA

7. Evaporate Ti/Au

Quartz

2. Deposit & Anneal YSZ

Quartz

8. L PMMA
YSZ N/

~20n

Au ”i 5nm Ti

YS Z ~30nm

3. Spincoat PMMA, Evaporate Cr

PMMA

Quartz

9. Deposit YSZ capying layer
Quartz Substrate

Quartz
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Thermal stability monitored with optical spectroscopy and
. ESEM
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*ESEM images Courtesy Zhouying (Joyce) Zhao
**FIB Courtesy Tom Murray
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Summary of the Sample Used for Sensing Tests

Absorbance (arbitrary units)

500 600 700 800 900 1000 1100

el | ——300 i ——| Wavelength (nm)
* 44 x 130 nm nominal dimensions * 500°C, air background
* 15 nm YSZ capping layer * H,, NO,, and CO sensing tests
* Annealed up to 600°C for 6 hours * Both peak positions monitored

cnse.albany.edu
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H, Exposure Plots at 500°C in Air
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change in left peak position (nm)
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Nanorods: CO sensing data

44x130nm rods
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change in left peak position (nm)

Nanorods: NO, Sensing Data

500°C 1n air, 44x130nm rods
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Thermal Stability Tests of Bulls-eyes:

Sample Cross-Section



Varying the Bull’s Eye Dimensions
By changing
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*A crack in

the Au film

happened
to go
through this
bull’ s eye
from the
400°C
anneal




Sample2
D2-7

While bulls-
eye survived,
thermal
damage
occurred
across this
substrate as
well
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Summary and Future Work
o Developed ebeam lithography techniques for depositing
patterns of Au-metal oxide nanoparticle arrays

o Demonstrated thermal stability characteristics of nanorod
samples

o Sensor testing or rod arrays in progress
o Bulls-eye design and development in progress
o Thermal stability optimization steps continuing

cnse.albany.edu
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