IMAPS 2025 Device Packaging Conference | Phoenix, AZ

The University of Texas at Austin

/\
Cockrell School of Engineering SENSORHUT

Self-Aligned Fiber-to-Waveguide Configuration for
Enhanced Thermal Stability and Cost-Effective
Production of Nanoporous Waveguides for Sensing

Serrita McAuley,! William Winter,! Paul Clarkson? and Tanya Hutter!3

1SensorHut Ltd, Cambridge, United Kingdom
’Department of Chemistry, University of Cambridge, United Kingdom
3Mechanical Engineering, The University of Texas at Austin, Austin, TX, United States
Email:

2025 IMAPS Device Packaging Conference
March 5, 2025

01019


mailto:tanya.hutter@utexas.edu

IMAPS 2025 Device Packaging Conference | Phoenix, AZ

Gas sensing

* Gases (CO, NO,, O3, SO3, H,S, NO) Legal concentrations are well defined
* Particulate matter (PM;g, PM, :) Sensors exist

Toxicity is still unknown for most VOCs
* VVolatile organic compounds (VOCs) +

No affordable and accurate VOC sensors

o H3C\ //CH2
C rA Applications:
H™ ~H H,C H PP '

* Health and safety
Air quality

zzo
;

Chemical process
Homeland security

Medical diagnostics
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Volatile organic compounds (VOCs) sensing
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Need for small low-cost VOCs
sensors, able to distinguish
between chemically similar

compounds
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Nanoporous materials

Large surface area > high sensitivity, miniaturisation

Nano-porous silicon

* Simplicity and repeatability of fabrication
* High surface area 200 - 1000 m?/cm3
« Pore sizes 30A to 1um and porosities of 10-90%

e Compatibility with Si-based microelectronics

Adapted from: H. Ouyang et al., Frontiers in Surface Nanophotonics, 2007
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Nanoporous materials

Large surface area > high sensitivity, miniaturisation

» Capillary condensation: condensation of vapors inside
nano-pores well above their condensation temperature.

* Fully reversible.

High VOC
No VOC Low VOC gh VOX
concentration concentration
[ ] ® o
o o
® oo o
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Nanoporous silicon fabrication
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Optical properties

e Current density o Porosity o< Refractive index

* Brueggemann Effective Medium Approximation

Pores diameter << wavelength of light

 Filters / reflectors

(a) (b) (c) (d)
)
o

Reflectance
intensity (a.u.)

Wavelength (nm

A.Jane et al. Trends in Biotechnology 27(4) 230 - 239, 2009
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Thin-film interference

Fourier-transform
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Thin-film interference

Fourier-transform
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Sensing with a porous silicon layer

- empty pores
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Upon gas exposure

- increase in the
refractive index
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_ 3
Wavelength
Selectivity!

Real-time monitoring
Fast response
Fully reversible

Stable baseline
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Chemical surface functionalisation

* Oxidation o o_ o,
* Thermal, ozone, chemical Si — g Si
. Thermal Oxidation: -
Hydrophobic Hydrophilic
300°C 30min, 900°C 30min
(not stable) Sio,
* Silane chemistry o HO_J(O
. . . R—(CH Si—OH \ Substrate
 Known chemistry of attaching various (a3 0 O Surface
functional groups to Si surface, including HO™S
biological groups

/()[] a’()
R—(CH,)g Si\—O—Ji

. . . .o . \ _ Substrat
Good for bio-sensing with specific bio-receptors, OH 0 Surface |

but only partial selectivity for VOCs! HO_T"O
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Spectral infrared (IR) regions

Mid-IR
) ) ) Far-IR
uvlvis | NearIr OH/CH | +— Fingerprint Region —
Region

Wavelength 800 nm 2.5 um 5um 15 um 25 um
Wavenumber 12500 cm 4000 cm?® 2000 cm'l 666.67 cm1 400 cm

Near-infrared (NIR) Mid-infrared (MIR)

* Broad and weak absorption peaks e Strong and sharp absorption peaks

* Low sensitivity and selectivity * High sensitivity and selectivity

e Low-cost and compact components * Expensive and bulky components

Mid-IR offers good specificity of detection, however lacks sensitivity in the low-cost NIR region.
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Evanescent field fiber/waveguide sensors

fiber
core
cladding
Substrate
Neore > ncladding
d - Evanescent field penetration depth
embedded
channel
waveguide
* Widely used for liquid-phase sensing
— * Not sensitive in gas-phase

waveguide gas is a lower-density matrix, resulting in a small
number of molecules at the fibre/waveguide
surface at any given time
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Waveguide gas sensors

vk \‘ $ o'b"i
" ;‘5

Evanescent-field
sensing
Short light-gas
interaction
Low sensitivity

Slot-waveguide
sensing
Nano-sized slot along
the waveguide length
Medium sensitivity

Patents: US10732093B2, GB2525854B, EP3137880B1

pore size << wavelength of light

Nanoporous-cladding Nanoporous-core
waveguide sensing waveguide sensing
Upper cladding Waveguide core
facilitates gas sorption facilitates gas sorption

Medium sensitivity High sensitivity
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Waveguide gas sensors

Temperature of the porous material governs adsorption-desorption
0

)k/
Ty

(7] :
- .‘ [ .
& 10 MEK, IPA T AL ._
8 imonene m. ¢
Q 0
« 120 4 ‘s.;' '?.""3{’
2 % o-Xylene i B o
Q. 100
o
2
- 80 .= Toluene
o
@ 60
£ ¢
= Benzene

40

70 90 110 130 150 170 190 Nanoporous-core
Boiling point of compound, °C waveguide sensing
CHs CHa Waveguide core
CHa facilitates gas sorption
High sensitivity
benzene toluene ortho-xylene Limonene

Patents: US10732093B2, GB2525854B, EP3137880B1 01033
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IR spectroscopy: standard free-space vs porous waveguide

’ Path-length
i i Absorption
Light | |
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source ; i
! ! >\
Molecules dispersed in gas phase
Small absorption peak
f’f“'\\
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Patents: US10732093B2, GB2525854B, EP3137880B1
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Molecules condense in the nano-porous medium
High ‘effective’ interaction length

Strong absorption peak

Optical nanoporous waveguide

* Robust P
— e e < ° Sma” '
* Cheap
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Waveguide fabrication

|_-_|

~—

1. S1 wafer

2. Electrochemical etch to create
porous-Si

3. Sputter coat S102

e
~=

4. Spin photoresist

5. Edge bead removal exposure

~—

6. Develop to remove edge bead

—
-

7. Mask aligner and UV exposure

——

8. Develop to leave mask with
desired features

-

9. Pattern transfer into porous-Si by
DRIE

W

W

10. Photoresist mask and 5102
removal

11. Thermal oxidation

Legend

Crystalline Si
Porous Si

Sputter coated SiO,
Mask

Photoresist

Porous silica

Patents: US10732093B2, GB2525854B, EP3137880B1
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Waveguide sensor assembly

Gas out
Gasin

Spectrometer or
7 photodetector

Thermocouple

Broadband
light source
or laser

Optical fibre

Patents: US10732093B2, GB2525854B, EP3137880B1 01036
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Waveguide sensor assembly

Active optical alighment
Followed by an adhesive to secure in place

L Optical fibe

Aluminum

Substrate Failure after only

2-3 thermal
cycles!

Patents: US10732093B2, GB2525854B, EP3137880B1 01037
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Waveguide sensor assembly with
on-chip alighnment features

- No optical alignment, fibers ‘snap’ into position
- Waveguide and fibers on the same substrate, experience same thermal cycling

Aluminum

Substrate

Patents: US10732093B2, GB2525854B, EP3137880B1 01038
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Waveguide sensor assembly with
on-chip alighnment features

SEM HV: 5.0 kV WD: 20.16 mm
SEM MAG: 19 x Det: SE
View field: 14.2 mm Stage Tilt: 50.0°

(a) Three waveguides on one chip

Patents: US10732093B2, GB2525854B, EP3137880B1

e TN
SEM MAG: 100 x Det: SE 500 ym

View field: 2.76 mm . Stage Tilt: 50.0°

(b) Alignment features, side view

01039

Nanoporous
alignment structure

Space for an Nanoporous
optical fiber waveguide

Nanoporous
alignment structure

SEM HV: 5.0 kV WD:49.95 m — 'B__L:‘ELELI MIRA3 TESCAN

SEM MAG: 268 x Det: SE 200 pm
View fleld: 1.03 mm Stage Tlit: 0.0°

(c) Alignment features, top view
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Waveguide sensor assembly with
on-chip alighnment features

(a) Alignment features, side view (b) Alignment features, top view

Patents: US10732093B2, GB2525854B, EP3137880B1 01040
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Optical transmission and properties

Light source Spectrometer Light source Spectrometer
L J L Waveguide \_J
(a) (b)
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(b) Transmitted spectra though optical fibers

(a) Waveguide absorbance spectrum
with and without the waveguide

N. Barua et al., Spectral comparison of nanoporous silica-adsorbed organic molecules with gaseous and
liquid states using a new waveguide technology, Vibrational Spectroscopy 125, 103496, 2023

Patents: US10732093B2, GB2525854B, EP3137880B1 01041
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IR spectroscopy: standard vs nanoporous waveguide

Transmission, %
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Patents: US10732093B2, GB2525854B, EP3137880B1

Transmission, %
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4,000 x increase in the sensitivity per
mm path-length compared to free-space
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Gas, liquid and MOP-VOC

8F [ |
Isopropy! alcohol, 6 |- — Gas-phase
900 ppm E —— MOP-VOC
OH S 4
Y b
HsC™ CHs &
2 2
-
£
When compounds are 2 0
concentrated in ;
nanopores, they adopt | | . | |
a liquid-like phase. 1600 1800 2000 2200 2400

Wavelength/ nm

Patents: US10732093B2, GB2525854B, EP3137880B1 01043
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IR spectroscopy: standard vs MOP-VOC

Absorption signal

25 7 o 10 cm path-length Wavel h
standard gas cell at 25°C avelengt
o 20 1
8 Absorption signal
Q
8 151
@ o
3 Smmpath-length | A
g 1.0 - nano-sponge at 25°C
o Wavelength
o
o
< 05 ]
100 mm standard, 25°C Absorption signal
0.0 X—x X— *— X M
0 1000 2000 3000 4000 5000 6000 Al
. 5 mm path-length
H,0 concentration, ppm nano-sponge at 5°C
Wavelength
5,000 x increase in the sensitivity per mm path-length compared to free-space @ 1055 ppm H,0 and A = 1900 nm

Patents: US10732093B2, GB2525854B, EP3137880B1 01044
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Classification of VOCs in NIR using MOP-VOC

—— Propanol
—— Diisopropylamine
-—— Water

—— Benzaldehyde

—— Decane —— Toluene
—— 1-Decene Ethyl-Acetate
——— 1-Octyne —— Qctanal
Examples for: " — A~ N\l
Alkene A
Alkane __J .
Alkyne H
Aromatic
Ester
Aldehyde . AN
Alcohol
Amine A
Water

Normalised Absorbance / AU

um 15
cm~! 6667

Patents: US10732093B2, GB2525854B, EP3137880B1
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Conclusions

 Nano-porous materials improve sensor sensitivity by adsorbing VOCs
 New nanoporous waveguide technology

* Three orders of magnitude increase in sensitivity compared to standard free-
space gas detection

e Possible to distinguish between key chemical bonds using NIR (1-2.4 um),
therefore enabling selective VOC detection

 Temperature modulation offers additional selectivity and ability to ‘clean’ the
waveguide between measurements

* Positioning of the porous waveguide, the porous alignment structures, and the silica
optical fibers on the same substrate

* No optical alignment required
e Stable over thousands of thermal cycles

Patents: US10732093B2, GB2525854B, EP3137880B1 01046
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Thank you

Tanya Hutter, PhD

The University of Texas at Austin

SensorHut Ltd
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