! h Leaders in Digital Camera Solutions

photonics

Seeing life in Short Wave Infrared

The role of InGaAs based cameras in scientific and industrial imaging
October 2020
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InGaAs-Focal Plane Array detector ©

Photons g
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AR Coating

Thinned InP Substrate
InGaAs Layer
Indium Bump Bonds

CMOS - ROIC
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Thick or Thin?  SWIR or vis-SWIR ©
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Indium Metal 900nm to 1700nm

Bump Bond

_—— 600nm to 1700nm

w O O 0 0 0 0 &

ROIC (CMOS)
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Typical QE for Vis-SWIR InGaAs detector ©

photonics

100
90
80
70
60
50
40
30
20
10

0
600 800 1000 1200 1400 1600 1800

Wavelength (nm)

*Data supplied by sensor manufacturer

Quantum Efficiency (%)

Company Confidential: Raptor Photonics 2020 www.raptorphotonics.com



A PR

14
:
i§
{ Al i { l-!
i { N b Y
l;\ ‘ ] | | g ".
gl!" 150 NG q
Y | ; {
1} 4, i
o

PO Sont b b i P,

~~rpi

Can

o

photonics

Non Uniformity Correction
+ Bad Pixels

Performed Live by the
on board FPGA

www.raptorphotonics.com



Pixel Value (DN)

Dark Current from +30°C to -30°C
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Occurrence (¥ of pixels)
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100 200 300 400 500 800 0 100 200 300 400 500 600 Pixel Value with Frame (DN)
Pixel Column Number Pixel Column Number .
Histogram plots of 100ms dark frames taken at
The effect of dark current on the image can be visualized by comparing two different sensor temperatures in high gain mode.
dark frames of equal exposure time, acquired at different sensor
temperatures

Ref: White Paper (July 2020) - High Performance SWIR Imaging Cameras



SWIR cameras 10 years ago Oyene

| owlHs/320
Resolution 320x256
30pum
Readout noise
(High Gain) <150 e-
Readout noise
(Low Gain) <700 e-
<200,000 e-
Spectral Range 900-1700 nm
Peak QE 75%
Pixel Well Depth
(High Gain) 170,000 e-
Pixel Well Depth 3,500,000 e-

(Low Gain)




SWIR cameras
|| oOwlHS/320 |  Owl640 |  Ninox 6401l |

Resolution 320x256 640x512
30pum 15pum
Readout noise
(High Gain) <150 e- <50 e-
Readout noise
(Low Gain) <700 e- <195 e-
<200,000 e/p/s <50,000 e/p/s <1,500 e/p/s
Spectral Range 900-1700 nm 600-1700 nm
Peak QE 75% 92%
Pixel Well Depth
(High Gain) 170,000 e- 10,000 e-
SCEIEE  3500,000 e- 650,000 e-

(Low Gain)
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SWIR cameras Today

| swe_ | VIS-SWIR
Owl 6405 Minox 840 S5U Owl 320 HS Owl 640 M Owl 64011 Owl 640N Owl640 T Ninox 640 11 Ninox 1280
[nEw) ‘

Sensor InGads InGaks InGahs InGahs InGafs InGaAs InGafs InGals InGaAs
Sensor Type 213" InGads 23" InGals 2137 InGaks 213" InGahs 213" InGaAs 23" InGahs 1127 InGals 23" InGals T InGahs 1" InGakls
Sensor Skze 032MP 0.3ZMP Q0EMP 0.32MP 0.32MP 0.32MP 0.32MP 0.32MP 13MP 1L3mp
Array Size jphels) 640 x 512 640 x 512 320x 256 640 x 512 &40 x 512 640 x 512 640 x 512 &40 x 512 1280 x 1024 1280 x 1024
Pixel Pitch {um) Exis 5x15 30x30 15x15 15 %15 15x15 10 x10 5 x15 10 x10 1010
Actrve Area (mm) 96x 768 96x 768 0E x 768 06 x 768 06 x 7168 9Ex 768 64x 512 06 x768 12.8x1024 128x10.24
Full Well Depth LG 10ke- LG: 1.4Me- HE: ke LG: 650ke- L&: 200ke- LG: 650ke- LG: 450ke- LG: 650ke- LG: 450ke- LG: 450ke-
LG = Low Gain HG = High Gain HG- 35ke- HG: 43ke- HG: Gke- HE: Wke- HE: 10ke- HG: 10ke- HE: ke HE: 10ke- HE: 10ke-
Dugitization {hits) 12 1 ! 14 14 4 12 " 12 12
Typical Readout Noise (AMS) LG: <B5e- LG: <390e- HE- 275e- L& 178a- LG: 174e- L& 150e- L& 160e- LiG: 150e- LG 160e- LG: 160e-
LG = Low Galn HG = High Gain HE: <50e- HiE: <30e- HEG: 38 HG: 36e- HG: 182 HG: 47e- HEG: 18e- HG: 47e- HG: 47e-
Mz Full Resolution Frame Rate (Hz) 300 100 349 20 120 120 &0 120 60 | &0
Peak Quantum Efficiency 80% & 1.5um 80% & 1.5pum >00% @ 13pm >00% & 1.3pm >80% @ 13um =00% @ 1.3pm >20% @ 1.3um >80% @ 1.3pm >30% & 1.3um =80% @ 1.3um
Speciral Response {nm) 900 - 7700 D00 - 1700 B00 - 1700 600 - 1700 600 - 7700 B00 - 1700 600 - 1700 600 - 1700 B00 - 1700 600 - 1700
TE Coaling Active -BOFC Active Mone Active Active Active Acthve Active Active
Typical Dark Current j/pi's) Unspecified <100 =200,000 Unspecified <2B,000 <28,000 <28,000 <1500 <19,000 <2,000
Dynamic Range (Typical Value) e LG: TidB - LG: 72dB LG 6248 LG 73dB LG 53dB LG: 73d8 L& 69dB | LG: 69dE
LG = Low Gain HG = High Gain HG: 63dE HG: 43dE HG: 49dB Hi: 5548 HG: 47dB HiG: 55dB HG: 47dB HG: 4748
Lens Mount C miount C mount C mount C mount C mount C muounit C mount C maunt C mount C mount
Dimensions {mmj) 75 x50 % 50 120 x 12 x 94 75 x 50 50 62 x 42 x42 69 x 50 x50 9150 x 50 68 x 50 x50 TxTIxTO 68 x 50 x 50 BTxTOx 79
Weight jg) 50 <15k 250 0 282 250 247 550 247 | B0

‘D\Roptor
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What factors determine your choice of camera? ‘D

*  Wavelength: SWIR (0.9-1.7um) or Vis-SWIR (0.6-1.7um)

*  Resolution and pixel size: VGA to HD, 30pum to 10um

*  Exposure: Determines level of cooling required

*  Sensitivity: Determined by strength of signal or subject matter

*  Speed: Determined by experiment / sample

*  SWaP / Customisation: specifically for OEMs and Instrumentation companies
*  Budget

Company Confidential: Raptor Photonics 2020 www.raptorphotonics.com



Scientific VIS-SWIR Applications ©
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Hyperspectral Imaging

AO for Free Space Optical Communication
Silicon Wafer, Solar Cell, MicroChip Inspection
Nanoparticles Fluorescence Imaging

In-Vivo Imaging

YV V VYV V V

Astronomy
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Plastic Sorting ©
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Working with OEMs using a hyperspectral system including
spectrometer, camera, lens, software, lighting. Able to sort:

> PETE > PS

» HDPE > PVC

» LDPE » Tetrabrick

» PP » Multilayer Film

/N
OEEE

Al

Pl HOPE PVC LDPE

OWL 320 HS (900-1700nm @ 350fps)

NIR Response (Spectra) of Some Plastics
and Schematic of NIR Plastic Sorting Unit
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Space — Earth Observation ©
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Rocky Fire, California 7
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Active fires

Rocky Fire, California, August 2015, Nasa imagery
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Earth Monitoring, Analytics, Imagery ©
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Raptor SWIR cameras are currently being tested in several Low Earth Orbit (LEO)satellite
applications.
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High-speed Free Space Optical (FSO)
Communications Beam Trackers

>

>

High bandwidth wireless communication links over a long
distance.

Link performance severely degraded by atmospheric
turbulence induced effects including intensity fluctuations,
phase fluctuations, beam wandering and beam jittering.
YAG & "eye-safe" laser wavelengths (1.06 and 1.5 pm)
typically used in adaptive optics systems to correct imaging
systems for atmosphere turbulence.

OWL320 High Speed — up to 1K fps

Company Confidential: Raptor Photonics 2020
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Free Space Optical Communications

Image courtesy of Penn State

www.raptorphotonics.com



Solar Cell / PV Panel inspection ©
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Damaged

Lower efficiency

Ref: App Note (July 2020) - Drone-Based Daylight Electroluminescence Imaging of PV Modules using SWIR Cameras
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Silicon Wafer Alignment

Using SWIR for monitoring of wafer bonding process
Pure silicon is transparent in SWIR at room temperature
Heavily doped silicon becomes more and more opaque as
the temperature increases (>200°C)
» Allows for extremely precise alignment thanks to

OWL 320’s high sensitivity, speed, and ease of use
» With the right alignment markings and procedure, accuracies better than 5um have been
> achieved using the Raptor Photonics” OW1.7-CL-320.

Figure 1: OW1.7-CL-320 wafer alignment 200°C Figure 3: OW1.7-CL-640 alignment

YV V

Figure 2: OW1.7-CL-320 wafer alignment 400°C Figure 4: OW1.7-CL-640 aligned

Ref: App Note (2014) - Silicon Wafer Alignment with SWIR Camera
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Silicon Wafer Inspection O
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» Using SWIR for pattern alignment, pattern defect

inspection and edge position bonding inspection
» Defects include trapped air, air pockets, micro-cracks and
other fine features caused by photonic emissions
Silicon becomes translucent at wavelengths >1150nm
2D FPA InGaAs cameras are ideal for detecting wafer defects
The low noise and high sensitivity of Owl 1280 camera
allows for quick detection of any defects in the wafer,
improving quality and reliability

YV V

Ref: App Note (July 2020) - Silicon Wafer Inspection with SWIR cameras

Company Confidential: Raptor Photonics 2020 www.raptorphotonics.com



Visible

MIT Bawendi Group

Using the shortwave infrared
to image middle ear
pathologies

Jessica A. Carra, Tulio A. Valdezb,c,1, Oliver T.
Bruns, and Moungi G. Bawendia

Demonstrated the unique transmission of SWIR light
through tissue improves resolution of anatomical
structures lying behind thin tissue membranes like
the ear drum. We therefore significantly improve
imaging of underlying middle ear anatomy.

Promontory

Membrane

Tensor Eustachian
Tympani  Tube
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MIT Bawendi Group
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NIR | imaging v. NIR-Il imaging O

» NIR-l imaging is defined at 700-900nm - the current clinical standard for fluorescence
imaging.

» NIR Il imaging is 1000-1800nm — lots of new research being published using new dyes,
markers and Rare Earth Nanoparticles (RENs).

» The longer wavelengths of the NIR-Il window are less affected by absorption and scattering
effects, thus improving signal-to-noise ratio (SNR) and depth of tissue penetration,
potentially allowing for improved visualization of deep structures.

» ltis likely to accelerate the clinical translation of NIR-II fluorescence imaging for
lymphangiography, and intra-operative procedures in both general and oncologic surgery.

» Requires InGaAs based cameras to image beyond 900nm.

Company Confidential: Raptor Photonics 2020 www.raptorphotonics.com



Fluorescence imaging in the second near-infrared window (NIR-II). ©
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Glass tubes

filled with
ICG solution Chicken tissue

Glass tubes (1mm inner diameter) were filled with indocyanine green (ICG) solution
and inserted through a piece of chicken meat at different depths to simulate
overlapping blood vessels. (A) Bright-field (visible light) image showing the tubes and
the tissue. The portion of tubes that penetrate the tissue is not visible in the bright-
field image. (B) NIR image clearly enables visualization of the ICG-containing tubes
passing through the tissue.

Zbigniew Starosolski, Senior Research Scientist, Department of Pediatric Radiology,
Texas Children's Hospital.
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Fluorescence emission in NIR-Il window testing in-vivog,
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The depth of tissue penetration was determined by performing NIR-II fluorescence imaging in
a calf liver tissue phantom. A comparison of the NIR-Il cameras once again demonstrated
improved performance of the Ninox camera compared to the Xenics camera. Due to the low
sensitivity of Xeva camera, IR-RB808 was only visible at 3 mm depth. The NIT camera was
unable to detect either IR-RB808 or IR-E1100 signal in the liver tissue phantom.

Fig.1. Tissue phantoms — calf liver tissue; compare either IR-RB808 and IR-E1050 (include
SNR analysis). Imaging calf liver phantom (A) with inserted capillary tubes :3 mm and 6 mm
depth from surface. (B) Ninox-Raptor image of either IR-RB808 in ethanol, (C) Ninox-Raptor
image of IR-E1100, (D) Xenics-Xeva image of ICG in ethanol.

ThorLab LP filter 1100 nm, Laser source: 808nm@0.2W with beam expander.

Company Confidential: Raptor Photonics 2020 www.raptorphotonics.com



Fluorescence emission in SWIR window 7\7\
testing in-vivo

In vivo testing in mice was performed using the most sensitive SWIR camera, Raptor — Ninox 640
camera. Figure 2 shows the visible light image of the hind limb of an animal captured by the camera.
The femoral artery was visualized using the IR-E1100 (Fig.2B) and with IR-RB808 (Fig.2C).

R D ™

Fig.2 In vivo images and quantitative analysis — hind limb: compare IR-RB808 and IR-E1100 on Ninox-Raptor. In-
vivo imaging Figures A- C: (A) Hind limb — visible light, (B) IR-E1100 400ms exposure (dye conc. in stock solution
~ 220 pM), animal injected with ~ 0.3 mL (~ 7x dilution in blood), (C) IR-RB808 200 uM 400ms exposure.
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Applications: Surveillance “©Raptor
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» SWIR cameras used in surveillance applications including
airborne, land and naval gimbals & turrets

» Long range surveillance

» NVGs - SWIR will replace Image intensifier tube for the
next generation of Digital night vision



SWIR Future: Medical Surgery

AD\Roptor
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Work has started to
include SWIR technology
into medical instruments




SWIR Future : Automotive

Sensors
Lasers, radars and
cameras detect objects

Rounded shape

in all directions
Maximizes sensor

field of view
Interior
Designed for
riding, not for r ‘

e Computer
Designed specifically
for self-driving

Electric

batteries
To power the Back-up
vehicle systems

For steering, braking,
computing and more
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Astronomy — Images of Venus O
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Investigating irregularities in the Venusian atmosphere ring arc to
reveal the ground structures of Venus in NIR. For surface observations
(night side) through the clouds of Venus require a spectral window
around 1000 nm. Observations at wavelengths beyond 1.0 microns are
very interesting to observe the lower clouds of Venus through the
infrared radiation that escapes from the planet through holes of lower
cloud content at an altitude of about 50 km above the surface.

R drstion 20 minls Greseent The Ninox 640 Il SWIR camera was able to reveal the surface and the
sta ime: H

Telescope: Celestron 11 EdgeHD + Baader lower clouds in one Image.

Fluorite Flatfield Converter (FFC) H

Camora: Ninox 640 I SWIR comera Images courtesy of Dr. Sebastian Voltmer.

Filter: Baader prototype Sloan-Z www.astrofilm.com | Insta: @sebastianvoltmer

Camera settings:

. Surface & nocturnal deeper clouds:
12,000 frames at 90,000msec, 10 FPS,
sensor temp. -31.7C + Dark Frame of
12,000 frames
Crescent: 12,000 short exp. frames, 30
FPS

Ref: App Note (August 2020): Imaging Venus with a Scientific SWIR camera
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Questions?

Raptor Photonics i h I ° ! Quantum Design
www.raptorphotonics.com https://qd-uki.co.uk/

. Ouantum Design H _11lei
sales@raptorphotonics.com chotonics ARG BELAIG info@qd-uki.co.uk

+44 (0)1372 378822
+44 (0)28 2827 0141 A STRONG NEW PARTNERSHIP

IN THE UK AND IRELAND
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