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Motivation
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Nomenclature
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What is a single-photon detector (SPD)?


Photodetector able to 


detect a single photon


N ph
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+
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Photodetector unable to 


detect a single photon


A single photon detector creates a signal from a single photon above the noise level
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What is a photon number resolving (PNR) detector?


Photodetector able to 


detect a single photon


But unable to resolve 


photon numbers
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Counting photons?


 The absorbtion efficiency, that triggers the response (called quantum 


efficiency, QE) is never perfect
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Counting photons?


N ph
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Perfect Photodetector able


to resolve photon numbers
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Noise Performance
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Photon Number Resolving Performance
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Historical Perspective
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Historical Perspective


 Major focus: readout noise reduction


 Instead of reducing readout noise, amplify the signal before readout


 Image Intensifiers
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Historical Perspective


 Major focus: readout noise reduction


 Instead of reducing readout noise, amplify the signal before readout


 Image Intensifiers


 Limit to photocathode materials (max QE ~45%)


https://youtu.be/I9Ab8BLW3kA?si=UCZ3PUWIG93OmsE9



https://youtu.be/I9Ab8BLW3kA?si=UCZ3PUWIG93OmsE9
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Historical Perspective


 Since 2001 EMCCDs (Peak QE 95%)


 Downside: gain fluctuations
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Historical Perspective


 Binary Image


 Solution: temporal subsampling
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Historical perspective – Status Quo


 Single photon counting image sensors available


 Photon number resolving detectors postulated:


 Janesick et al 1990: Skipper CCD / Quantum CCD


 Fossum 2005: Quanta Image Sensor


Fossum, Eric R. "11 Some Thoughts on Future Digital Still Cameras." IMAGE SENSORS and SIGNAL PROCESSING for DIGITAL (2006): 305.


Janesick, James R., et al. "New advancements in charge-coupled device technology: subelectron noise and 4096 x 4096 pixel 


CCDs." Charge-Coupled Devices and Solid State Optical Sensors. Vol. 1242. SPIE, 1990.
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Historical perspective – Status Quo


 Skipper CCD / Quantum CCD


 Technical roadmap for noise 


reduction


 General idea: reduce noise by 


averaging nondestructive readouts


 Quanta Image Sensor


 Postulates the universal camera:


 Pixel pitches well below diffraction 


limit


 Readout noise below 0.15 e-


(practically irrelevant)


 High speed readout


 Potentially single bit pixels


 „lossless“ spatial and temporal 


binning
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Current Implementations
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Current Implementations – Skipper CCD / Quantum CCD


 Implemented in 2017


 Academic project


 Single frame readout:


 3h


Tiffenberg, Javier, et al. "Single-electron and single-photon 


sensitivity with a silicon Skipper CCD." Physical review 


letters 119.13 (2017): 131802.
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Current Implementations – Quanta Image Sensors


 Manufactured by Gigajot


 Spin Off of Dartmouth College (Eric Fossoms group)


 Disappeared from the market in 2022


Ma, Jiaju, et al. "A 0.19 e-rms read noise 16.7 Mpixel stacked 


quanta image sensor with 1.1 μm-pitch backside illuminated 


pixels." IEEE electron device letters 42.6 (2021): 891-894.
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Current Implementations – quantitative CMOS


 Implemented by Hamamatsu


 Available since 2021
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Current Implementations – Photon Number Resolving Operation
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Current status


 Skipper CCD


 15μm pixel pitch


 0.068 e- RON


 0.3 fph ~ 7.2 fpd


 qCMOS


 4.6μm pixel pitch


 ~0.3 e- RON


 5 – 25 fps


 Quanta Image Sensor


 1.1μm pixel pitch


 0.2 – 0.3 e- RON


 5 – 40 fps
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Applications
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Applications


 Fluorescence Microscopy


 Quantum Computing


 Quantum Imaging


Osian Wolley, Thomas Gregory, Sebastian Beer,Takafumi Higuchi& Miles Padgett "Quantum imaging with a photon


counting camera." Scientific Reports (2022)
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General Applications


 Anything low light and (for CMOS) high speed


 Quanta Image Sensor apparently industrial applications


 Bayer filter sensors were available


 Low light photography


 qCMOS and Skipper CCD more directed towards scientific applications
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Conclusion


 PNR sensors available below 0.3 e- RON


 3 major implementations exist, only one commercial


 Applications mostly in scientific low light applications


Skipper CCD qCMOS QIS


Max QE ? 85% 76%


Speed fpd fps fps


Dark current Very low low low


Pixel count + ++ +++


Pixel pitch 15 4.6 1.1
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Analysis of Temporal Noise of 1x2 Shared Pixel 
Architecture for On-Chip Averaging and Summing


Harita Uppal, Anil Kumar, Shreesha Gopalakrishna, 


Radu Ispasoiu


Intelligent Sensing Group (ISG)
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• Problem Statement


• Proposed Solution
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• Results


• How / where it helps?


• Conclusion
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Problem Statement


• Low-light performance is critical to several applications


− Security cameras


− Automotive cameras


− Cellphone cameras too 


• Having a higher responsivity is desired.. 


• While retaining good spatial resolution


• An FD shared architecture, such as a 1x2, offers certain advantages along with 


trade-off that’s explored in this work
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Proposed Solution


• With the convenience of a shared architecture, read both photodiodes at the 


same time performing a FD summing operation in the row direction


• Following to that a similar summing operation is performed in the column 


direction, but in the digital domain this time


• Ultimately, summing from row and column would result in a higher responsive 


pixel and achieving better low light response







5 Public Information     © onsemi 2024


Implementation details for a 1.4 µm sensor with Mono CFA


• TXA and TXB of Row_0 and Row_1 


respectively are both enabled


• Charge summing of PDA and PDB 


takes place at the FD node


• In the read out, Col_0 and Col_1 


are again both enabled to sum the 


FD summed charges, but in digital 


domain


• Until this stage, it is called a 


Binned_2 mode (2 pixel summing 


in row and column directions –


sum-2)


Col_0 Col_1


Signal = 4x


Temporal 


Variance = 4x
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Implementation details for a 1.4 µm sensor with Mono CFA


• A 2nd round of sub-sampling creates a Binned_4 (sum-2 avg-2) image, that is 


1/4th the resolution of a Binned_2 mode


• FD summed signals from Row_0/Row_1 and Row_2/Row_3 when read out 


together, go through SF averaging in the analog domain


− This renders as one pixel value for 4 rows


• In the column direction, a summing followed by averaging occurs resulting in a 


single pixel for 4 columns


• Visual representation follows 
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Implementation details for a 1.4 µm sensor with Mono CFA


Binned_4


m → signal


v → variance
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Results


Gain Bootup
Responsivity 


[DN/exp.]


Functional 


Full-Well [ke-]
SNRmax [dB]


Min AnaGain


Linear 1x 8.4 39.2


Binned_2 4x 7.8 38.9


Binned_4 4x 32.5 45.1


Gain = min AnaGain


Gain = min AnaGain
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Results – cont’d


• LCG-1x implies Low Conversion Gain in the 


pixel with a 1x column amplifier gain in the 


analog


• Responsivity benefit can also be achieved by 


increasing the analog gain; meaning, 4x analog 


gain vs. 1x Binned_2 would be similar


• However, LCG-4x would have lower swing at the 


input of the ADC leading to lower full-well and 


thereby, reduced SNRmax


• Binned_2 mode shows 2x improvement in SNR1 


while LCG-4x condition shows 2x degradation; 


aligning with theory


• Binned_4, although not conducted here, in 


theory, should show further reduction in SNR1 


while also having higher SNRmax


Exposure [arb]
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Results – cont’d


Linear Binned_2 Binned_4


Images are brightness and contrast enhanced for equal comparison
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Results – Modeling of a 2x2 Summing


KPIs Units Conditions Full Res
2x2 


estimate


Pixel Size µm 1.4 2.8


LFW ke- 25C | < min AnaGain 11 28


Functional Full-Well ke- 25C | min AnaGain 8.4 23


RN e- 25C | max AnaGain 1.4 1.4


Dark Current e-/s/px 80C 69 275


DSNU e- 80C | 33ms 1.4 2.4


Responsivity (Green) ke-/lux/s 25C | D65 | 670nm IRCF 9.1 36.4


SNR1 mlux 80C | max AnaGain | 33ms | D65 | 670nm IRCF 10.1 3.9


SNRmax dB 25C | min AnaGain 39.2 43.6


Inter-frame DR dB w.r.t. SNR1 and FW at min AnaGain 68.8 73.9


Nyquist frequency cutoff lp/mm Theoretical 357.1 178.6
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How / where it helps? 


• In low-light applications where a trade-off with spatial resolution is not a huge 


impact


• Sub-sampling modes are suitable where low-light performance together with 


lower power consumption and higher frame rate is a requirement


• Similar analysis was performed with a Bayer RGGB CFA where, predominantly, 


averaging operation were to take place
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Conclusion


• Analysis of temporal noise (or variance) for the case of a 1x2 shared pixel 


architecture is studied across a couple sub-sampling modes focusing on Mono 


CFA


• Demonstrates responsivity and SNR1 improvements


− Paves way for future work with summing and then averaging (sum-2 avg-2), also 


called as “Binned_4” in this work, on smaller pixels that are <= 1.0 µm


• Extends the study to a 2x2 summing mode of operation to model prospective pixel 


designs
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Radiation Effects in Quanta Image Sensors
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Alexandre Le Roch1, Alex Materne2, Cédric Virmontois2, and Vincent Goiffon1
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2. Centre Nationale d’Études Spatiales (CNES), Toulouse, France


Space & Scientific 


CMOS Image Sensors 


Workshop 2024







Introduction to ultra-low light imaging


3 4 1 0 2 1
t


dt
µt<10 photon/pixel


1


2


3


O
cc


u
rr


en
ce


1 2 3 40
Number of counts in dt


𝜇𝑡


Photon 


starved 


1


Short 


exposure


Astronomy and dark 


matter studies


NASA, 2024


Space-based quantum 


experiments 


Fickler et al., 2013


Satellite Situational 


Awareness


JAXA, 2022


Low-flux remote 


sending


NASA, 2015
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Quanta image sensor design


4-transistor CMOS image sensor pixel layout 


PD = photodiode


RST = reset


SF = source follower


2


sel = select


FD = floating diffusion


TX = transfer


Photo-stimulated 
carrier generation


Transfer of charge 


onto FD


Charge-to-voltage 


conversion 


Voltage gain


Voltage readout


Reset for next 


charge transfer


SSCIS Workshop 2024 – Session 1: Radiation Effects in Quanta Image Sensors







Quanta image sensor design


4-transistor CMOS image sensor pixel layout 


PD = photodiode


RST = reset


SF = source follower


2


sel = select


FD = floating diffusion


TX = transfer


CG =
q


CFD


with high conversion gain


Reduce physical 


overlap between 


PD and gates


CG = 300 µV/e-


Custom doping 


profile to isolate 


FD


Vertical PPD


Virtual barrier


Ma and Fossum, 2015
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Quanta image sensor design


4-transistor CMOS image sensor pixel layout 


PD = photodiode


RST = reset


SF = source follower


2


sel = select


FD = floating diffusion


TX = transfer


with high conversion gain and low noise 


Si
gn


al
Time


Correlated 


sampling


Noise


Signal 


+ 


Noise


SSCIS Workshop 2024 – Session 1: Radiation Effects in Quanta Image Sensors







Quanta image sensor operation
Binary image


3


Fossum et al, 2016
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Quanta image sensor operation
Binary image Multiple frames


3


Fossum et al, 2016
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Quanta image sensor operation


Require <0.3 e-
RMS for 95% accuracy 


3


Binary image Multiple frames Average


𝜎


𝜇


𝜎


Fossum et al, 2016


Teranishi, 2012


Ma and Fossum, 2022


SSCIS Workshop 2024 – Session 1: Radiation Effects in Quanta Image Sensors







1
11.0


1.9


Units in cm


Hamamatsu ORCA-Quest qCMOS C15550-20UP


4


Parameter Unit QIS 


Pixel pitch µm 4.6 x 4.6


Dimension pixel 4096 x 2304


Peak quantum efficiency % 90


Conversion gain DN/e- 10


Read noise e-
RMS 0.27


Operation temperature K 273


Dark current e-/pixel/s 0.002


Full-frame readout fps 5


Motivation


How does radiation affect the 


single photon imaging ability 


of this emerging image sensor 


technology?


SSCIS Workshop 2024 – Session 1: Radiation Effects in Quanta Image Sensors







Results: Effects of 60 MeV protons and 22 MeV neutrons on Idark \


5


• Linear increase in Idark in line with 


previous technology behaviour


Fluence = 2 x1011 particles/cm2


SSCIS Workshop 2024 – Session 1: Radiation Effects in Quanta Image Sensors







5


• Linear increase in Idark in line with 


previous technology behaviour


• Universal damage factor (UDF) 


extraction corrected for temperature 


and annealing time is in good 


agreement:


UDF (1 week, 300 K) =


1.9 ± 0.6 x 105 e-/s/cm3 per MeV/g


SSCIS Workshop 2024 – Session 1: Radiation Effects in Quanta Image Sensors


Results: Effects of 60 MeV protons and 22 MeV neutrons on Idark \


Fluence = 2 x1011 particles/cm2







Results: Post-radiation hot pixel distribution
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No shift


• Gaussian peak + exponential – linear 


tail as expected with displacement 


damaged pixels


• No shift seen in beginning of 


distribution, implying little TID effect 


on Idark


• Empirical model of dark current 


increase with displacement damage 


holds well


• Similar findings after neutron testing


• Random telegraph signal observed 


follows expected trend after 


displacement damage


Limited TID effect and same DD respond as CCD and CMOS image sensors


model
8 weeks


~4000 e-/s


T = 300 K


SSCIS Workshop 2024 – Session 1: Radiation Effects in Quanta Image Sensors







Results: Impact of dose on noise 
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TID-induced effect on readout circuit


• Average column noise shift points to pixel level increase in noise 


• Spread of column offset distribution shows column ADC variability increases 


SSCIS Workshop 2024 – Session 1: Radiation Effects in Quanta Image Sensors







Discussion: Increase in false detection with dose
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Setting threshold at 1 e- uncertainty, how many noise events are falsely flagged as photoelectron?


• Increase of 23% in false detections per frame due to all noise sources


Tint = 7 𝜇s


SSCIS Workshop 2024 – Session 1: Radiation Effects in Quanta Image Sensors







                         


           


  
 


  
 


  
 


  
 


 
 
 
 
 
  
 
  
  
  
 
  
 
  
 
  
 
 
 
  
 
  
  
 
 
 


    


   


    


      


      


     


    


Noise 


contribution 


due to 


readout 


circuit


𝜎2 = 𝜇


Discussion: Increase in false detection with dose
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• Dark current shot noise contributes negligibly to the increase in false detections compared to 


all other noise sources


SSCIS Workshop 2024 – Session 1: Radiation Effects in Quanta Image Sensors


           


 
 
 
 
 
  
 
  
  
  
 
  
 
 
 
  
  
 
  
  
 
 
 


      


      


      


      


      


                 
 


   


   


   


          


       


        


               


                           


Tint = 7 𝜇s


How should the user alter the sensor operation to mitigate false detections? 


for Tint <10 s







Discussion: Post-radiation single-photon sensitivity
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• Low-flux sensitivity remains after highest doses explored 


• Photon counting still possible and accurate 


𝜙𝑡𝑟𝑢𝑒 = 86 photons/pixel/s


𝜙𝑒𝑠𝑡 = 77 photons/pixel/s


T = 273 K


Photoelectron 
quantization 


Dark electron 
quantization 
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Fluence = 2.2x1011 no/cm2
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• Displacement damage effects dominate: 
• Damage factor extracted from increased Idark in line with other silicon devices


• Extension of CCD/CMOS image sensor empirical model of dark current increase 
to novel technology 


• Total ionizing effects are present:
• Increase in noise in peripheral circuit related to analog-digital conversion


• Impact on single-photon imaging


• Quanta image sensors are a promising technology for space with merit 
for further study 


Conclusion


9
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Thank you for your attention
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Kdark annealing and temperature correction


𝐴𝐹 (𝑡) =
𝐽𝑑 𝑡 − 𝐽𝑑 0


𝐽𝑑 ∞ − 𝐽𝑑(0)


𝒕 𝑨𝑭(𝒕) 𝑨𝑭(𝒕)/
𝑨𝑭(𝟏 𝒘𝒆𝒆k) 


15 min 2.54 1.96


1 hour 2.24 1.73


1 day 1.65 1.28


1 week 1.29 1.00


4 week 1.07 0.826


6 week 1.00 0.774


backup


Assuming a mid-gap defect 


with Ea = 0.63 eV:


𝑇𝐹 = exp
− 0.63


𝑘𝑇𝑜𝑝
/ exp


− 0.63


𝑘𝑇𝑅𝑇


𝑻𝒐𝒑(𝑲) 𝑻𝑭(𝑻)


233 0.0009


253 0.0110


273 0.090


300 1.00


330 9.17
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Modelling DDD dark current increase


Parameter Proton Neutron Unit 


𝑅2 0.95 0.96


𝜈𝑑𝑎𝑟𝑘 4481 4814 e-/s


𝜇𝑑𝑎𝑟𝑘 0.052 0.074
interactions/ 
pixel


𝐾𝑑𝑎𝑟𝑘 1.08 x 105 1.16 x 105 e-/s/cm3 per 
MeV/g


f ΔI =
1


νdark
exp −


ΔI


νdark


backup
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Random telegraph signal 


Amax


1


2


3
4


Level Dark signal (DN) Dark Signal (e-)


1 700 50


2 900 70


3 1200 100


4 1500 130


Accurate 


counting of 


generation rate 


at each RTS level


backup
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Summary


1. Introduction


2. CMOS Image sensor SONY IMX661


3. Space applications


4. Protons irradiation campaign


5. Heavy Ions radiation campaign


6. Conclusion
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SONY IMX 661. Radiation Tests Results. 2024
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1. Introduction
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SONY IMX 661. Radiation Tests Results. 2024
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Costs, Schedules and Risks enforce optic instruments designers to privilege COTS devices to fullfill the 
requirements of the new space missions


As the radiation environment is a show stopper of the capability to use a selected COTS candidate, 
radiation tests are one of the first steps of the delicate identification of the proper detector for any space mission.


Large format CMOS Image sensors are requested for a wide variety of space functions : 


Earth Observation
Astronomy 
Star trackers 
Planet landing and exploration 
Space Situational Awareness


Within large format CMOS Image sensors. Global Shutters are requested any time an inter-pixel simple precise 
geo-localisation on each image and/or  synchronicity of the image capture are necessary.


Within Global Shutter CMOS Image sensors, architectures with charge storage are preferred for their lower 
readout noise performance.
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2. IMX 661
Global Shutter
Large format
PREGIUS Family


Main features


Number of pixels 127 Mpix


13400 col x 9528 lines


Output 4 x 4 SLVS lanes


Pixel pitch 3.45 µm


Number of bits (ADC) 10 12 14


Frame rate (fps) 21.8 19.6 12.9


SONY IMX 661. Radiation Tests Results. 2024
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Imaging die 
area :  
55 x 44.5 mm²


Frontside illuminated (FSI)


19 supplies


Image in 4 divisions
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Specific feature IMX661: microlens distribution


Photoresponse non-uniformity measured in flat field without any 
mounted lens reveals a center–edge non uniformity.


This can be attributed to a variation in the design of the microlens
network to take into account the radial variation of the light angles of 
incidence when using the recommended F-Number optics.


SONY IMX 661. Radiation Tests Results. 2024
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Signal versus angle of incidence on a centered ROI


Signal versus angle of incidence on a lateral ROI
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2. Specific feature IMX 661: stacking of several digital functions


SONY IMX 661. Radiation Tests Results. 2024
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4 stacked flip-chip dies 300 µm thick as measured by SERMA 
technologies.
The 4 flip-chip dies realize the same function.
Overall device exhibits North-South symmetry. 
but imaging die has no East-West symmetry.


View of sensor
imaging die with


flip-chips reported
(credit SERMA 


technology)


Symmetry
information 
provided by 


SONY
(credit SONY)


SEM View of one corner of 
the sensor imaging die 
with flip-chip reported


(credit SERMA technology)


(https://community.sony.fr April 2021)
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3. Space applications of IMX 661


SONY IMX 661. Radiation Tests Results. 2024
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Push Frame Principle
High frame rate image capture of short integration time snapshots
followed by piecewise registration and summation to achieve the 


required SNR 


“Space & Scientific CMOS Image Sensors” Workshop  26 & 27 November 2024 


It is also a possible candidate for Space Situational 
Awareness (SSA) missions, including space debris 
detection with wide field of view spaceborne cameras.


Large variety of space cameras depending on the 
requirements in magnitude, field of view, resolving power,
and frame rate.


IMX661 is one of the candidates among many others for 
which we have also performed radiation campaigns : 
Sony IMX253, Teledyne Emerald, Pyxalis Gigapyx 4600.


Its format, shutter capability and frame rate makes it 
suitable for spaceborne pushframe image capture in LEO 
orbits for high resolution Earth Observation  missions.


credit ESA 2013
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4. Protons irradiation campaign
Tests performed at UCL (Belgium) : in order to predict the end-of-life degradation of dark current, DSNU, gain, saturation and 
readout noise due to radiation impacts. 
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Université Catholique de 
Louvain


Light Ion Facility
16  Oct 2023


Devices unbiased
All outputs at the same potential
during radiation


SONY IMX 661. Radiation Tests Results. 2024


SN 348 SN354 SN363


62 MeV 
protons 
fluence


0 
reference


7.6 1010


p/cm²
2.3 1011


p/cm²


TID 0 10 Krads 30 Krads
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Results : 14 bits readout mode
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@14 bits SN354 (10 krad) SN363 (30 krad) Conclusion


Initial
After
irrad


Initial
After
irrad


Dark current (é/s) 2.52 2201 1.72 6411
Important impact 
~ 220 é/s/Krad @ 
40°C 


Readout noise (e- rms) 2.11 2.98 2.17 4.39 Significant increase


Std Dev DCNU (%) 448 344 629 196 Large variation


Offset (LSB) 1022.7 1029.3 1022.7 1046.2 Small variation


Mean Conversion
factor (LSB/e-)


1.28 1.32 1.28 1.39 Small variation


Mean Saturation (e-) 10946 10481 10738 9902 Small variation


@ T device # 40°C


SONY IMX 661. Radiation Tests Results. 2024


4. Protons irradiation campaign


“Space & Scientific CMOS Image Sensors” Workshop  26 & 27 November 2024 


All measurements in CNES labs 
or on site, were performed using 


the SONY IMX661 Evaluation 
board delivered by SONY with 


AYA software interface for image 
acquisition.
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4. Protons irradiation campaign


Results :  10 bits readout mode : as used in pushframe image capture mode


Readout noise may be reduced thanks to gain adjustment with no impact of Qsat limitation as long as the device is operated in 
the bottom of its dynamic range.
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@ Sensor temperature # 40°C


@ 10 bits
SN363 (30 Krad)


GAIN = 1


Initial
After
irrad


Readout noise 
(é rms)


4.8 6.6


Mean
Conversion Factor


(LSB/e-)
0.085 0.080


SONY IMX 661. Radiation Tests Results. 2024


@ 10 bits
SN363 (30 Krad)
GAIN = 3.89


Initial
After
irrad


Readout noise 
(é rms)


2.2 3.7


Mean
Conversion Factor


(LSB/e-)
0.32 0.3
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4. Protons irradiation campaign


Comparison with previous data on IMX253 with same pixel size.
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IMX253


Protons           IMX 661 Dark signal 
(é/s) IMX 661 


Measured
40°C


Extrapolation 
25°C


10 Krad 2200 600


30 Krad 6400 1745


Dark signal
(é/s) IMX 253


Measured
25°C


10 Krad 360


50 Krad 3890
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Impact on end of life 
performance: 


• Acceptable for 
pushframe missions 
due to short integration 
times


• Requires focal plane 
cooling for SSA 
applications
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Assuming 8°C doubling DeltaT
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 Object : Estimation of device sensitivity to SEE  (Single Event Effect), Prediction of in-flight availability, Contribution to 
reliability.


 SEL (Latch-up)


 SEFI (Functional Interrupt)


 SEU (Upset)


 SET (Transient) Optional 


 Test Procedure :


 Glass removal implemented by SERMA 


 Grinding of the stacked flip-chip dies made at CNES in THALES SIX Labs 
to reduce the thickness to 50 – 80 µm depending on the devices.
Micro-milling machine X-PREP from ALLIED. Φ 3 µm diamond milling tool.
Thin silicon walls maintained on the edge to avoid any damage of wire bondings


 Bias supplies are re-assembled by category, amplitude, timing and 
mean current to allow over-current monitoring


 Large Ion beam diameter. Radiation in Air (RADEF Jyvaskyla)


 Beam applied when the device is running in full image capture mode 
at 0.4 fps over 10 bits
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5. Heavy Ions


SONY IMX 661. Radiation Tests Results. 2024


IMX661 after glass 
removal and flip-chip dies 


thinning
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5. Heavy Ions Radiation at RADEF Jÿvaskÿla:


First irradiation campaign in November 2023
Second irradiation campaign 24 – 25 June 2024 
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Front-end Electronic PCB in standard configuration


Front-end Electronic PCB with bias supplies external
monitoring splitted in 4 groups  
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Bias monitoring strategy
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BIAS MONITORING


Motherboard Analog 
3.3 V


Rohde & Schwarz 
HMP2030


All analog except VDDSUB


A1 Analog 3.3V Keithley 2612 VDDSUB


B1 Digital 1.2V Keithley 2612 Low cuurent
VDDLPLD VDDLCB


A2 Digital 1.2V Keithley 2612 High current
( > 100 mA)


B2 Digital 1.8V Keithley 2612 VDDMIO


SONY IMX 661. Radiation Tests Results. 2024
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Power supply Bias Voltage Max current


without beam


Event


threshold


Cutoff


threshold


Motherboard 2.9 A 4.35 A 5.8 A


A1 VDD SUB 3.3V 8.7 mA pk 12 mA 17 mA


B1 VDDL PLD


VDDL CB


1.2V 17 mA 30 mA 40 mA


A2 VDDL high


currents


1.2V 950 mA 1400 mA 1900 mA


B2 VDD MIO 1.8V 3 mA 5 mA 6 mA


The heavy ion strategy  - based on the use of 
the manufacturer’s evaluation kit - does not 
allow full observation and distinction of every 
SEE type


No real time survey of SEU in the registers


Event detection via image corruption


SEL detection via bias monitoring 


SEU & SEFI quantified together
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Radiation configuration A . Device SN200. 
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Radiation device SN200 : Beam size 50x50mm².
Irradiated in two steps. 
Flip-chip dies thinned to [33 – 50] µm to allow at least 10 µm of Xe penetration in the 
imaging die underneath.


This large beam configuration leads to 20 % uncertainty 
on center-edge non uniformity, but allows to estimate the 
device SEE cross-sections by simple summation of the 
Left and Right irradiations


The large beam 
configuration 
needs thicker 
kapton between 
vacuum and air. 
so requires thinner 
flip-chip dies
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To get the Xe LET > 60 MeV.cm²/mg. 
we have to dispatch 77 µm left :
50 µm for flip-chip 
12 µm underfill & bumps
> 10 µm in active area.
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Radiation configuration B. Device SN348 
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Radiation device SN348 : Beam size 30x30mm².
Two quadrants irradiated
Flip-chip dies thinned to [61 – 81] µm to allow at least 7 µm of Xe penetration in the imaging 
die underneath.


The reduced beam window size takes advantage of the 
North-South symmetry to reduce the tested area


The reduced  
beam size leads 
to 25 µm kapton
between vacuum 
and air. so allows 
thicker flip-chip 
dies


This configuration B to mitigate the risk of 
performance degradation of the flip-chip dies 
arising from over-thinning
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To get the Xe LET > 60 MeV.cm²/mg. 
we have to dispatch 100 µm left :
81 µm for flip-chip 
12 µm underfill & bumps
> 7 µm in active area.
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Results SEU +SEFI  


Let Threshold 1.6 MeV.cm²/mg


Sig-sat 3.40E-04 cm²


W 24 MeV.cm²/mg


S 0.8


The two tested 
devices lead to 
the same Weibull 
estimation
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In spite of 
Left/Right 
asymmetry, no 
significant 
discrepancy in  
cross section 
from left and right 
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Results Latch-up B1  


LET threshold 5 MeV.cm²/mg


Sig-sat 7.2E-6 cm²


W 20 MeV.cm²/mg


S 1


Bias Supplies
IMX661


Type Voltage 
level (V)


Mean
current


Imoy (mA)


Group


June 2024


Comment


VDDL PLD digital 1.2


17 B1 Low current
VDDL CB digital 1.2


1 SEL event observed on SN200
2 SEL events observed on SN348
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Note that the low magnitude of currents on B1 means that a global surveillance of 
consumption at full detector level is not possible. 
Current protection must be implemented close to the device at VDDLCB & VVDLPLD level 
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Results Over-current A2  


Bias Supplies
IMX661


Type Voltage 
level (V)


Mean
current


Imoy (mA)


Group


June
2024


Comment


VDDL PLA digital 1.2


950 A2
High 


current
VDDL IF digital 1.2


VDDL CN digital 1.2


VDDL SC digital 1.2


LET threshold 7.5 MeV.cm²/mg


Sig-sat 5 10-4 cm²


W 20 MeV.cm²/mg


S 1
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A2 current profile


Reboot 
register 
config


Nominal 
current


Over current


Radiation sensitivity of high currents 
VVDL bias  leading to over-consumption


Such over consumption is 
possible to be detected at 
global sensor supply
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Impact on In-flight Availability


Software OMERE
Environment model standard (ECSS): 
AP8MIN for protons
CREME96 for solar flares particles
GCR ISO for galactic cosmic rays
Sensitive volume depth 2 μm
Shielding 1 g/cm² (3.7 mmAl)


Protons rates estimated from heavy 
ions data using PROFIT 
(To be confirmed with protons tests)


GEO LEO 800km 98°


Rate 
(/device/day) Period (days)


Rate 
(/device/day) Period (days)


SEFI&SEU
Ions 5.82E-04 1.90E-04


Protons 0 1.88E-04
Total 5.82E-04 1.72E+03 3.78E-04 2.65E+03


Latch-up
Ions 1.61E-05 4.86E-06


Protons 0.00E+00 1.30E-05
Total 1.61E-05 6.21E+04 1.79E-05 5.60E+04


Overcurrent
A2


Ions 8.48E-04 2.62E-04
Protons 0.00E+00 5.60E-04


Total 8.48E-04 1.18E+03 8.22E-04 1.22E+03


CONCLUSION : In spite of low LET thresholds, thanks to weak cross sections, the rates may be 
considered weak enough to allow space missions with appropriate overcurrent protections to be defined
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Recommended : Protections to be tested under heavy ions
“Space & Scientific CMOS Image Sensors” Workshop  26 & 27 November 2024 
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THANK YOU  


Special thanks to:


MACNICA  & SONY for their technical support
SERMA technologies for window removal 


THALES SIXT  for die grinding
RADEF for their support during heavy ions radiations


UCL for their support during protons radiations
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Aeolus Mission
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• Launched August 2018


• LiDAR instrument


• Global wind profiles over 5 years


• 320 km altitude


• Sun-synchronous, dusk-dawn, polar orbit


• UV wavelength 354.8 nm


• Laser pulsed into the atmosphere


• Signal from doppler shift of backscattered light


Rayleigh & Mie Accumulation CCDs
ESA


Mission by European Space Agency


ESA







Accumulation CCD
Operated at -30° C, partial inverted mode of operation of memory zone
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Signal from 1 laser shot


Repeated 19 times (laser shots)


and


accumulated in Memory Storage Zone 


(increased Signal-to-Noise ratio)


Readout 1 image


Image Zone


16 pixels


1
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Memory Transfer Zone 
(MTZ)


Transfer Row


Memory Storage Zone 
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Hot Pixel Appearance Date
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Mie ACCD Rayleigh ACCD


In-Flight Hot Pixel Anomalies
75 Hot pixels in MSZ 


(59 Random Telegraph Signals)


Wind speed 
measurement errors


SAA


3


Observations







Amax = 36 e-/s
τmean = 77 s 


Pre-Flight Proton Irradiation Test
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• 2 RTS on-ground vs 59 RTS in-flight


Objective: To compare rare in-flight data to 
literature on radiation tests on ground 


• Irradiation at room temperature 20 years ago (at mission DDD), 6-week annealing
• 2 RTS pixels in Memory Storage Zone identified post on-ground irradiation 


in-flight hot pixel root cause not clear


0 30 12060 150 18090 270210 240 300
Time (seconds)







In-flight RTS
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Amax = 51 e-/s
τmean = 10.5 hours


1 day 2 days 3 days 4 days 5 days


• Long time constants expected at low temperature [Durnez 2017, TNS]


• Similar RTS behaviour to known DDD-induced RTS in silicon detectors 


#







Temperature Dependence of Dark Current


ୢୟ୰୩
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ୡ


୴


୲


Midgap defects 𝒂 ୢୟ୰୩


∆E


Electric Field Enhancement 𝒂


ୡ


୴ ୲


Arrhenius Law  𝒅𝒂𝒓𝒌
𝐄
𝐚


𝒌𝑻







In-flight Pixel Dark Current Activation Energies
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Shockley-Read-Hall generation current


Suspected Electric Field Enhancement


Mie ACCD Rayleigh ACCD


EOL = 5 years







2D TCAD Simulation of Electric Field
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Fmax = 104 V/cm 


EFE effects


F







Displacement Damage Model
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How does the flight data compare to models based on irradiation tests on ground
and could radiation be the main root cause of Aeolus ACCD hot pixels?


DDD-induced dark current model (at room temperature) [Le Roch 2019, TNS]
• Based on literature from on-ground irradiation studies
• Randomly generated bulk generation dark current rates
• Random draw of electric field (0  Fmax) for electric field enhancement
• Monte Carlo approach
• Detector-specific parameters (depletion region volume, DDD, annealing time, 


maximum electric field strength within depletion region)


How to apply the model to ACCD operating T = -30° C ?







Displacement Damage Model
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Model based on Kdark – universal damage factor at room temperature [Srour 2000, TNS]


Model extension below room T through
extrapolation of to -30° C


AF – annealing factor at room temperature


𝐝𝐚𝐫𝐤


– radiation induced leakage current 
damage factor


Room temperature Kdark corrected by 0.6







Bulk generationBulk generation


Bulk generation
+


Electric Field 
Enhancement


Model vs Aeolus Flight Data
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Mie ACCD Rayleigh ACCD


DDD = 26.89 TeV/g DDD = 11.85 TeV/g 


Fmax = 1.2 x 104 V/cm


Bulk generation
+


Electric Field 
Enhancement


Input parameters: T  = -30° C, Depletion Volume = 8.25 x 8.25 x 7 μm, tanneal = 2.7 yrsIn-flight creation of hot pixels in good agreement with on-ground DDD tests extrapolated to flight conditions







Summary
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• This study provides valuable insights into the flight phenomena for future Doppler 
Wind LiDAR missions


• 75 in-flight hot pixels across x2 Aeolus ACCDs, majority RTS


• Pre-flight proton irradiation test underestimated in-flight degradation


• Initially unexpected hot pixels appear well explained by DDD 


• Dominating mechanism SRH generation current


• DC > 30 e-/s and Ea ~ 0.4 eV is caused by Electric Field Enhancement


• Existing model based on room temperature is in good agreement with in-flight 
observations (if extrapolated to -30° C irradiation, annealing and operation)


• Validity range of DDD models needs improving at low temperature for future missions


THANK YOU! 







TCAD 2D Simulation
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Substrate 8 V


Output: Electric field magnitude distribution


Cross-section of a memory zone pixel in partial inversion
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01 GIGAPYX Sensor Architecture and 
Technology


02 Total Non-Ionizing Dose Tests


03Heavy Ions Tests


Conclusion04







GIGAPYX Sensors


Architecture
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GIGAPYX is a family of high-resolution CMOS image sensors
 Pixel pitch is 4,4 µm 
 Resolutions range from 14 Mpix to 220 Mpix
 Made for different kind of applications: digital photography, cinematography, science and … space !


These image sensors were not mean to go to space at first (no specific rad-hard design)


High speed rolling shutter sensors (46 Mpix sensor operates at 150 fps)


High dynamic range: Intrascene dynamic of 90 dB thanks to a dual conversion gain (DCG) pixel


GIGAPYX 
Family


Format
Definition


(Width x Height)
Matrix sizes in mm


(Width x Height) Diagonal in mm


GIGA14M 4160 x 3256 18.3 x 14.5 23.35


GIGA27M  Super 35 mm 6240 x 4356 27.5 x 19.4 33.65


GIGA37M 8320 x 4356 36.6 x 19.4 41.42


GIGA46M  35 mm Full-frame 8320 x 5456 36.6 x 24.2 43.87


GIGA80M 10400 x 7656 45.8 x 33.9 56.98


GIGA82M   65 mm 12480 x 6556 54.9 x 29 62.08


GIGA110M 12480 x 8756 54.9 x 38.7 67.17


GIGA151M   65 mm square 12480 x 12056 54.9 x 53.2 76.45


GIGA220M  Max size 16640 x 13156 73.2 x 58.1 93.45


Sensor under 
test in this study







GIGAPYX Sensors


Architecture
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GIGAPYX sensor sizes require the use of 2D stitching technology
 Sensors are fabricated by using multiple photolithography steps for each sensor in both directions x and y
 Sensors are designed by stitching 9 different blocs together


GIGAPYX sensor family philosophy is to use a single mask set to produce all the different resolutions
 Using a different number of photo-repetitions along x and y axes
 This also requires a careful sensor design to cope with all different resolutions


Mask set reticle overview


Photolithography


Final image sensor


GIGAPYX Family
block A


Along X,Y axis


GIGA14M 2 , 3


GIGA27M  3 , 4


GIGA37M 4 , 4


GIGA46M  4 , 5


GIGA80M 5 , 7


GIGA82M   6 , 6


GIGA110M 6 , 8


GIGA151M   6 , 11


GIGA220M  8 , 12







GIGAPYX Sensors


Architecture
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The 9 different blocs are designed in a clever way that makes it possible to extends sensor resolution in both 
directions


Readout blocs embedding ADCs, PLLs and LVDS IOs are located on top and bottom of the chip  (CT and CB blocs)


Line decoder that addresses the pixel array are located on the left and right sides of the detector (BL and BR blocs)


General purpose blocs (power management, SPI interface, temperature sensor, etc.) are located in the corner 
blocs (DBL, DBR, DTL, DTR) 







GIGAPYX Sensors


Pixel Architecture and Technology


TNID and Heavy Ions Irradiations Study on the GigaPyx COTS CIS sensor 6


HDR pixel architecture with dual conversion gain that operates in three different modes
 Single readout mode in high gain (HG), GAIN transistor is turned OFF
 Single readout mode in low gain (LG), GAIN transistor is turned ON, additional capacitance is added to the sensing node
 HDR readout mode both gains are read out using a single exposure


Sensor uses a 90 nm backside illuminated (BSI) imaging technology
 Pinned photodiode that enable true correlated double sampling
 Capacitive deep trench isolations (CDTI) that avoids cross talk between neighbouring pixels 
 4 conductive copper layers that allows the manufacturing of large sensors


Pixel schematic Pixel basic layout







GIGAPYX Sensors


Pre Irradiation Performances
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Pre-irradiation performance of Gigapyx-4600 Sensor


Quantum Efficiency







Proton Irradition Tests 
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Tests were carried out in May 2023 at Université Catholique de Louvain (UCL) in Belgium


Three sensors used during proton irradiation campaign
 A reference sensor: non irradiated
 2 irradiated sensors: unbiased (grounded) at room temperature, glass lid was removed 


No specific degradation (<3%) observed in pixel gain (CVF) or pixel full well


No degradation observed on Photo Response Non-Uniformity (PRNU)


Readout noise in darkness increased with TNID







Proton Irradition Tests 
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Dark current as well as Dark Current Non-Uniformity (DCNU) increased with TNID


Reference 10 krad 30 krad







Heavy Ions Tests 
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Heavy ions tests were carried out at RADEF facilities in University of Jyväskylä in Finland in October 2023


Dynamic Assessment of:
 Single event latchup (SEL)
 Single events effects (SEE)


Latchup test were performed at 60 °C and maximum operating voltage


SEE tests were performed at ambient temperature


Glass lid was removed from sensors


Beam is set at normal incidence


2 modes of operation are tested:
 High gain (HG) @ 8 Hz
 High dynamic range (HDR) @ 4 Hz


Experimental test setup at RADEF







Heavy Ions Tests 


SEL
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For latchup assessment a specific hardware and software was used to detect, protect the device under test


Current consumptions were monitored on power supplies during the test


Test range was up to 57 Mev.cm2/mg and no SEL was detected during the tests







Heavy Ions Tests 


SEFI


TNID and Heavy Ions Irradiations Study on the GigaPyx COTS CIS sensor 12


For Single Event Functional Interrupt (SEFI) assessment, both critical registers and returned image (ADC 
registers corruption) were monitored 


2 devices have been tested in four operation modes without noticeable difference in cross-sections
 High gain and HDR both in imaging mode and in pattern generation mode


Thanks to the deep trenches, pixel SET events did not produced any blooming effects


ADC sensitivity is relatively low however, the critical registers exhibit more numerous events and lower LET 
threshold 







ADC SEFI
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Image analysis after SEFI detection


Output freeze of output on a specific stitch Corruption of an ADC synchronization signal







Conclusions
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Thanks to these tests events occurrence have been evaluated for GEO and LEO orbits 


Gigapyx sensors are suitable for space-borne applications such as
 Earth observation from space
 Satellite vicinity surveillance


A radiation hardened readout electronic will be made available off the shelf by 2025 by 
Pyxalis


Come and visit us at our booth







Thankyou


Contact: julien.michelot@pyxalis.com
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Acronyms & Abbreviations


To be presented at NSREC 2024, July 22nd - July 26th


As-V Arsenic-Vacancy


B-V Boron-Vacancy


CCD Charge Coupled Device


CDTI Capacitive Deep-Trench Isolation


CIS CMOS Image Sensor


CMOS Complementary Metal-Oxide Semiconductor


CVF Charge to Voltage Factor


DDD Displacement Damage Dose


Ec Conduction Energy Band


Efn, Efp Fermi Level n-type, Fermi Level p-type


Ev Valence Energy Band


FD Floating Diffusion


FWC Full Well Capacity


NIEL Non-Ionizing Energy Loss


ONO Oxide-Nitride-Oxide


PV, P-V Phosphorous-Vacancy


RS Row Select


SCR Space Charge Region


SF Source Follower


SN Sense Node


STI Shallow Trench Isolation


TG Transfer Gate


TID Total Ionizing Dose


V-V Divacancy 







Photogate Working Principles


• Hole collecting device (P-type Boron doped epitaxy)


• 4-Side Isolated using Capacitive Deep-Trench Isolation (CDTI)


• No implant/junction in the sensitive volume


• Charge collecting and storage volume isolated from all interfaces using 
purely electrostatic means:


• Positive voltage applied to the CDTI, creating an electron 
sheet along the sidewalls


• Backside interface passivated by positive trapped charges in 
the Oxide-Nitride-Oxide (ONO) stack


• Vertical Transfer Gate (TG)
Inversion layer (e-)


Space Charge 
Region (SCR)


SCR boundaries


P epitaxy


h+ h+


h+


h+h+
h+


h+


Collected
Holes


Major differences of the photogate with respect to conventional CIS:


+ + + + + +


1Aubin Antonsanti


Positive bias


To be presented at the Space and Scientific CMOS Image Sensors,
Nov. 26th - 27th 2024







Objective of the Study


Space Charge 
Region (SCR)


SCR boundaries


P epitaxy


h+ h+


h+


h+h+
h+


h+


Major differences of the photogate with respect to conventional CIS:


+ + + + + +


2Aubin Antonsanti


Positive bias


Investigate Displacement Damage Dose (DDD) induced dark current 
and Random Telegraph signal degradation in a device:
• Collecting holes
• With no implant/junction in the sensitive volume
• Exclusively made of Boron doped epitaxy


To be presented at the Space and Scientific CMOS Image Sensors,
Nov. 26th - 27th 2024







TID effects highlights


Space Charge 
Region (SCR)


SCR boundaries


P epitaxy


h+ h+


h+


h+h+
h+


h+


Study on high Total Ionizing Dose effects after X-ray irradiation:


+ + + + + +


• No Si/SiO2 depleted interface
• Fully isolated on the sides using CDTI
• TID induced positive charge buildup


expected to enhance the interface passivation


Promising design from a 
radiation hardness standpoint! 


Very good TID tolerance, dark current increase and annealing dominated by the 
contribution of the Si-ONO interface 


3Aubin Antonsanti
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• 0 – 100 krad: very limited dark current increase (7 h+/s @ 100 krad, 22°C)


• 500 krad – 1 Mrad: comparable to PPDs


• 1 – 10 Mrad: comparable to Radiation Hardened 3T pixels, no failure


Positive bias







Irradiation Details


Proton irradiation:
• Univ. of California, Davis, Crocker Nuclear Lab.
• 64 MeV
• grounded


Neutron irradiation:
• Catholic Univ. of Louvain, Belgium
• Gaussian spectrum centered at 23 MeV
• grounded


Particle Fluence
cm-2


TID
krad(SiO2)


DDD
TeV/g(Si)


# of samples


Proton 7.04 × 1010 10 245 2


Proton 3.51 × 1011 50 1215 1


Proton 6.64 × 1011 100 2230 1


Proton 1.50 × 1012 230 5200 2


Neutron 3.05 × 1011 1215 1


Neutron 1.30 × 1012 5200 1
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Dark Current Damage Factor


Damage factor twice lower than the Universal Damage Factor


4Aubin Antonsanti


Damage factor
≡ 


Mean degradation
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Modeling DDD Induced Dark Current
Semi-empirical exponential model based on data from various pixel designs 
and technologies to evaluate per pixel degradation


ି௫
𝝀


Exponential slope from 1 interaction:


𝝀 : Mean induced dark current
∝ Temperature, Annealing


Convoluted N times to consider N interactions per pixel, 
and weighted by the Poisson statistics:


𝝁 : Mean number of interaction per pixel
∝ Dose, Volume


5Aubin Antonsanti


௧௢௧


To be presented at the Space and Scientific CMOS Image Sensors,
Nov. 26th - 27th 2024







Modeling DDD Induced Dark Current
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Semi-empirical exponential model based on data from various pixel designs 
and technologies to evaluate per pixel degradation


Exponential slope from 1 interaction:


𝝀 : Mean induced dark current
∝ Temperature, Annealing


Convoluted N times to consider N interactions per pixel, 
and weighted by the Poisson statistics:


𝝁 : Mean number of interaction per pixel
∝ Dose, Volume


To be presented at the Space and Scientific CMOS Image Sensors,
Nov. 26th - 27th 2024







Modeling DDD Induced Dark Current
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Semi-empirical exponential model based on data from various pixel designs 
and technologies to evaluate per pixel degradation


Exponential slope from 1 interaction:


𝝀 : Mean induced dark current
∝ Temperature, Annealing


Convoluted N times to consider N interactions per pixel, 
and weighted by the Poisson statistics:


𝝁 : Mean number of interaction per pixel
∝ Dose, Volume


To be presented at the Space and Scientific CMOS Image Sensors,
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Modeling DDD Induced Dark Current
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ି௫
𝝀


௧௢௧


Typical slope value at 295 K after 6 
weeks annealing


Semi-empirical exponential model based on data from various pixel designs 
and technologies to evaluate per pixel degradation


Exponential slope from 1 interaction:


𝝀 : Mean induced dark current
∝ Temperature, Annealing


Convoluted N times to consider N interactions per pixel, 
and weighted by the Poisson statistics:


𝝁 : Mean number of interaction per pixel
∝ Dose, Volume


To be presented at the Space and Scientific CMOS Image Sensors,
Nov. 26th - 27th 2024







Dark Current Distributions


• Follows an exponential distribution that 
scales well with the dose as in other CIS


• Slope of the model ~2 times smaller than 
anticipated at 22°C after 6 weeks of 
annealing (1900 h+/s vs. ~ 4100 e-/s) 


• Presence of a point defect causing dark 
current spikes at multiples of 35 h+/s, less 
visible at very high proton fluence


6Aubin Antonsanti
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Dark Current Activation Energy


• High dark current pixels tend to have a midgap signature of 0.63 eV
=> In line with other Si based detectors


• Previous point defects can easily be identified and have an activation energy close to 0.72 eV


7Aubin Antonsanti


High currents Low currents


Best candidates:


(No Phosphorus) - P-V 
- As-V
- B-V 
- V-V


(No Arsenic) 


(0.75 eV, 50e-/s)
(unstable at RT)


To be presented at the Space and Scientific CMOS Image Sensors,
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Dark Current: Proton vs Neutron


8


• No shift of the dark current at the highest 
dose => confirms TID induced degradation 
with protons


Aubin Antonsanti


• Neutron results are similar to proton 
results with a slightly higher exponential 
slope (+10%)


• Point defects also present


To be presented at the Space and Scientific CMOS Image Sensors,
Nov. 26th - 27th 2024







Random Telegraph Signal
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Temporal response of a pixel exhibiting an RTS behaviour


RTS: A signal that randomly
switches between two or more 
discrete levels


RTS in image sensors causes 
blinking pixels


In sensitive volume: metastable
SRH generation/recombination
centers


Parameters of interest :


 Maximum transition amplitude


 Number of levels


 Time constants…


Amax


4


3


2


1


Time (s)


Si
gn


al 
(A


DU
)
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RTS Occurrence and Levels
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• Linear increase of the number of RTS with dose
• Multilevel fraction in line with previous results on small pitch CIS
• RTS identified in Boron doped epitaxy: PV center cannot explain this RTS behavior


Aubin Antonsanti
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RTS Amplitude Distributions


• Follows an exponential distribution that scales well with the dose as in other CIS


• Slope of the model ~2 times smaller than anticipated at 22°C (~1200 e-/s)


11Aubin Antonsanti
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Question:


Why is the generation rate of the defects twice lower than usual in silicon?


Radiation induced
gain variation ?Charge transfer issue ? Defects physics?


12Aubin Antonsanti


Device design?


Easy to test


To be presented at the Space and Scientific CMOS Image Sensors,
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Charge Transfer


• Variation of V_TG_ON 
without effect


• Variation of TG_ON duration 
without effect


No charge transfer problems detected


13Aubin Antonsanti


Y


YRoy, F. et al., “Fully Depleted, Trench-Pinned Photo Gate for 
CMOS Image Sensor Applications. Sensors 2020, 20, 727
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Radiation Induced Gain Variation ?
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No gain variation


Photon Transfer CurveElectro-Optical Transfer Function


To be presented at the Space and Scientific CMOS Image Sensors,
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Question:


Why is the generation rate of the defects twice lower than usual in silicon?


Defects physics?
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Device design?


No satisfying
hypothesis


found


Comparison of new 1 µm
P-type and N-type 


photogate


Efp


Efn


Ev


Ec


Ev


Ec


electrons holes
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Conclusions


 Displacement Damage induced dark current studied in 2 µm pitch P-type photogates:
• Collecting holes
• With no implant/junction in the sensitive volume
• Exclusively made of Boron doped epitaxy


 Dark current and RTS amplitudes:
 following typical exponential CIS trends with the dose
 With a generation rate of the defects that appears to be twice lower than in other Si 


based devices


 RTS observed in a device without P or As in the sensitive volume


 Need to further investigate device physics to find a hypothesis explaining lower rate:
 Comparison of displacement damage effects in 1 µm P-type and N-type photogates to 


study the role of the dopant and collected carrier on the expression of dark current 


16Aubin Antonsanti
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Thank you for your attention!


Any opinions, findings, and conclusions or recommendations expressed in this material are those of the author(s) and do 
not necessarily reflect the views of the National Aeronautics and Space Administration.


The material is based upon work supported by NASA under award number 80GSFC21M0002.
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Temperature


Back-up 1Aubin Antonsanti
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Objective of the Study
Positive bias


Space Charge 
Region (SCR)


SCR boundaries


P epitaxy


h+ h+


h+


h+h+
h+


h+


Investigate Displacement Damage Dose (DDD) induced dark current 
and RTS degradation in a device:
• Collecting holes
• With no implant/junction in the sensitive volume
• Exclusively made of Boron doped epitaxy


+ + + + + +
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Few literature on displacement damage effects in P-type CIS, some 
studies have however been performed:
- MOS structures


• JR. Srour et al. 2000: no difference for N and P type MOS 
capacitor degradation


- P-channel CCDs 
• J. Spratt 1997: P-type much less damaged than N-type,


NO RTS pixels
• G. R. Hopkinson 1999; C. Bebek 2002; K. Dawson 2008; J. P. 


Gow 2012: P and N-channel equally damaged for dark current


To be presented at the Space and Scientific CMOS Image Sensors,
Nov. 26th - 27th 2024







Irradiation Details


Proton irradiation:
• Univ. of California, Davis, Crocker Nuclear Lab.
• 64 MeV
• grounded


Neutron irradiation:
• Catholic Univ. of Louvain, Belgium
• Gaussian spectrum centered at 23 MeV
• grounded


Particle Fluence
cm-2


TID
krad(SiO2)


DDD
TeV/g(Si)


# of samples


Proton 7.04 × 1010 10 245 2


Proton 3.51 × 1011 50 1215 1


Proton 6.64 × 1011 100 2230 1


Proton 1.50 × 1012 230 5200 2


Neutron 3.05 × 1011 1215 1


Neutron 1.30 × 1012 5200 1


26Aubin Antonsanti
To be presented at the Space and Scientific CMOS Image Sensors,


Nov. 26th - 27th 2024






image10.emf
Salih Alj SSCIS2024  Workshop.pdf


Salih Alj SSCIS2024 Workshop.pdf


Displacement Damage Effects on a CDTI-
based CCD-on-CMOS: Dark Current and


Space & Scientific CMOS Image Sensors Workshop – 26/11/2024 1Antoine SALIH ALJ


Antoine Salih Alj1,2,3, Aubin Antonsanti1, Alexandre Le Roch1, Pierre Touron4, François Roy4, Arnaud Tournier4,  
Stéphane Demiguel3, Julien Michelot5, Valérian Lalucaa2, Cédric Virmontois2, Pierre Magnan1, and Vincent Goiffon1


1ISAE-SUPAERO, 2CNES, 3Thales Alenia Space, 4STMicroelectronics, 5Pyxalis
e-mail : antoine.salih-alj@isae-supaero.fr


Charge Transfer Inefficiency
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1 – Introduction
Motivations for developing CCD-on-CMOS devices


2.1µm


o CCD-on-CMOS: Perform « CCD missions »
requiring charge domain operations : transfer,
binning, avalanche etc…


o CMOS Image Sensor: High-Tech
manufacturing process, high integration, low
voltages and radiation hardness.


o Example : High Resolution Earth imaging using
Time Delay Integration (TDI)


o The Investigation of Displacement 
Damage Dose (DDD) effects is of 
major stakes for :


o Assessing Space environment
compatibility, typically 𝟑 × 𝟏𝟎𝟏𝟎 p.cm−2 (50
MeV) for 10 years mission lifetime in LEO,


o Improving the understanding of DDD
effects on figures of merit,


o Improving the clocking operation in
consequence.
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2 – Device description
Capacitive Deep Trench Isolation (CDTI)


2.1µm


2
.1


µ
m


Contact


o CDTIs are vertical MOS gates. The Si bulk is fully depleted by use of small biases in a large volume
enhanced by the CDTI depth. Trenches yield electrical and optical crosstalks reduction.


M O S
PolySi SiO2 Si


Cross-section view
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o 2-phase charge transfer operation made possible with the engineering of virtual barrier phases (TCDTI).
The clocking diagram is characterized by it’s period t0, the transfer pulse width PW and the off-time toff.
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p epitaxy


Cross-section view


n well


2 – Device Description
Charge Transfer Operation
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Φ1 Signal
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3 – Theory and method
Mechanisms of Charge Transfer Inefficiency (CTI)


V


Time


Φ1


Φ2


3V


-1V
PWtoff


t0Neutrons T


Delayed e-
Delayed e-


o DDD induce defects in the Si bulk. The probability of delaying an electron from a charge packet in one
phase is the probability of emitting during toff minus the probability of emitting during PW.
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PW = 10 µs
𝑡୭୤୤ = 50 µs
𝐸௧ = 0,4 eV


𝜎 = 10ିଵସ cmଶ


The probability of delaying an e- :


ୢୣ୪ୟ୷
ି𝐏𝐖 𝝉𝒆⁄ ି𝒕𝐨𝐟𝐟 𝝉𝒆⁄
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o DDD induce defects in the Si bulk. The probability of delaying an electron from a charge packet in one
phase is the probability of emitting during toff minus the probability of emitting during PW.


The probability of 
emitting during toff :


୭୤୤
ି𝒕𝐨𝐟𝐟 𝝉𝒆⁄


The probability of 
emitting during PW :


୔୛
ି𝐏𝐖 𝝉𝒆⁄


Trap emission lifetime :


𝒆 ௡ 𝒏 ௧௛ ௖
ିଵ 𝑬𝒕 ௞்⁄


V


Time


Φ1


Φ2


3V


-1V
PWtoff


t0


Ec
𝒆௖


Ev


Et


3 – Theory and method
Mechanisms of Charge Transfer Inefficiency (CTI)
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4 – Results
Dark current and CTI damage factor


o The bulk dark current follows the Universal damage factor observed in silicon devices. The CTI scales
linearly on particule fluence as well, but a finer analysis is required for understanding the degradation.


Universal 
behavior 
(NIEL Scaling)


Response 
dominated by 
defect clusters


Device/Clocking 
dependent


Defects involved


Dark current


CTI
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o The parameters of clocking toff and PW are assessed. Under some approximations, it also allows to
extract the trap energy levels based on the emission lifetime temperature dependency.


ୢୣ୪ୟ୷
ି𝒕𝐨𝐟𝐟 𝝉𝒆⁄


V


Time


Φ1


Φ2


3V


-1V
PWtoff


t0


• CTI increase at low temperature when increasing 
toff.


More time for trap emission before next charge 
packet arrival.


ᵡ f0 is modified.
• Mean trap energy extracted : Et = 0.395 eV


4 – Results
Effect of the off-time (toff) on CTI
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o The parameters of clocking toff and PW are assessed. Under some approximations, it also allows to
extract the trap energy levels based on the emission lifetime temperature dependency.


ୢୣ୪ୟ୷
ି𝐏𝐖 𝝉𝒆⁄


V


Time


Φ1


Φ2


3V


-1V
PWtoff


t0


• CTI increase at ambient temperature when 
decreasing PW.


Less time for emitted electrons to rejoin 
charge packet of origin.


 f0 remain unchanged.
• Mean trap energy extracted : Et = 0.47 eV


4 – Results
Effect of the pulse width (PW) on CTI
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4 – Results
A gaussian model for neutron induced CTI


o A model involving a gaussian distributed trap energy (centered on 0.4 eV below Ec) is fitted at different
particle fluence, frequency, and annealing level. The main trap concentration Nt0 is the fitting factor.


ୢୣ୮
𝒕𝒊 ୢୣ୪ୟ୷ 𝒕𝒊 ଴


୬


୧ୀଵ
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5 – Conclusion


o This work informs on the dark current and CTI degradation with neutrons and protons DDD in a
CDTI-based CCD-on-CMOS image sensor :


o Dark current induced by 62 MeV proton and 22 MeV neutron irradiation follows the universal
damage factor in silicon devices (6 weeks @ 293 K, dark


5 ି ିଵ ିଷ ). This
degradation is due to the introduction of defect clusters exhibiting midgap SRH generation centers.


o CTI is attributed to different types of defects,
presumably PV + VV- traps (as commonly reported).


o A CTI model, involving a gaussian distribution of
trap energy, is successfully correlated to the
experimental data (against f0, Φ and annealing).


o An efficient CTI mitigation technique consists in increasing the transfer time PW, which can be
tuned without changing the line frequency f0 and thus not compromising the targeted imaging
application. However, it is trade-off in terms of dark current.


Ec
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Ev


Trapping


Ec


Ev


Generation


௚
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o Charge Transfer Inefficiency is measured using the missing charges in the edge of the pulses (FPER)
and the deferred trail following the pulses (EPER) in a single sequence.


3 – Theory and method
Experimental details
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2 – Displacement Damage Dose
Dark current damage factor


o The bulk dark current follows the Universal damage factor observed in silicon devices. Despite
interactions of different nature, 62 MeV protons and 22 MeV neutrons exhibit the same degradation.


 Can be compared with the Universal damage 
factor :


Compensating for temperature (300K to 293K) 
using an Arrhenius law.


Equivalent level of annealing (1 week to 6 weeks) 
using an empirical Annealing Factor.


 ௎ௗ௔௥௞
ହ ି ିଵ ଷ ିଵ
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2 – Displacement Damage Dose
Dark current activation energy


o The pixel bulk dark current distribution is measured at different temperature with respect to fluence. On
an Arrhenius plot, the activation energy is extracted. Clustered defect formation is observed.


1010 n/cm2 = 0.042 interact°/pix
1011 n/cm2 = 0.42 interact°/pix
1012 n/cm2 = 4.2 interact°/pix


Cluster induced, 
midgap SRH 
generation


centers. Justify
for the universal


damage behavior.
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2 – Displacement Damage Dose
Dark current activation energy


o During isochronal annealing, cluster defects rearrange (Universal kdark domain). It’s only after a long
annealing that full recrystalization is observed, or stable defect (point defect) formation.


Recrystalization during isochronal
annealing Still at midgap thermal 
signature (clusters).


Long annealing brings back pixels in 
diffusion regime complete curing.
Possibly some stable defects remaining
(point defects).
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2 – Displacement Damage Dose
CTI : Experimental details


o CTI is dependent on the background signal (fat zero) as a significant proportion of traps can be
passivated by dark charges. Also, the EPER integration on overscans must be carefully tuned at low T.
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2 – Displacement Damage Dose
CTI : damage factor


o CTI is proportional to fluence. Protons may induce additional TID effects which justify for the the bigger
CTI measured. The CTI damage factor is within the range of expected values.


CTI is a function of particle energy (through
NIEL), depletion volume and fluence just
like dark current.


However, there is no universal CTI 
behavior because CTI is also strongly
dependent on clocking through the trap 
emission lifetimes.
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2 – Displacement Damage Dose
CTI : trap emission lifetime dependency


o To account for the cluster-induced lattice strain, multiple defects per pixels, and the resulting emission
lifetimes distortions (energy levels and cross-section), a gaussian trap distribution is assumed.


Single trap Trap distribution
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Spectral imaging from small satellites


3


Discriminate subtle colour differences
to extract a wealth of information


On chip spectral imaging
On chip spectral imaging


Miniaturization via integration on chip (monolithic and hybrid)
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On-chip spectral imaging Wafer level patterned spectral filters


 Scalable CMOS process
 Snapshot, video & scanning
 Miniaturized and robust
 Easy to integrate @ application level
 VIS, NIR, SWIR and beyond
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 Lorenzian Fabry-Perot
 Gaussian filter
 Bandpass
 Edge-pass
 Notch
 Multi-harmonic
 ...


TX


steepness


1. Filter stack


Snapshot 
Bayer Mosaic


Snapshot 
Tiled


Scanning
continuous 


stepped


Scanning
discrete
stepped


2. Pattern and layout


CMOS


InGaAs


MCT


3. Image sensor


Incl. next generation imager technologies


On chip spectral imaging for new space
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Compact, robust, aligned, easy to integrate


Include filter response characterisation


Operating in space


A kick-start from ESA-TRP project FIDELHEO
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Filter building blocks for earth observation


Fabry-Perot
(Single and double cavity)


Bandpass
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Advanced filter design
Leveraging imec’s process technology


• 50% increased in-band signal
• Wider bands (FWHM)


Mirror 1


Mirror 2


Resonant
cavity 1


Incident light


Transmitted light


Mirror 3


Resonant
cavity 2







public


Filter responses multi-cavity, first measurement results
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Bandpass
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LS96 – the successor of LS150
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 Enhanced spectral range: 450-900 nm / 96 bands
 Doubled Lines per band (digital TDI): 10
 Increased sensitivity uniformity
 Improved sensor to sensor variability
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remotesensing.vito.be


Efficient use of the focal plane for 
enhanced performance


 154 spectral bands
 12 TDI lines per band 
 Panchromatic zone


 Launch in June 2025


First light images
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HERA mission – asteroid characterisation with a hyperspectral snapshot imager
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Hyperscout H: Cosine


Image credits Cosine
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 Linear Mosaic Hybrid


Spectral sampling high medium 


Spatial sampling high medium  


Snapshot/video no yes  


Data output high low


Hybrid filter pattern
1 camera - 2 imaging modes


 Snapshot overview
 Detailed scan of 


specific ROI


 Constellation of 
identical satellites


 2 modes: snapshot 
vs scanning


 Linear Mosaic Hybrid


Spectral sampling high medium high


Spatial sampling high medium high 


Snapshot/video no yes yes 


Data output high low configurable
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Hybrid pattern deposition Microscope image: mosaic Microscope image: hybrid


Detector AMS CMV2k


Pixel size 5.5 µm


Spectral range 650 - 950 nm


Filter pattern 8 x 8 (hybrid)
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Hybrid chip: first images
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Test campaign ongoing
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Hybrid 8x8 in both linescan and snapshot mode
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8x more detail visible in 
high resolution linescan


mode


Hybrid 8x8 in snapshot mode 
(136 x 256px in demosaiced frame)Hybrid 8x8 in linescan mode (1024 x 2048 x 64 px in one unstitched cube)
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Warm invitation to think out of the box: the building blocks


Single filter


Lines of filters


Tile of filters
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Exploiting our accurate deposition process


 Our spectral detectors are compact, robust, aligned, easy to integrate


 Create enhanced performance and additional functionality


 Various optical filter stacks


 Extreme design flexibility: lines, mosaic, hybrids, ...


 Eager to discuss how to support your exciting space endeavours











public


Design flexibility for filter geometries: lines, mosaic, ...


Along flight direction


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


1 1 2 2 3 3 4 4 5 5 6 6 7 7 8 8 9 9 10 10 11 11 12 12 13 13 14 14 15 15 16 16


Linear (16 bands)
1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4


5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8


9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12


13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16


1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4


5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8


9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12


13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16


1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4


5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8


9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12


13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16


1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4


5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8


9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12


13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16


1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4


5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8


9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12


13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16


1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4


5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8


9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12


13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16


1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4


5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8


9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12


13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16


1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4


5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8


9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12


13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16


1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4


5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8


9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12


13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16


1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4


5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8


9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12


13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16


1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4


5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8


9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12


13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16


1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4


5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8 5 6 7 8


9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12 9 10 11 12


13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16 13 14 15 16


Mosaic (4x4)
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16


5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4


9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8


13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12


1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16


5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4


9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8


13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12


1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16


5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4


9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8


13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12


1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16


5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4


9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8


13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12


1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16


5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4


9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8


13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12


1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16


5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4


9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8


13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12


1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16


5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4


9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8


13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12


1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16


5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4


9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8


13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12


1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16


5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4


9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8


13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12


1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16


5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4


9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8


13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12


1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16


5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4


9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8


13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12


1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16


5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4


9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8


13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 1 2 3 4 5 6 7 8 9 10 11 12


Hybrid (4x4): linear and Mosaic


Multi mode operation






image13.emf
2024-11-26-Worksh op_Space_Scientific_CIS_Filters_CJamin_final.pdf


2024-11-26-Workshop_Space_Scientific_CIS_Filters_CJamin_final.pdf


Disposition : Titre CEA-Leti


Process of linear variable filter designed for 
compact imaging spectrometer for space


observatory of GreenHouse Gases in SWIR


CEA-Leti : Clémence Jamin, Arthur Arribehaute, Jean-Pierre Nieto, Pierre Castelein
IPAG : Silvère Gousset, Alexis Carcenac, Etienne Le Coarer 


This work has been partially supported by the LabEx FOCUS ANR-11-LABX-0013
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 Context / motivation: from ImSPOC & NanoCarb to improved concept for GHG 
detection


 Interferential filter specifications


 Filter design and realization at CEA-Leti


 Optical characterization


 Next-steps & perspectives


Outlook
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 NanoCarb = ImSPOC-based (Imaging Spectrometer On Chip) spectrometer dedicated to CO2 & CH4


 Fourier Transform imaging spectrometry using aperture division [UGA/ONERA Pattent 2017 rev. 2018]


 Snapshot sampling of the interferogram by an array of bulk Fabry-Perot interferometers


 narrow-band filtering using multi-layer interferential filter


SWIR imaging spectrometry for GHG detection


FPA


Field stop


Afocal optics µlens array


Narrowband filter


Spectral filteringFront 


telescope lens


µFP array


Interferometric sampling


1
 m


m


µFP array µLens array FPA


Imaged FOV


0.2 - 1 mm
4-10 mm
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 NanoCarb = optimization of the coupling between the narrow-band filter and the interferometer array to 


maximize the sensitivity to one given specy


 Using periodic pattern in the spectral signatures of CO2 & CH4 in the SWIR


 Sparse sampling of the information in Fourier space


SWIR imaging spectrometry for GHG detection


Fourier Transform


2 cm-1: spectral period


30 cm-1 : total spectral domain


Relevant OPD near 5mm


(Equivalent spectral resolution = 2 cm-1)


CO2
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 Space CARBon Observatory: constellation of small satellites on-boarding NanoCarb to measure daily 


emissions of GHG


 H2020 SCARBO 2017 -> 2021


 CNES APR program 2022 -> 2024


 HE SARBOn 2024 -> 2026


 SCARBO constellation designed as complementary to CO2M, to achieve a global survey/mapping at 


medium spatial resolution (1-2 km per pixel side), with revisit twice-a-day.


 Copernicus program


 Other need: very high spatial resolution 


 (<100 m) to measure emissions/leaks over industrial sites on demand


 Commercial missions (GHGsat)


Spaceborne monitoring of the GHG emissions


Campaign in October 2023 above


Belchatow powerplant, Poland
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Incidence 0° Incidence 8°


 Shift of the spectral bandwidth in the field-of-View (FoV)


 Sensitivity loss up to 50% 


 Need to decrease the angular dependency of the narrow-band filter with material at higher refractive 


index


NanoCarb – angular limitation


[Gousset et al., CEAS 2019]
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 NanoCarb is no more a competitive concept for spatial resolutions < 300 m


 Aperture division is the most limitative point for the radiometric performance at very high spatial 


resolution 


NanoCarb – radiometric limitation


NanoCarb


Monitoring de 


sites indus.


Number of photon per frame


NanoCarb


Size of the pupil
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 NanoCarb is no more a competitive concept 


for spatial resolutions < 300 m


 Towards pushbroom imaging 


spectrometer using variable narrow-band 


filter close to the FPA


Concept / Objectives / Instrumental setup


FPA


Field stop


Afocal optics µlens array


Variable Narrowband filter


Spectral filtering
Front 


telescope lens
 Objectives: Design and realization of CH4 filters in 


Si/aSi, using PECVD platform and attempt to introduce a 


linear variation of the transmission wavelength


 Integration in one dedicated test camera : in a 


NanoCarb-like camera to test the concept


 The variable filter is sampled by 80 sub-apertures => 80 


spectral channels targeting one or several absorption 


lines of CH4


Linear filter


FPAImaging optics


Scan direction
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 Bandwidth and gradient specifications 


 using radiative transfer simulation 


CH4 Filter specifications


Simulated upwind radiance 


Filter profil


0.4nm


λmid=1665.83 nm


λmax=1669.45 nm λmin=1663.83 nm


Value


l0 1665.55nm


FMHW 0.4nm


gradient 0.42nm / mm


Sample 


dimension


20mm


H2O


CO2


CH4
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 Bandwidth and gradient specifications 


 using radiative transfer simulation 


CH4 Filter specifications


Simulated upwind radiance 


Filter profil


0.4nm


λmid=1665.83 nm


λmax=1669.45 nm λmin=1663.83 nm


Value


l0 1665.55nm


FMHW 0.4nm


gradient 0.42nm / mm


Sample 


dimension


20mm


H2O


CO2


CH4
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 Bandwidth and gradient specifications 


 using radiative transfer simulation 


CH4 Filter specifications


Simulated upwind radiance 


Filter profil


0.4nm


λmid=1665.83 nm


λmax=1669.45 nm λmin=1663.83 nm


Value


l0 1665.55nm


FMHW 0.4nm


gradient 0.42nm / mm


Sample 


dimension


20mm


H2O


CO2


CH4
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 Investigation of the interest of SiO2/aSi multi-layers deposit for narrow-band filter during N. Gergès


Thesis (ONERA Y. Ferrec, LTM C. Gourgon 2023)


 Using MOCVD, and optimization with 13 layers with specific thickness


 Best result : l0 at 1615 nm / FWHM = 7 nm, and 3 nm spectral shift at 8° incidence angle


 But process not fully reproducible: difficulty to control precisely each layer thickness, responsible for 


central peak shift of few nanometers


 Need for in-situ ellipsometry characterization during MOCVD growth to perfectly control the layer 


thicknesses, or controled industrial equipment


Multi-layer filter SiO2/aSi


[N. Gergès]
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 Plateform 300 mm


 PECVD 400°C : silicon oxide (SiO2), amorphous silicon (aSi), and nitride (SiN)


 Excellent control of the thickness of each layer and of the uniformity  ~0.5% at 3σ (excluding a 


3mm border), ie. for a film thickness of 100nm, layer between 99.5nm and 100.5nm


Filter realization at CEA 


aSi 100nm film uniformity 


versus position on wafer


TEM view of aSi/Ox filter
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 Optical design


 Filter λ/4 centered at 1665.55 nm,  FWHM<0.4nm, T=100%


 Backface with antireflective coating in nitride silicon (SiN 213nm, single coat)


 Front face: 17 layers + 1 oxide antireflective coating over silicon


 (HL)^4 H^2 (LH)^4


 H: amorphous silicon (aSi)


 L: silicon oxide (SiO2)


 Total thickness: 3.606µm


CH4 Filter - Optical design
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 Designing and testing a Si/aSi multi-layer filter 


dedicated to CH4 by PECVD at CEA-Leti


 17 layers over 300 mm wafer


 with silicon nitride anti-reflective coating on the 


back face


 Cutted into 50 x 50 mm chips


 Results:


 FWHM = 0.4 nm, λ0 = 1645 nm


 Transmission > 90 %


 Weird pattern of in-homogeneities observed over 


the wafer, potentially introduced by the silane


nozzle: “shower effect”


1st filter depostion trial
(without gradient)


Mapping of the central wavelength


of transmission over a 50 x 50 mm 


chip
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Air (semi-inf)


aSi 115.647 116.088 116.500


Ox 286.472 286.472 286.472


aSi 115.647 116.088 116.500


Ox 286.472 286.472 286.472


aSi 115.647 116.088 116.500


Ox 286.472 286.472 286.472


aSi 115.647 116.088 116.500


Ox 286.472 286.472 286.472


aSi 231.294 232.176 233.000


Ox 286.472 286.472 286.472


aSi 115.647 116.088 116.500


Ox 286.472 286.472 286.472


aSi 115.647 116.088 116.500


Ox 286.472 286.472 286.472


aSi 115.647 116.088 116.500


Ox 286.472 286.472 286.472


aSi 115.647 116.088 116.500


Ox 153.000 153.000 153.000


Silicon (semi-inf)


peak(nm) 1661.35 1665.55 1669.75


 Simulation versus specification


 Specification: 0.42 nm/mm by 20 mm chip (ie. 8.4nm on central wavelength)


 λ0 = 1665.55 nm +/- 4.2nm ie from 1661.35 to 1669.75nm


 aSi layer ranged between 115.647nm (-0.380%) and 116.500nm (+0.355%) 


over 20mm (ie control of aSi film thickness for a gradient of 0.853nm)


CH4 Filter - Optical design with gradient
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 Realization of the gradient by controlling the spacing in the equipment


 Spacing increased in order to induce a controlled uniformity degradation over the wafer (and in order to 


improve patterned non-homogeneities)


 aSi layer ranged between 115.647nm (-0.38%) and 116.500nm (+0.355%) over 20mm for Spacing +20%


Spacing versus film thickness uniformity
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 Characterizing the optimal filter with an tunable laser


Optical characterization bench at IPAG


Doublet SWIR f = 100 mm
Caméra SWIR 


InGaAs


 Filter : 50x50 mm 


 détecteur 9.6 mm 


 ~f/10


Filter in front of 


integrating sphere


Tunable laser
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 Characterizing the optimal filter with an tunable laser


Optical characterization results


Central transmission wavelength map


Transmission profil, 


measured FWHM = 0.4 nm


T > 90 %
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 Characterizing the optimal filter with an tunable laser


 Spec: λ0 = 1665.55 nm +/- 4.2nm ie from 1661.35 to 1669.75nm


Optical characterization results


Gradient: 5.3nm/mm
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 Characterization of the angular dependency => effective index neff


Optical characterization


Angle of incidence θ [°]
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[A. Carcenac]
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 Achieving a linear variable filter, compliant for methane detection, using PECVD


 Next steps


 Cutting into 20 x 20 mm² chips and integration into a NanoCarb-like camera


 Laboratory experiments using gas cell at IPAG


 Performance simulations for on-the-field methane detection / plume detection from an aircraft


 Perspectives


 Towards an operational methane camera for ground measurements, to be tested on the field


 Complementary solution to NanoCarb for high-resolution space measurements


 aSi/SiO2 multi-layer filter to be provided for upgraded NanoCarb prototype in SCARBOn project


 CEA-Leti capabilities


 Interferential filter etched at pixel level


 Industrial lithography / etching tools


 Grayscale lithography


 Angle incidence compensation with nanostructuration


Conclusion & Perspectives


Interferential filter processed at pixel level
Schematic of integration 


with only 2 variable layers 
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(dedicated :  semiconductor  industry)
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Spin-off


ION BEAM SERVICES


SILIOS


Staff : 10
Funded in 2001


Staff : 80+
Funded in 1987
Semiconductor


600 m² 
clean room 
for micro-


technologies


SILIOS presentation


Expert in the 
Micro Technologies for 
Optics and Photonics
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Manufacturing tool (clean room)
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Two Lines of Products


MULTISPECTRAL (2009-today)
MULTISPECTRAL IMAGING


MICRO-OPTIC (2001-today)
SCIENTIFIC & INDUSTRIAL LASERS, ASTRONOMY & SPACE


Dynamic growth
over the 5 past years
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CLEAN ROOM


Objective : start of the production in the new 
premises on January 2026.


The SILIOS project : MSI FACTORY


MSI Factory : Construction of a first plant for 
Multispectral Cameras Industrialization.
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Multispectral Filter made by the
COLOR SHADES® technology


Principle
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l l


Standard color Imager Multispectral Imager


Principle
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5.3 mm


828nm           790nm          748nm


552nm              PAN             713nm


586nm           628nm          663nm


Macropixel


Commercial Sensor


Multispectral Filter


Principle
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Picture Camera Name
Spatial 


Resolution
Spectral 
Domain


Number 
of Bands


CMS Series
CMS-C
CMS-V
CMS-S


1.3 MP
426x339 per band


VIS or NIR
430-700nm
550-830nm
650-950nm


8 + PAN


CMS4 Series
CMS4-C
CMS4-V
CMS4-S


4.2 MP
682x682 per band


VIS or NIR
430-700nm
550-830nm
650-950nm


8 +PAN


TOUCAN 4.2 MP
512x512 per band


VIS+NIR
400-900 nm


10


CICADA 1.3 MP
432x344 per band


SWIR
1100-1700nm


9


Off-the-Shelf Cameras
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Custom Cameras & Sensors


During 2023/2024 : 
• Improvement of our multispectral filter processes.
• Extension of the addressable spectral domain.
• New capabilities of assembly.
• New capabilities for N2 saturated atmosphere packaging.
• New capabilities for defects detection, numbering and 


sizing.
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0. Sensor without multispectral filter 1. Focal Plane level Assembly


Snapshot or Pushbroom


2. Packaging level Assembly


Pushbroom only


Assembly options







SILIOS Technologies – Space and Scientific CMOS Image Sensors – Toulouse – 26 & 27 Nov. 2024 SILIOS Property


SILIOS/3D+ MS cam1
(large field of view)


SILIOS/3D+ MS cam2
(small field of view)


4 Megapixels
Space
Camera Head


CMV4000 based
Multispectral 
Sensor


Lunar Rover Mission


+


= Multispectral CASPEX


Focal Plane Level Assembly – Pixelated Filter – 4.2MP


Cf next talk : Multispectral Cameras for Moon Rover, J.Bezine –
3DPlus 
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Lunar Rover Mission
Focal Plane Level Assembly – Pixelated Filter – 4.2MP
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Imager: 
- Reference : CMV12000
- Manufacturer : AMS-OSRAM
- Imager type : CMOS sensor (4096 x 3072)
- Sensor format : 4/3 inch
- Pixel size : 5.5 microns 


Filter :
- Macro-pixel configuration : 3 x 3 pixels² 
- Number of spectral bands : 8 (+ 1 PAN pixel)
- Pixel size : 5.5 microns
- Array size : 22.528 x 16.896 mm²
- Filter size : 23.528 x 19.896 mm²


Small Satellite
Focal Plane Level Assembly – Pixelated Filter – 12.3MP
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Small Satellite
Focal Plane Level Assembly – Pixelated Filter – 12.3MP
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 Stripe Multispectral filters assembly onto 12 Mpix CMOS sensors
(Ground Sampling Distance (GSD) = 5.5 m with multispectral images at a nominal altitude of 600 Km).


5 channels VIS + 
NIR 
High Transmission 
Band-Pass Filters


12 Mpx CMOS Sensor


12MP Multispectral Assembly


+ =


Angular Tolerance: < ±0.15°


 Similar work onto 20MP CMOS Sensors under progress.


Small Satellite (Earth observation)
Packaging Level Assembly – Stripe Filter – 12MP/20MP
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200 px


22.5 mm


16.9 mm


Stitching of several images under microscope
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Ultra-large Multispectral domain (scientific app.)
Focal Plane Level Assembly – Pixelated Filter – 1.3MP


Improvements of the COLOR 
SHADES® technology to extend 
the addressable spectral domain.


Manufacturing of the first 
VIS/NIR/SWIR pixelated 
multispectral filters (450-1400nm).


Multispectral Filter Transmission


Multispectral Sensor QE


First Assembly onto IMX990 
sensors (InGaAs SWIR 
technology).


With the support of CNES, we
engage further developments to
improve the manufacturing
process of the filters.
Objective : reduction of the
crosstalk.
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Commercial Image Sensor
+ 


Multispectral Filter
=


Multispectral Image Sensor


Commercial Image Sensor
+ 


Specific Grating
=


Wavefront Image Sensor


SILIOS Advanced Image Sensors


Hybridization of micro-optical chips onto sensors.
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MAKATEA Camera (4MP)


 Snapshot Camera
 400-900 nm Spectral Range
 680 x 680 Wavefront Resolution
 2048 x 2048 Viewing Resolution
 External Trigger Input
 USB3.0
 10 Bits


Custom WFI Camera (20MP)
Under development


 Snapshot Camera
 400-900 nm Spectral Range
 1500 x 1500 Wavefront Resolution
 4500 x 4500 Viewing Resolution
 External Trigger Input
 USB3.0
 8-12 Bits


The SILIOS WFI cameras are
based on the QLSI (Quadriwave
Lateral Shearing Interferometry)
technic. QLSI was invented and
patented in 2000 by J. Primot et
al. (ONERA).


WaveFront Imaging Cameras


The gradient of the phase
is coded in the
interference pattern
produced by the QLSI
grating.
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We are on the  same wavelength


Thank you for your attention


www.silios.com
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Space Cameras 
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Multispectral Cameras 
for Moon Rover


S p a c e &  S c i e n t i f i c  
C M O S  I m a g e  S e n s o r s
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Development of Multispectral Cameras for lunar and planetary exploration


CNES/3D PLUS successful collaborations :  


CASPEX Camera Heads


ELR Rashid moon rover (CNES/MBRSC)


Martian Moon eXploration (CNES/DLR/JAXA)


Cameras applications : Navigation, monitoring, planetology, spectrometry


Extension of the range of observation by using multispectral sensors


Rover applications : lunar regolith analysis, Mineralogy,…


Extension to in-orbit applications


Development of 2 Multispectral Cameras CAM-1 and CAM-2


Multiple Partners


Project leader : CNES


Optoelectronics modules manufacturer and project managment : 3D PLUS


Multispectral Sensors Manufacturers : SILIOS Technologies and IMEC


Optics manufacturers and assembly : LAMBDA-X


3


Introduction


ELR Rashid rover
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3D PLUS CASPEX Camera Heads
3D PLUS Systems-in-Package Technology


4







I Confidential 


3D PLUS CASPEX Camera Heads
3D PLUS off-the-shelf CASPEX camera heads


CASPEX as CAmera heads for SPace EXploration


CASPEX Key Features


Highly integrated all-in-one camera head solution


Generic User-reconfigurable, FPGA-based design


Radiation hardened by design


Optimized optical/mechanical/thermal interface


 Turn-Key solution


CASPEX 4M


CASPEX 12M


CASPEX SWIR


Product Part Number


CASPEX 4M
3DCM734 (Mono)
3DCM739 (RGB)


CASPEX 12M


3DCM800 (Mono)
3DCM828 (RGB)


3DCM878(Mono)(L)
3DCM879(RGB)(L)


CASPEX SWIR 3DCM880(L)


5







I Confidential 


3D PLUS CASPEX Camera Heads
CASPEX 4M Space Camera Head 


Features: 
4Mpx CMOS image sensor (AMS-OSRAM CMV4000)


2048x2048 active pixels, global shutter, Mono/RGB
Read noise: 13 e-, FWC : 13,5k e-, Dark current : 125 e-/s @25°C


Flash Based FPGA architecture
User reconfigurable Microchip Proasic3 FPGA
Embedded memories (1 Gbit SDRAM, 8 Gbit NAND Flash)


Available standard flight code with SpaceWire interface 
Up to 1.5 frame per second full resolution with base processing (windowing, binning)
Up to 16 frames per second (Full resolution at sensor interface)


One single power rail (4.5V to 9V), Average 1,5-2 W consumption
Optimized Thermal/Mechanical Interface
Radiation Hardened by Design


TID > 30 krad(Si) 
SEL LET > 62.5 MeV.cm²/mg


-40°C to +70°C Operating Temperature Range, Non-Op down to -130°C
High Degree of Miniaturization: 62g for a 35 x 35 x 23mm module


Flight Heritage and Success:
SuperCam Instrument (Perseverance rover – Mars 2021)
EyeSat Nano-satellite (Dec 2019) 
AMS Nanosatellite (2022)
LICIACube, DART Mission (2022)
SPEXOne, PACE (2024)
Multiple other projects …


6


CASPEX 4M
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Multispectral Sensors
Multispectral Filter Arrays


7


Standard Monochrome 
Sensor
Resolution : N x M


4 interleaved 
images Resolution : 
N/2 x M/2


9 interleaved 
images Resolution : 
N/3 x M/3


16 interleaved 
images Resolution : 
N/4 x M/4


Multispectral Filter Array 
Design


Set of 4, 9 ,16, … spectral 
sub-images.


Standard Color 
Imaging (RGB).


Standard Color sensor
Resolution : N x M 
(with demosaïcking
process)


Ex: 4 stripes for push 
broom multispectral 
sensing.
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Multispectral Sensors
CAM-1 design by SILIOS Technology


8


Matrix filter
onto fused
silica


Monochrome
sensor


Hybrid transfer on glass substrate : 
SILIOS COLOR SHADES® technology


Advantages of this approach:
Applicable to (almost) all commercial imagers (CMOS, InGaAs).


The multispectral filter is placed above the microlenses, thus avoiding strong incidences of light rays.


The microlenses can be kept (hence a gain of +50% on the collection of photons). 


Scalable technology in terms of production volume (low volumes to medium volumes).
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Multispectral Sensors
CAM-1 design by SILIOS Technology


CAM-1 Sensor Features : 


9


Image sensor AMS CMV4000


Technology Hybrid transfer on glass
substrate (COLOR
SHADES®)


Spectral range 550-950nm


Spectral bands 8x panchromatic pixels, 8
color pixels in a 4x4 mosaic


Central wavelengths
of color pixels (nm)


550, 606, 662, 719, 777, 834,
892, 950


Full Width at Half
Maximum (FWHM)


20-30 nm
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Multispectral Sensors
CAM-2 design by IMEC


10


Post-processing of CMOS imaging device wafers with thin-film dielectric 
materials
(here on CMOSIS’s CMV2000 & CMV4000 sensors)


θ
θ


L
Resonant cavity Fabry-Perot filters patterned down to 
individual pixel level


200 mm


11 mm


~ 0.015 mm
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Multispectral Sensors
CAM-2 design by IMEC


CAM-2 Sensor Features : 


11


Image sensor AMS CMV2000


Technology Monolithic integration on sensor
wafer


(IMEC process)
Spectral range 660-960nm


Spectral bands 25, in a 5x5 mosaic


Central wavelengths
(nm)


660, 668, 686, 700, 711, 728,
739, 752, 767, 780, 789, 804,
815, 828, 843, 852, 865, 879,
891, 899, 912, 922, 931, 942, 951


Full Width at Half
Maximum (FWHM)


5-20 nm (using collimated light)
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Multispectral Sensors
Custom CASPEX Modules


Straightforward integration in custom CASPEX 4M modules :


No electronic design modification (CMV2000/CMV4000 pinout


compatible)


No process modification (similar sensor integration and package)


No manufacturing tests modifications 


Sensors screening and qualification performed for flight models


Bake-out


Temperature cycling


Electrical and optoelectronics temperature testing


Fine leaks


Burn-in


 No major drifts observed on the sensors performances. 
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Multispectral Cameras Integration
Full Camera Design


Camera design based on existing and qualified camera assembly


CAM-1 :MMX and ELR Rashid rovers NavCam, IRIS 8mm Camera


CAM-2 : PROSPECT design, IRIS 11mm Camera


Reuse of MMX/Rashid concept


Custom CASPEX modules 


Standard FPGA design and flex connector electrical interface


Space grade optics design by LAMBDA-X


CAM-1 : 7.9mm focal length, BIOMASS heritage


CAM-2 : 1.6mm focal length, JUICE heritage


Rashid open casing mechanical interface 


13


MMX Idefix Rover / NavCam
Camera Assembly on MGSE


IRIS 8mm Space Camera







I Confidential 


Multispectral Cameras Integration
Full Camera Design


14


CAM-1 CAM-2


Focal Length 7.9mm 11.6mm


FoV (Edge to Edge) ≥ 82° ± 1° edge to edge X: 55° ± 1° edge to edge
Y: 29° ± 1° edge to edge


Aperture F/8 f/9


Best focus At 0.5 m / 0.35 m to 10 m (infinity) At 1 m / 0.35 m to 10 m (infinity)


Optical angular resolution <1.5 mrad <1.6 mrad


Spectral bands 8x PAN + 8 bands, 4x4 mosaic 25, 5x5 mosaic


Spectral bandwidth 550-950nm 650-960nm


Optical Bandpass Ccoating


T(450-499nm) < 1% 
T(500-540nm) < 10% 


T(550nm) > 50%
T(552-574nm) > 80%


T(575-1000nm) > 90%


T(400-629nm) < 1% 
T(630-650nm) < 10% 


T(660nm) > 50% 
T(662-684nm) > 80% 


T(685-1000nm) > 90%


Sensor Resolution
4 Mpixels


2048 x 2048
2MPixels


2048 x 1088


Integrated processing Binning, windowing mode Binning, windowing mode


Performances 2 full frames per second 2 full frames per second


Interface Space Wire Space Wire


Mass 270g 225g


Volume
56x56x63 mm3


63x63x81 mm3 with baffle
50x40x70 mm3


50x40x87 mm3 with baffle


CAM-1 Camera on double rotation 
motorized bench
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Multispectral Cameras Integration
Engineering cameras assembly and testing


Engineering models of CAM-1 and CAM-2 Assembly and testing performed : 


Both cameras reached expected performances


Additionnal testing ongoing at CNES facilities


Full spectral characterization on cameras assembly


Additionnal TVAC and environmental testing


15


CAM-1 Camera on double rotation 
motorized bench during test


CAM-1 (top) and CAM2 (bottom) - Left : Zoom on image recorded 
using the CAM-2 camera when illuminated with halogen source during 


EM tests. Right : flat field corrected image. 


CAM-1 Camera spectral characterization – Left : Monochromator slot ROI / 
Right : Average spectral response per pixel
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Multispectral Cameras Integration
Flight cameras assembly and testing


Both CAM-1 and CAM-2 flight model parts manufactured


Custom CASPEX modules saw full manufacturing process and testing, 


including Burn-in and successful LAT.


Flight Optics manufactured


Each optics was tested with a standard CASPEX 4M monochrome 


module for acceptance tests


Both CAM-1 and CAM-2 are now waiting for full assembly and delivery to 


CNES


16


CAM-2 Optics testing on double 
rotation motorized bench
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Conclusion


This project allowed to validate the feasibility of integrating images sensors equipped with specific 


optical filters, in this case multispectral imager, into standard CASPEX modules architecture. 


Two engineering grade multispectral cameras using existing sensors, optoelectronics design and 


optics, were assembled and tested to validated the cameras performances. Two flight parts set were 


manufactured and tested separately and are pending assembly.


Expected performances were met without major parameters drifts


Additional testing of engineering is continuing, and delivery of flight model full assemblies is pending


Integration in rover and launch targeting 2027+


Ongoing developments and next steps :


High resolution multi-band coating on CASPEX 12M standard module


Multispectral filters to equip SWIR sensor for integration in Custom CASPEX SWIR multispectral 


camera head
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2


Around the spectrum


Teledyne Updates
CIS120,


(Copernicus mission): 


UV


CIS220, (ESA 


GSTP): NIR and 


radiation


CIS300 family


(Arrakihs mission):


Results from NASA’s GeoXO 


Lightning Mapper (High speed 


CIS300)
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3


EnVision: ESA’s Cosmic Vision, an orbiter mission around Venus


CIS120 Updates


➢ Teledyne e2v developed a process with an 


improved UV coating (based on an existing AR 


coating)


➢ Needed to improve our current UV 


capability down to 193nm using UV Laser 


Driven Light Source (LDLS).


➢ We got good results 260-400nm, and investigating 


delta 190-260nm


➢ Test system being checked (calibration of 
light source)
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GSTP with ESA


Nwell Nwell
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Nwell


Deep
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Pixel Pixel
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transistorstransistors


Photodiode area Photodiode area


EPI substrate P


Deep substrate P


Conductive plane


Pwell


P tap


Reverse 
bias


@ reverse bias


CIS220 HiRho version of CIS120


➢ HiRho technology, based on High-resistivity epitaxial Silicon, enables full 


depletion for thick material giving very good MTF and high QE at long 


wavelengths (NIR). 


➢ A development program part of a GSTP with ESA evaluating EPI thicknesses of 


up to 40µm. Then in future up to 300um could be possible using bulk material.


➢ Back face samples characterised (17µm and 33µm). 


Depletion
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Depletion
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High resistivity 


material


Un-depleted
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Depletion
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TG
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HiRho technology
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CIS220 – latest results 5


Part 1: more EO results


➢ Results very close to predictions. 


➢ Mean behaves as expected vs increase number of frames 


➢ These results were GS simple (higher than RS or GS DDS)


(CVF updated in CIS220 to be 


lower for higher Qsat, so the 


larger capacitor meant higher 


expected noise)
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CIS220 – latest results 6


Part 1: more EO results


Comparing to CIS120


➢ QE expected better the thicker the device is


Comparing to predictions


➢ Results were very close to predictions
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CIS220 – latest results 7


Part 1: more EO results


Comparing to CIS120


➢ MTF for most backbias voltages is the same or better than the non 


HiRho 


➢ MTF is clearly better for NIR wavelengths (no lowering). 


➢ Same holds for 17 and 33µm


Comparing 17 to 33µm


➢ MTF is better for the thinner device (same pixel - ratio) 


➢ Clearly more backbias voltage needed for the 33µm
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CIS220 – latest results 8


Part 2: radiation results


TID


•Gamma 


•Followed by anneal


Expectation


•Not expecting major differences


Results


•Backbias knee point: negligible change


•DC  & Noise: Comparable results


Dark Current @20oC


CIS120 Post-TID x16


CIS220 Post-TID x14


Noise @20oC


CIS120 Post-TID up 33%


CIS220 Post-TID up 13%


This comparison is 


between different 


sensor variants
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CIS220 – latest results 9


Part 2: radiation results


TNID


•Proton


•Followed by anneal 


Expectation


•DC expected to increase more 
(compared to CIS120)


•Due to deeper depletion


Results


•Backbias knee point: some shift


•DC worse (larger depletion volume)


•Noise worse, but reasonably


➢ Confirms theoretical expectation from 


IDDD=KDarkxDDDxVDepl x8


➢ Noise also went up more than CIS120


Dark Current @20oC


CIS120 Post-TNID x23


CIS220 Post-TNID x23x8
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CIS220 – latest results 10


Part 2: radiation results


Heavy Ion
Expectation


• Not expecting differences


Results


• No Latchup


Latchup 
observed


CIS120 0 In all supplies 
for both 
sensors


CIS220 0
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CIS300 11


Basics of the device CIS220 (HiRho version of CIS120), 
10um2 pixel


CIS302 (HiRho variant of CIS300)
10um2 pixel


2kx2k, 20fps 9kx8.6k, 8fps


FWC >80ke-, achieved >90ke- FWC >140ke-


Noise RS~10e-
GS~50e-


Noise RS~28e- (with low gain)
RS <2e- (with high gain)
GS<5e- (with high gain)


Dynamic Range >74dB Dynamic Range >94dB


Power <0.35W Power ~6W, options as low as <2W


Master clock (130MHz) Master clock (50MHz)


Outputs 130MHz Outputs 1GHz


No PLL in baseline PLL in baseline
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CIS300 custom– high speed 12


Characterisation complete


➢ Designed by Teledyne e2v for the NASA GeoXO lightning mapper (LMX) program 


➢ The main target specifications for the full size version are:
➢ Format at least 1500 x 1500


➢ Pixel pitch of 24μm


➢ Full well capacity above 500 ke-


➢ Read out noise below 600 e-


➢ Global shutter mode


➢ Frame rate at least 500 Hz


➢ QE above 80% at 777nm


➢ 14 bits ADC depth


➢ SNR above 4.0


➢ All these were proven by testchip (QE expectations through heritage). The reason for the lightning imager instrument using a narrow band filter centered 


at 777.4 nm to measure the atomic oxygen emission line that is the strongest emission produced by lightning.
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CIS300 custom– high speed 13


Characterisation complete


➢ Results within (and in most cases better than) expectations


➢ Variants tried to select the best for final product


Spec Parameter
Device 1 Device 2 Device 3


Units
Data 1 Data 2 Data 3 Data 4 Data 1 Data 2 Data 3 Data 4 Data 1 Data 2 Data 3 Data 4


CCF Mean 43.5 43.4 43.2 43.7 42.8 43.1 42.3 42.8 43.5 43.4 43.2 43.7 e-/ADU


Qsat Mean 701.8 719.6 728.5 724.7 693.3 701.8 701.1 706.6 708.5 702.7 711.8 709.0 ke-


Qlin Mean 677.0 719.1 727.7 724.5 688.9 701.5 701.0 706.6 708.5 677.3 709.4 703.3 ke-


Noise 
Mean


GS 135.7 135.3 128.0 129.9 142.2 143.0 136.6 138.2 146.0 145.5 141.1 142.2 e- rms


RS 74.3 74.3 74.3 74.3 92.9 93.4 90.1 91.4 95.2 94.8 92.7 93.3 e- rms


Dark signal
Mean


GS 5542 5558 7680 7631 3382 3322 5930 5897 5542 5558 7680 7631 e-/pix/s


RS 376 376 397 340 236 229 310 228 376 376 397 340 e-/pix/s


Min SNR 5.6 5.5 5.45 N/A
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CIS300 custom– high speed 14


Characterisation complete


➢ Improved pixel access time & ADC duration with a Teledyne proven ADC 


architecture


➢ Combined with the parallel readout of many rows


➢ Frame rate above 700fps for 14bits, and under some conditions, above 1000fps


➢ All with good settling and expected performance


Pixel access ADC


<6µsec
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CIS300 custom– high speed 15


Antiblooming performance


➢ Over-saturation x100 Qsat


➢ Results normalised by integration time- they show no blooming
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End of Slides
Thank you for your attention!
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X-ray, vis-NIR, and SWIR imaging


Hard
X-rays


Soft
X-rays


Vacuum 
UV


Gammy 
grays UV NIRVisible lights SWIR MWIR LWIR VLWIRRadiation type


[1] https://en.wikipedia.org/wiki/X-ray.
[2] P. E. Malinowski, et al., "Colloidal quantum dot image sensors: 
a new vision for infrared." 2022 IEEE IEDM.


See-through vision Material identification


Atomic nuclei Atoms Molecules Protozoans Needle point
Wavelength λ 0.001 nm 0.01 nm 0.1 nm 10 nm 0.2 µm 0.4 µm 0.7 µm 1 µm 2.5 µm 5 µm 10 µm 100 µm


Energy E(eV) 1.24 M 124 k 12.4 k 124 6.2 3.1 1.77 1.24 0.496 0.248 0.124 0.0124


𝑬𝑬 𝐞𝐞𝐞𝐞 =
⁄𝒉𝒉𝒉𝒉 𝒒𝒒
𝝀𝝀 =


𝟏𝟏.𝟐𝟐𝟐𝟐
𝝀𝝀 𝛍𝛍𝒎𝒎


1st X-ray image, 
Dec. 22, 1895


Mammography 
(20-30 keV)


Crystallography 
(8-12 keV) 


Medical CT
(80-140 keV)


Airport security 
(50-200 keV)
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CMOS readout


Photon absorber 
(e.g., Cd[Zn]Te)


X-rays


TFT 


Photon absorber 
(e.g., α-Se)


X-rays


Direct conversion


Existing solutions for X-ray and SWIR imaging


• Imaging with hard X-rays (> 5 – 10 keV) • SWIR imaging (1 - 2.5 µm)


TFT (thin-film 
transistors)


Photodiode 
(e.g., α-Si)


Scintillator (e.g., 
CsI:Ti) 


X-rays


Light


Conversion to 
electric charge


Photon absorption


Electrical signal


𝜆𝜆 = ℎ𝑐𝑐
𝐸𝐸 eV


= 1.24
𝐸𝐸 eV


μm Small bandgaps


Indirect conversion


CMOS readout


Photon absorber (e.g., 
InGaAs, HgCdTe)


SWIR photons


CMOS readout


Photon absorber 
(e.g.,CQD)


SWIR photons


Colloidal quantum dots (CQDs)
• Low-cost synthesis
• Tunable light absorption
• High material compatibility 
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Proposed approach: a monolithic thin-film image 
sensor for wide-spectral imaging
Swissmodics: Development of a Sensor with Wide-Spectral Sensitivity for MOnitoring
of Damage and Defects In Composite Structures


• Solution-based absorber stack for cost-
effective monolithic integration


• CMOS readout for high pixel resolution, low 
power consumption, and complex readout 
electronics


• Absorber on top of a pixel array for a 100 % fill 
factor


• Entire pixel area available for complex circuitry
• Compatible with different sensing materials


Top contact layer (global electrode)


Pixel circuitry Pixel circuitry Pixel circuitry


SiO2


Substrate


Top metal layer (in-pixel electrode)


Metal interconnect Metal interconnect Metal interconnect
Photon absorber


1.5 µm


15 µm x 15 µm 


The presented work is not limited to the original context of the Swissmodics project. 
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CMOS readout using a TSMC 180-nm process


Clock 
generator


Pixel
Global control


N ~ log(t)


Bitlines 
(BLs)


SRAM 
write/read 
interface


Binary 
counter


BL(11:0)40 MHz


RC 
oscillator


+Vpp


C0


C1b


S1


Vqd
Vref


S4


Write
WR


Vph


Vpix
12-bit in-pixel  


SRAM


S3
C1a


S2


─ 


+


─ 


C2


• Multiple conversion gains for diverse photon energies
• A high dynamic range with in-pixel A/D conversion, in-


pixel memory, and logarithimic time-domain encoding
• Electron or hole collection
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Monolithic integration of PbS CQDs on Swissmodics chips


• Material properties of PbS CQDs • Solution-based coating process 


120-µm thin films


500-nm thin films


A coated Swissmodics chip


Silicon readout 


In-pixel electrode


Electron transport layer
PbS QDs
Hole transport layer
Global electrode
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Test setup for sensor characterization


XY stage for scanning objects


Swissmodics mainboard


Data acquisition board


Testing platform


Sensor board with a flatcable


Sensor board with connecters
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X-ray imaging


Off-chip data treatment, including denoising for defects and scaling for 
image contrast


X-rays: 60 keV, Vqd = 6.5 V
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X-ray imaging


115 keV60 keV


28 keVScrew in a plastic tube
Diode bias: 6.5 V Backside of a sensor board 


Frontside of a sensor board 


60 keV


60 keV
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A single solution with a thick layer of PbS CQDs (120 
µm) for wide-spectral imaging


124 keV 0.496 eV3.1 eV 1.77 eV


60 keV


Swissmodics + PbS CQDs


Visible


124 eV


>1100 nm
First CMOS X-ray image sensor based on direct conversion in PbS CQDs with extended sensitivity to 
visible-NIR and SWIR photons


Hard X-rays Soft X-rays Vacuum UV UV Visible lights NIR (0.75 – 1)SWIR (1 – 2.5)


1300 nm
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SWIR imaging with a thin layer of PbS CQDs (500 nm) 


Visible light


Cold 385 °C


Imaging through smoke1550 nm


Mobile photo of a foggy scene
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Summary about PbS-based wide-spectral imagers 
• First CMOS X-ray image 


sensor based on direct 
conversion in quantum dots


• Particularly good X-ray 
detection performance with 
extended sensitivity to visible 
and SWIR light


• Potential uses in nondestructive 
testing and dental diagnostic 
imaging (offline)


• Realization of budget-friendly 
high-performance X-ray and 
SWIR detectors
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