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Within CEA-Leti, activities of the Optics and Photonics division cover 

most of the largest industrial markets for photonics:   

 

- all-wavelength imaging (Gamma and X rays, visible, 

infrared, THz)  

- optical data communications   

- optical environmental and 3D sensors  

- information displays  

 

We work with both industrial and academic players. The industrial 

partners of the Optics and Photonics division range from local SMEs 

to overseas and global companies. 

Our developments merge fundamental physical aspects with 

advanced technological developments; they interweave nano-

sciences, optics, microelectronics, advanced nano-fabrication, 

integration and packaging, while accounting for system requirements. 
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Our developments merge fundamental physical aspects with 
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sciences, optics, micro-electronics, advanced nano-fabrication, 

integration and packaging, while taking into account system 

requirements. 
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Year 2021 have seen the Covid-19 crisis go away. Today, its not-yet-resorbed 

consequences combine with exacerbated geopolitical rivalries. The war in Ukraine 

polarized the world, and consolidated at least some of historical international 

political blocks. Today, the economical exchanges, supply chains, access to natural 

resources and advanced technologies are all part of modern warfare. Free and 

unlimited economic exchanges evolve back into highly politicized block economies. 

The Covid-19 economic rescue/relief plans and worldwide hike in military spending 

create strong inflationary pressure. Central banks are walking a tight rope trying to 

control the inflation without sending the economies into recession.  

One of the many consequences of the COVID-19 pandemic has been spiking sales 

of consumer-electronic products just as there was a slowdown in chip production, 

particularly in Asia, where much of the $600bn industry has shifted in recent years. 

Two factors condition the current semiconductor crisis: the disruption of supply 

following the Covid pandemy, and the Sino-American competition inducing access 

restrictions to the Chinese players by the United States. 

The five largest semiconductor companies are American or Americaôs Asian allies 

(Korea, Taiwan). TSMC fabricates over 85% of worldôs advanced semiconductors 

(lower than 7 nm node). The recent U.S. sanctions on key Chinese companies 

caught many semiconductor foundries in a crossfire. For example, TSMC stopped 

delivering advanced node chips to Huawei, as it also halted the production of 28 

nm Russian-designed Elbrus processors for Russia. China has no longer access to 

foreign technologies. It faces bottlenecks in electronic design automation and 

extreme UV lithography (Dutch ASML) allowing crossing the 7 nm threshold.  

Facing the One China principle, the western world is building a resilience to the 

worst-case scenario of Taiwan invasion by China. A wave of capital expenditures 

submerges the semiconductor industry, mostly for the advanced node fabs built 

outside of Asia. A 10-year cost of a semiconductor fab in the US is 30% higher than 

in Taiwan and South Korea, and 50% higher than in China. Even at such a 

premium, advanced fabs are being built in the US and in Europe, funded by 

combining federal American and European Union CHIPS acts with direct 

investment from the fab companies. 

Current semiconductor crisis shows once again the strategic, vital, and growing 

importance of micro-nanotechnologies in all aspects of our lives. The Optics and 

Photonics division of CEA-Leti responds to the increased demands from our 

partners/customers in various microphotonics technologies, from infrared imagers, 

optical environmental sensors, guided and free-space optical datacoms, to 

wearable computer displays. We play an active role in rebuilding European 

microelectronic industry.  

In this annual scientific report, you will find examples of our results that appeared in 

open publications. These examples are just a small part of our rich and dynamic 

developments. Contact us if you wish to know more about photonics at CEA-Leti. 

 

Dr. Agnès Arnaud 
Head of the Optics and 

Photonics Division 

Alexei TCHELNOKOV 
Chief scientist, Optics and 

Photonics Division, CEA-Leti 
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345 persons overall total workforce 

235 permanent R&D engineers and technicians 

45 PhD students and post docs 

 

CEA-Leti's crystal growth and epi facilities,  
dedicated II-VI and III-V clean rooms with  
versatile substrate geometries up to 150 mm  
 

CEA-Leti's 200 mm and 300 mm CMOS clean  
rooms with numerous photonic fab  

processing modules  

Integration and packaging  
Material, optical and opto-electronic  
characterization facilities  

Advanced means of modeling and simulation 

© CEA-Leti 

© CEA-Leti / P. Jayet 

© CEA-Leti / P. Jayet 

© CEA-Leti / P. Jayet 

76 patents filed in 2021  

700 patents in portfolio  

20% under licensing contract  
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Publications 
96 publications in 2020 including  
40 papers in peer reviewed journals  
 
 

Prize and awards 
François Templier: 2021 Fellow Award from 
Society for Information Display 
Etienne Quesnel et al.: Best paper award at 
Eurodisplay 2019 for ñDimensioning a full 
color LED microdisplay for augmented reality 
headset in a very bright environment" 
https://onlinelibrary.wiley.com/toc/19383657/2021
/29/1 
 
 

Scientific committees 
Technical Program committees of: SSDM, 
ECOC, Display Week, ICDT, IDW, IEEE 
NSSSMIC, ADTC, Electronic Imaging, IEEE 
Photonics Summer Topicals, GADEST, ECTC, 
ESTC, OPTRO, ESSCIRC, IWDSC, NDIP.  
Members of the IRDS roadmapping initiative, 
AFNOR French standards body. 
 

https://onlinelibrary.wiley.com/toc/19383657/2021/29/1
https://onlinelibrary.wiley.com/toc/19383657/2021/29/1
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I N F R A R E D  A N D   

T H Z  I M A G I N G  

 

O1 
 

 

¶ n-on-p extrinsic MWIR HgCdTe diodes 
operate at higher temperatures  

¶ Optical persistence on HgCdTe SWIR 
imagers is explained  

¶ HgCdTe avalanche photodetectors - 
hole multiplication is observed 

¶ 2k x 2k HgCdTe arrays over perform in 
an astronomy application 

¶ High-impedance surfaces allow above-
IC integration of cooled bolometric 

imagers for 350 µm wavelengths 
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Context and Challenges 
Quantum infrared detectors require to be cooled down to 
cryogenic temperature in order to obtain acceptable 
performances in terms of dark current as well as dark current 
noise. The increase of the operating temperature of infrared 
detectors is a main challenge, as it could allow to reduce the 
Size, Weight and Power-Cost (SWAPc) associated with the 
cooling system. For HgCdTe based photodiodes, one of the 
technological solutions to reduce the dark current is the 
extrinsic p-type doping. This type of doping allows to reduce the 
Auger contribution on the dark current compared to a p-on-n 
photodiode. The theoretical reachable gain in terms of dark 
current at constant doping is modelled by the ratio between the 

Auger 1 and 7 generation coefficients g. A large g value enables 

to reduce the dark current at constant doping or to obtain a 
constant dark current with a higher doping compared to p-on-n 

photodiodes. The value of g has not yet been clearly 

determined in literature which is why the achievable 
performances of an n-on-p extrinsic photodiode technology is 
still a subject of research. 
 

Main Results 
N-on-p extrinsically doped photodiodes and material from 2 
wafers with 2 doping levels, have been formed and 
characterized through dark current, dark current noise, Hall 
effect and minority carrier lifetime by PhotoLuminescence 
Decay (PLD) measurements [1]. A dark current slightly higher 
than p-on-n photodiodes has been measured with the lowest 
doping level. This observation and carrier lifetime results are 
consistent with an Auger 7 limitation of the dark current and a 

g value around 10. Figure 1 shows that a shot noise behavior 

up to around 220K is observed at both doping levels. At high 
temperature, Tobin coefficients below 10-5 have been 
measured, corresponding to lowest 1/f noise reported so far for 
IR photodiodes. At the lowest doping level, a Background 
Limited Performance (BLIP) temperature of 165K is estimated 
for a field of view of 14° (F/4 optics). At this temperature, 1/f 
noise is not observed which is why a high and stable image 

quality is expected even on very long time scales. 
 

Perspectives 
The observation Auger 7 limitation of the dark current and the 
low 1/f noise opens the perspective to form high performance 
imagers at high operating temperature. The results show on a 
margin for optimization through the reduction of the doping 
level. Reaching a doping level of 1 1015cm-3 could allow to 
increase the BLIP temperature to 190K at F/4. Such high 
operating temperature would be a major breakthrough in the 
field of SWAPc focal plane arrays. 
 
 

 
Fig. 1: Dark current noise as a function of the dark current compared 
with Tobin's model and theoretical shot noise (I refers to the dark 
current). 

 

High operating temperature n -on-p extrinsic  
MWIR HgCdTe photodiodes 
 

 

The increase of the operating temperature of quantum infrared (IR) detectors allows a significant gain in size, 
weight, power and cost of detection systems. This temperature is related to dark current and dark current noise, 
which can be reduced by optimizing the doping and lifetime of the absorption layer. In this context, n-on-p extrinsic 
HgCdTe material and photodiodes have been developed to benefit from a reduction of the Auger generation to the 

dark current. Lifetime and dark current are consistent with a potential gain in dark current or doping of a factor g 

around 10. The 1/f noise at high temperature was found to be the lowest reported for IR photodiodes. These results 
show that this technology has the potential to form high operating temperature imagers. 
 

RESEARCH TOPIC:  
High operating temperature MWIR HgCdTe photodiode 
development through p-type extrinsic doping 
 

AUTHORS:  
M. Soria, P. Bleuet, F. Boulard (DPFT), J.-L. Santailler (DPFT), 
F. Marmonier (DPFT), L. Bonnefond (DPFT), T. Pellerin, G. 
Poisson and J. Rothman 
 

RELATED PUBLICATIONS: 
[1] M. Soria et al., ñHigh operating temperature n-on-p extrinsic MWIR HgCdTe photodiodesò, Proceedings of SPIE, 11741, p. 117411C, 2021. 
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Model and characterization of persistence  
on HgCdTe SWIR imager 

 
Fig. 1: Persistence ramp compared to multi-exponential models. 

 
Fig. 2: Persistence ramp and fitting with trap emission model. 

 

RESEARCH TOPIC:  
Persistence, HgCdTe, SWIR detector, astronomy, modelling 
 

AUTHORS:  
T. Le Goff, T. Pichon1, N. Baier, O. Gravrand, O. Boulade1 

 

Context and Challenges 
detectors in astronomy. After a bright illumination, the signal of 
previous acquisitions pollutes the following ones. To mitigate 
the impact of this phenomenon, astronomers must calibrate 
persistence on every detectors. However, persistence models 
are empirical ones based on multi-exponential or power law 
fitting. Models closer to the physics of persistence is needed to 
improve the efficiency of the calibration. It would also help 
identify technological step responsible of this phenomenon. 
 

Main Results 
We develop an analytical model based on trapping/emission 
processes of electrons from the space charge region of the 
diode. Considering alloy and ionic properties of HgCdTe, 
defects are more likely to generate an energy distribution in the 
band gap instead of single levels. With this hypothesis, 
persistence signal could be compared to data obtained on 
detectors built in house at CEA-Leti. The model shows good 
agreement with data but reaches its limits to explain high 
persistence amplitude observed on first generation detectors. 

 
Perspectives 
Part of persistence signal is well described with this model, but 
other contributors should be included in the following. For 
instance, traps at the passivation interface would have a non-
negligible contribution. 
For persistence calibration, our model could be completed with 
capture properties of traps. This would allow to also calibrate its 
charging phase. 
 

 

HgCdTe Infra-Red detectors for astronomy application, one remaining characteristic limits their scientific use: 
persistence. Previous images leaves their imprint and pollute the following images with time constants on the order 
of hours. Trapping/emission processes from deep level defects in the space charge region (SCR) of the diode may 
explain this phenomenon, but no formalism have been developed yet. Inspired from Deep Level Transient 
Spectroscopy, we develop an analytical model describing trap emission current from the SCR. With a trap density 
on the order of the residual doping, this model explains persistence observed on detectors build in house at CEA-
Leti. 
 
SCIENTIFIC COLLABORATIONS: 1CEA-IRFU. 
 

RELATED PUBLICATIONS:  
[1] T. Le Goff, T. Pichon, N. Baier, O. Gravrand, O. Boulade, 'Model and characterization of persistence on HgCdTe SWIR imager', To be published, Journal of 
Electronic Materials, 2022. 
[2]  T. Le Goff, N. Baier, O. Gravrand, O. Boulade, T. Pichon, "Persistance and dark current characterization on HgCdTe short wave infrared imagers for astronomy  
at CEA and Lynred", Proc. SPIE 11454, 114541K (2020). 
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First evidence of hole multiplication in  
HgCdTe APDs 
 

RESEARCH TOPIC:  
HgCdTe APDs, avalanche multiplication, meso-photonic state 
detection, Infra-red 
 

AUTHORS:  
Johan Rothman, Loic Lechevalier, Julie Abergel (DPFT), Sylvain 
Gout (DPFT) and Antoine Coquiard (DPFT).  
 

 

Context and Challenges 
HgCdTe APDs have until present been characterized by an 
exclusive electron initiation of the avalanche process that is 
responsible for their exceptional performance to conserve the 
amplitude and temporal information of the photon signal at high 
gain. These properties have opened a new observation window 
for light that have found applications in variable domains such as 
free space optical communications, atmospheric Lidar and 
quantum optics. In order to meet the most demanding 
requirements in such applications, the present challenge in the 
development of these detectors is to reduce the response time 
and the noise (dark and multiplication noise) while increasing the 
APD gain and its operating temperature. In this context, CEA/Leti 
is conducting an important effort to optimize the APD 
performance through the development of new APD architectures 
and process'. This effort has in particular allowed developing 
APDs with high gain and fast response over a larger areas. 
Response time and gain measurements on some variants of 
these APDs have yielded results that are consistent with a firs 
observation of hole multiplication in HgCdTe APDs [1].  
 

Main Results 
The APD gain and response time have been characterized 
using impulse response time measurements at T=300 K. The 
results of these measurements are shown in Fig. 1. The APD 
gain has been estimated from dark current measurements and 
from the variation of the integral amplitude of the impulse 
response time (vertical gain). It can be seen that these 
estimation give a similar gain that increases exponentially at 
low reverse bias. At higher reverse bias, both curves show a 
steeper than exponential increase, with a steeper increase for 
the vertical gain. The origin of the additional gain is evidenced 
from the variation of the impulse response. At low bias, the 
impulse response time is independent of the reverse bias and 
gain. The increased gain at higher bias is due to a strong 
increase of the response time. Such increase in response time, 
associated with an increase in amplitude, is consistent with an 
onset of hole multiplication that re-initializations the avalanche 

process and generates a stronger but strongly delayed signal.  
The observed variation of the gain and response time can be 
modeled with the hypothesis that the hole multiplication occurs 
perferably at their exist of the junction and do consequently re-
initiate a full electron avalanche. The additional excess noise to 
the multiplication process can, in this picture, be modelled using 
a Markovian birth chain and the first modeling results show on a 
low impact on the excess noise factor F, expected to be lower 
than 1.5 

 

Fig. 1: HgCdTe APD gain at T=300 K as a function of reverse bias for the 
dark current (continuous line) and the integral amplitude of the response 
time. The insert shows the corresponding variation of the impulse 
response at variable reverse bias. 

 

Perspectives 
The observation of hole multiplication is an important milestone 
in the understanding of the physics of HgCdTe APDs. It will limit 
the performance of the HgCdTe APDs in application that 
requires the highest bandwidth and lowest multiplication noise. 
However, the observed increase in gain can be used to boost 
the gain at lower reverse bias and dark current. Such gain boost 
can find use to increase the detection efficiency of single 
photons at reduced dark count rate. 

-- dark current gain

vertical gain

HgCdTe avalanche photodiodes (APDs) allow the detection of down to single photon states, so called meso-photonic 
states with low loss of information. This feat has so far been achieved thanks to an exclusive electron initiated 
avalanche multiplication gain process that limits amplitude and temporal fluctuations of the gain. The absence of a 
contribution from the holes to the multiplication process in HgCdTe has been attributed to band structure in which the 
holes are very unlikely to occupy initial states that can produce such events. The question if and how such 
multiplication could ever occur is on hold, awaiting a first clear observation of such behavior in HgCdTe. CEA/Leti has 
recently developed an optimized technology that allows forming large area APDs with high gain and bandwidth on 
which we have made observation of a gain a response time characteristics that are consistent with the occurrence of 
hole multiplication that have fundamental implications on the ultimate performance and use of HgCdTe APDs. 

RELATED PUBLICATIONS:  
[1] J. Rothman et al., Communicated at the II-VI workshop, 2021. 
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Fabrication and characterization of a high  
performance NIR 2kx2k MCT array at CEA  
and Lynred for astronomy application  

RESEARCH TOPIC:  
IR imaging, Astronomy, HgCdTe, ultra low flux, large format 
 

AUTHORS:  
O. Gravrand, O. Boulade1,  
C. Lobre, J.L. Santailler, T. Pichon, N. Baier  

 

For several years now, LYNRED, CEA-LETI and CEA-IRFU have been involved in the development of large area, 
very high performance NIR retinas for astronomy, in the context of the ALFA program (Astronomical Large Format 
Array). It aims at demonstrating the ability to produce in Europe low flux 2kx2k arrays exhibiting the very high 
performances required by science applications. In this context, high performance means very low dark current 
(below 0.1 e/s/px) with high QE (above 80%). LETI and LYNRED succeeded this year in the fabrication of a 2kx2k 
array, with very high uniformity as characterized at IRFU. One of those arrays will be used on the CAGIRE camera 
of the SVOM mission, aiming at observing afterglows of gamma ray bursts. 
 

SCIENTIFIC COLLABORATIONS: 1CEA IRFU (Saclay), Lynred (Veurey Voroize)  
 

 

RELATED PUBLICATIONS:  
[1] Cervera, et al .(2017)J. Electron. Mater. 46, 6142ï6149. 
[2] O. Gravrand, et al, "Fabrication and characterization of a high performance NIR 2kx2k MCT array at CEA and Lynred for astronomy applications",  
Proc SPIE 12107-4 (2022) 
[3] T. Pichon, et al, J. Elecron. Mater. 49, 6918ï6935. 

 

Acknowledgements 
ESA, H2020 and FOCUS labex 
 

 

Fig. 1: Fully packaged 2048×2048 ALFA array 

 

 
Fig. 2: Dark current mapping @ 100K 

 

Context and Challenges 
The HgCdTe (MCT) material system is well known to provide 
the high QE as well as very the low dark current required for 
astronomical applications. Such high performances has been 
demonstrated several years ago within our lab onto small size 
test arrays [1] and the ALFA program aimed at demonstrating 
the ability to scale this technology to very large formats such as 
2kx2k 15µm pitch. This represents a serious challenge as the 
final chip is 3x3cm² (see Fig. 1), much larger than the usual 
1cm² class chip . LETI was in charge of the absorbing layer 
proces while Lynred was responsible for the packaging with the 
Si read out circuit. LAst but not the least, CEA-IRFU was in 
charge of the chip final characterisations and performance 
assessment. 
 

Main Results 
The delivered chip meets all the performances required by 
ESA. 
Indeed, the measured QE is above 70% over the whole 
spectral band of interest (from 0.9 to 2µm). After optimization of 
the diode process and the layer growth conditions, the dark 
current has been strongly reduced down to ultra-low values (Fig 
2.). Indeed, at 100K, the dark current histogram of the 4 million 
pixels peaks at 0.002 e/s, i.e. one electron every 10 minutes 
leaking in the system. 
Furthermore, other second order figures of merit have also 
been considered in the process optimization, such as 
persistence (factor 10 improvement), pixel to pixel cross talk 
(below 0.5% lateral coupling), and even space radiation 
robustness [3]. 
 

Perspectives 
The resulting array will be used into the CAGIRE IR camera 
mounted in a Telescope in Mexico, in order to observe gamma 
ray bursts within the SVOM mission. 
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High-Impedance Surfaces for 
above-IC integration of cooled bolometer  
arrays at the 350-µm wavelength 

Perspectives 
The on-going work is focused on the development of actual 
bolometer detectors at 350 ɛm using this HIS concept and 
based on the detector technology developed for the SPICA 
project. The targeted applications are imaging focal plane 
arrays for future space observatories but also ground 
telescopes, such as the ARTEMIS camera on APEX telescope 
(Chile). 
 

 
Fig. 1: Cross-section of the dipole absorbers over the HIS and top view 
photograph (a), simulated and measured optical absorption at 300 mK 
(b). 

 

(a)

(b)

Silicon

High impedance 
surface

absorbers

RESEARCH TOPIC:  
Mm-wave and THz detectors 
 

AUTHORS:  
L. Dussopt, A. Aliane, H. Kaya, V. Goudon, L. Rodriguez1, 
C. Delisle1, V. Revéret1, A. Poglitsch2, E. Gümüs3,  
C. B. Winkelmann3 
 

 

High-Impedance Surfaces (HIS) have been demonstrated for the above-IC integration of sub-millimeter-wave 
detectors using standard thin film manufacturing processes and materials. We demonstrated theoretically and 
experimentally the efficient optical absorption at cryogenic temperature of a resistive dipole antenna array above a 
HIS-based optical cavity with a thickness of 13 µm, i.e. less than 1/25 of the center wavelength (350 µm). More 
specifically, an absorption above 78% in linear polarization is obtained over a bandwidth of 100 µm. These results 
confirm the high interest of HIS structures for future polarimetric cooled bolometers in terms of absorption efficiency, 
bandwidth and cross-polarization discrimination. 
 
SCIENTIFIC COLLABORATIONS: 1CEA-IRFU, 2Max-Planck-Institut, 3Institut Néel, Labex FOCUS (ANR-11-LABX-0013)  
 

Context and Challenges 
Silicon bolometers cooled at 50-300 mK are high-performance 
sub-millimeter wave detectors used in astrophysics. In the 
frame of the SPICA space observatory project, polarimetric 
bolometer arrays operating in the 100-ɛm band have been 
developed. They are integrated on a CMOS read-out integrated 
circuit (ROIC) for low noise detection and signal multiplexing to 
the higher temperature stages. This above-IC integration 
scheme, i.e. fabrication on CMOS ROIC wafers, does not allow 
thick film processes, which would be normally required to scale 
the design to longer wavelengths since these detectors use a 
classical quarter-wavelength optical cavity. 
High Impedance Surfaces (HIS) have been investigated for the 
above-IC integration of 350-Õm (ɚ0) detectors [1]. HIS are sub-
wavelength periodic metallic structures with a very low thickness 
designed to generate a reflection coefficient close to +1. They are 
manufactured with standard materials. 

 
Main Results 
Prototypes have been designed, manufactured and 
characterized at 300 mK (optical absorption at 100-600 µm 
wavelengths) to demonstrate the feasibility and performance in 
the targeted wavelength and temperature range. The optical 
absorption is performed with superconducting thin-film Ti/TiN 
dipoles representative of future bolometers. These absorbers 
are placed above an optical cavity made of the HIS with a 
thickness of 13 Õm only, i.e. less than ɚ0/25 and much thinner 
than classical quarter-wavelength optical cavities.  
An optical absorption above 78% in linear polarization is 
obtained over a bandwidth of about 100 ɛm and a very good 
polarization discrimination is demonstrated (Fig. 1). An accurate 
electromagnetic finite-element model was developed to analyze 
the absorption in each material and in different temperature 
ranges. 
 
 
 

RELATED PUBLICATIONS:  
[1] L. Dussopt et al., "High-Impedance Surfaces for Above-IC Integration of Cooled Bolometer Arrays at the 350-ɛm Wavelength," 19th Int. Workshop on Low 
Temperature Detectors (LTD19), July 19-29, 2021.  
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 C M O S  I M A G I N G   O2 
 

 

¶ Deep learning algorithm processes 
quad-pixel plenoptic light-field images 

¶ Parasitic coupling in 3D sequentially 
integrated CMOS imagers can not be 
neglected 

¶ Novel design of image-processing ASIC 
neural network accelerator is more 
versatile and efficient 

¶ Edge-Boxes algorithm employed in 

embedded smart-image-systems 
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Deep learning applied to quad -pixel  
plenoptic images 

RELATED PUBLICATIONS:  
[1] G. Chataignier et al., Joint electromagnetic and ray-tracing simulations for quad-pixel sensor and computational imaging, Optics Express, 27, 30486, 2019. 
[2] G. Chtagnier et al., Deep learning applied to quad-pixel plenoptic images, Proc. SPIE 11875, Computational Optics 2021, 1187505 (14 September 2021); doi: 
10.1117/12.2597001 

RESEARCH TOPIC:  
CMOS image sensors, plenoptic, quad-pixel, image processing, 
deep-learning, neural network 
 

AUTHORS:  
J G. Chataignier, B. Vandame1, J. Vaillant  

 

Context and Challenges 
A plenotptic image sensor not only records the radiance on the 
image plane, like conventional image sensor, but also the light 
field. This additional information is customary used to estimate 
depth on the image. We focus on quad-pixels, which are the 
minimalistic version of plenoptic pixels, consisting of 2x2 sub-
pixels placed under a microlens. 
Dedicated image processing have to be develop to optimally 
use the information encoded by these quad-pixels. This require 
sample images. However, there is no quad-pixel sensor 
available. Therefore, in parallel to demonstrator fabrication, we 
generate a dataset of realistic synthetic images by accurately 
modelling the image formation, taking into account not only the 
main lens, but also the diffraction at pixel level. 
Once the dataset is available, we consider three processing: 
dedicated color demosaicing, correction of pixel-level diffraction 
and depth estimation. We focus on convolutional neural 
networks (CNN) and deep-learning.  
 

Main Results 
Based on previously developed simulation framework [1], we 
are able to generate realistic synthetic images based on main 
lens description and quad-pixel structure. Here we consider 
smartphone-type compact camera.  

 

Fig. 1: (a) Synthetic image, (b) associated depth-map 

The advantage of synthetic image is the capability to simulate 
the image but also the ground-truth depth-map (Fig. 1) or the 
diffraction-free image. 
For color demosaicing, we compare individual sub-aperture 

 

image demosaicing using state of the art CNN and our ResNet 
CNN taking the four sub-aperture image at once and delivering 
the color sub-aperture image. Our network 25% lighter and 
slightly better than reference CNN. 
For diffraction compensation, two network architectures are 
considered: bottleneck ResNet and 3 levels U-net. Synthetic 
images are especially relevant for diffraction compensation: 
they provide realistic and diffraction free dataset. The latter one 
cannot be obtain experimentally. We show that processed 
images exhibit higher are clearer disparity that raw images 
(Fig. 2), which will be helpful for other processing like depth 
estimation. 

 

Fig. 2: left: disparity on raw image (with diffraction), right: disparity on 
processed images 

Depth estimation can be done using conventional block-
matching algorithm, or using CNN. We re-implemented already 
published DU2Net CNN architecture and show that large 
training set is mandatory to setup such network [2]. 
 

Perspectives 
Complementary studies on dedicated processing for quad-pixel 
will be done combining conventional processing like block-
matching and CNN based processing.  
A quad-pixel image sensor demonstrator is under fabrication. 
Images taken with this demonstrator will relevantly complete the 
synthetic dataset. 
 

We developed dedicated image processing for quad-pixel plenoptic sensor. Unlike conventional pixels, quad-pixel 
consist of 2x2 sub-pixels placed under a micro-lens and records the light field instead of only radiance on the image 
plane.  At first, we model the image formation with these pixels and we perform pixel-level simulation to take into 
account the diffraction inside the quad-pixel. This allow us to generate a dataset of realistic synthetic images. Then 
we develop new ways to process such quad-pixel images based on deep learning  
 
SCIENTIFIC COLLABORATIONS: 1 Interdigital 
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Parasitic Coupling in 3D Sequential Integration:  
The Example of a Two-Layer 3D Pixel 

AUTHORS:  
Petros Sideris, Arnaud Peizerat, Perrine Batude (DCOS), Gilles 

Sicard and Christoforos Theodorou1 

 

Context and Challenges 
In the field of 3D Integration technologies, an important driving 
application is the CMOS Image Sensor (CIS), as it requires the 
heterogeneous integration of different system parts, Fig. 1 : a 
photon-to-electron converter (photodiode), an analog readout 
part, an A/D conversion and a digital image processing. CIS is 
so an ideal candidate for studying coupling effects in 3D 
integration technologies, as it is highly sensitive to noise 
(dynamic) and mismatch (static) variations. 

 

Fig. 1: Realization of a CIS with planar (left) and three-dimensional 
partitioning (right). 

 

Main Results 
In order to carry out our study, the simulation structure depicted 
in Fig.2 was considered. By varying TG gate voltage bias within 
its normal operation limits (0ï2.5 V), we observe a shift of the 
IDïVG characteristics for the top devices, as shown in Fig. 3. 
 
Concerning the example of the two-layer 3DSI pixel studied in 
this work, in a typical rolling readout operation, sequential pixel 
activation implies that there is no probability for a readout error 
due to TG coupling. Furthermore, the Correlated Double 
Sampling (CDS) stage that exists commonly after the readout 
circuit eliminates possible readout errors. 
Therefore, despite strong electrical coupling and high threshold 
voltage shifts (~100 mV) for top-tier devices, we demonstrated 
that a sequentially integrated 3D CIS can have an inherent 
immunity to inter-tier coupling, with zero readout errors. 

RELATED PUBLICATIONS:  
[1] Sideris, P.; Peizerat, A.; Batude, P.; Sicard, G.; Theodorou, C. Parasitic Coupling in 3D Sequential Integration: The Example of a Two-Layer 3D Pixel. 
Technologies 2022, 10, 38. https://doi.org/10.3390/technologies10020038 
[2] P. Sideris, A. Peizerat, P. Batude, C. Theodorou and G. Sicard, "Inter-tier Coupling Analysis in Back-illuminated Monolithic 3DSI Image Sensor Pixels," 2021 

10th International Conference on Modern Circuits and Systems Technologies (MOCAST), 2021, pp. 1-4, doi: 10.1109/MOCAST52088.2021.9493347. 

RESEARCH TOPIC:  
3D sequential integration, image sensors, 3D pixels, 3DSI, 
monolithic 3D, M3D, coupling, parasitic capacitances 
 

 

In this paper [1], we present an analysis of parasitic coupling effects between different electrodes for a Back-Side 
Illuminated, 4TïAPS, 3D Sequential Integration pixel with both its photodiode and Transfer Gate at the bottom tier 
and the other parts of the circuit on the top tier. The effects of voltage bias and 3D inter-tier contacts are studied by 
using TCAD simulations. Coupling-induced electrical parameter variations are compared against variations due to 
temperature change, revealing that these two effects can cause similar levels of readout error for the top-tier 
readout circuit. On the bright side, we also demonstrate that in the case of a rolling shutter pixel readout, the 
coupling effect becomes nearly negligible. Therefore, we estimate that the presence of an inter-tier ground plane, 
normally used for electrical isolation, is not strictly mandatory for Monolithic 3D pixels. 
 
SCIENTIFIC COLLABORATIONS: 1 UGA IMEP-LAHC, Grenoble, France  
 

 

Fig.2: (a) Cross-section of a 4T pixel, partitioned in 3DSI. (b) In the most 
critical case, the top device is placed right above the TG electrode with a 
voltage swing of several volts. 

 

 

Fig.3: (a) Impact of TG coupling (VTG = 0 (red) and 2.5 V (blue)) for 
NMOS and PMOS devices. (b) Extracted threshold voltage shift versus 
TG voltage bias 

 

Perspectives 
The direct stacking of the readout tier upon the photodiode 
area is safe without the necessity for electrical isolation in a 
3DSI CIS. However, an intertier Ground Plane is mandatory 
in cases where sensitive blocks are considered to be placed 
above the photodiode area, such as in-pixel frame memory 
for which the leakage current is a critical parameter. 
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RESEARCH TOPIC:  
Embedded deep learning, convolutional neural networks,  
model quantization, image compression 

Context and Challenges 
As Convolutional Neural Networks (CNNs) has achieved 
remarkable success on various applications, pushing CNN 
inference to the edge devices is ubiquitous. For this purpose, 
one option is to develop generic hardware platforms dedicated 
to multi-purpose DNNs while achieving high TOPS/W as the 
target efficiency metric. An alternative design approach is more 
related to Application-Specific Integrated Circuits (ASICs) that 
are dedicated to a certain task, requiring hardware-algorithm 
co-design to meet a tiny hardware budget (e.g. memory, 
computational capability). It clearly motivates the use of CNN 
compression techniques [1], including efficient model design, 
network quantization and pruning, which increase the hardware 
efficiency but sacrifice algorithmic overall performance.  
 

Main Results 
This work [2] tackles the aforementioned issues of ASIC design 
from the algorithmic point of view, by proposing a mixed-
precision encoder that can be applied for both embedded 
image classification and patch-based compression, while 
improving hardware efficiency/algorithmic performance 
compromises. Fig. 1 depicts an overview of the proposed 
framework, in which the key element is a weight-reconfigurable 
encoder with 3b/2b/1b weights, bit-shift normalization and Half-
Wave Most-Significant-Bit (HWMSB) activation with favorable 
hardware compatibility. We propose PURENET decoder for the 
reconstruction of image from patch-based measurements. 
 
 
 
 
 
 
 
 
 
 
 

 
The efficiency of our framework on image classification and 
patch-based compression tasks is illustrated by Table 1 
(improved model size/BOPs vs. accuracy compromise) and on 
Fig. 2 (reconstructed image without block artifact).  
 

 Bankman 
et al. 

Kim et 
al. 

Cai et al. This 
work 

Weight 
precision 

1 1 2 1, 2, 3 

Activation 
precision 

1 1 4 1, 2 

Model size 
(Mb) 

2.624 14.022 18.607 1.073 

BOPs       
( ρπ) 

1.007 0.642 5.040 0.287 

Accuracy 
(%) 

86.05 88.80 90.03 87.48 

Table 1. Comparison of low-precision CNN processors  
(CIFAR-10 image classification task). 

 
 
 
 
 
 
 
 
 
Fig. 2: Example of image reconstruction from patch-based binary 
measurements, at the bit-rate of 0.25bpp. Left: original image. Right: 
reconstructed image (PSNR: 22.71dB). 

Perspectives 
The results demonstrates the possibility of improving the 
application-versatility of ASIC designs while reaching better 
efficiency/algorithm trade-offs. Further works may seek an 
extension to video inference with the quantization of recurrent 
layers (e.g., LSTM). Another option is to applying multi-task 
learning to alleviate the need of weight-reconfigurability.  

A 1Mb mixed-precision quantized  
encoder for image classification and  
patch-based compression 

AUTHORS:  
Van Thien Nguyen, William Guicquero, Gilles Sicard 

 

This work demonstrates that an ASIC Neural Network accelerator can be compatible with various image processing 
tasks, classification and compression, while requiring a very limited hardware. The key component is a 
reconfigurable, mixed-precision (3b/2b/1b) encoder that takes advantage of proper weight and activation 
quantizations combined with convolutional layer structural pruning to lower hardware-related constraints (memory 
and computing). We introduce a novel adaptive symmetric quantization for ternary/quinary weights training along 
with the hardware-friendly Bit-Shift Normalization. At 1Mb model size, the classification accuracy reaches 87.5% on 
CIFAR-10. Besides, this quantized encoder can also be used to compress image patch-by-patch while the 
reconstruction can performed remotely, by a dedicated full-frame decoder. This solution allows an end-to-end 
compression without any block artifacts, outperforming patch-based state-of-the-art techniques. 

RELATED PUBLICATIONS:  
[1] W. Guicquero and A. Verdant, "Algorithmic Enablers for Compact Neural Network Topology Hardware Design: Review and Trends," 2020 IEEE International 
Symposium on Circuits and Systems (ISCAS), 2020 
[2] V. T. Nguyen et al., "A 1Mb mixed-precision quantized encoder for image classification and patch-based compression", IEEE Transactions on Circuits and 
Systems for Video Technology, [Early Access] 2022. 

Fig. 1: Schematic description of our framework involving neural network 
topology parts. 
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Study of an integrated pre -processing 
architecture for smart -imaging-systems,  
in the context of low power computer vision 
and embedded object detection  

RESEARCH TOPIC:  
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Luis Cubero Montealegre, Arnaud Peizerat, Dominique Morche 
(DSYS), Gilles Sicard  

 

 

Embedded Computer vision, as many real application scenarios of artificial intelligence, is facing hardware and 
power constraints with the rising of edge computing applications. 
In this work, we have studied, and preliminary characterized (with behavioral simulations and on-paper electronic-
models) the use of a ROI-proposals structure, based on Edge-Boxes algorithm, for hardware-constrained devices, 
in the context of integrated-IC smart-image-sensing architectures. Our motivation was to replace the typically used 
ñsliding-window-approachò in embedded smart-image-systems scenarios. 
Thanks to a custom simulation-based framework developed during this thesis, we are able to compare detection 
architectures (including event-based one) and able to show the efficiency of such architecture in an embedded 
context with strong constraints on power consumption and available hardware. 

Context and Challenges 
The object detection problem (Fig. 1a), consisting in finding 
different objects of specific classes (types) in an image, turns out 
to be quite complicated to embed near the image sensor.  
Indeed, two complex tasks are required: multi-scale localization 
and multi-class classification to identify bounding boxes that 
perfectly enclose each object, whatever its size, and to label the 
type of the detected object.  
Today these tasks are mainly often performed on general-
purpose desktop machines. Nevertheless, attractive applications 
like autonomous-driving, augmented reality or video surveillance 
are urging the need for low-power, low-latency and compact low 
power devices. The state of the art has approached this 
challenge by optimizing specific sections of the complete 
processing-pipeline for a comparable object detection 
performance. A typical example in the last decade corresponds to 
minimizing the computing precision, hence the power, to a 
minimal value. Diminishing the bit-depth or image size has then 
been studied while implementing pre-processing steps that 
increase robustness against the loss in bit and image resolution. 
An algorithm that doesnôt require that kind of pre-processing 
stage to be programmable is obviously desirable in order to 
simplify its implementation (e.g. no memory access to learned 
weights). Another strategy has been to reduce power due to I/O 
communications amongst different chips or devices thanks to a 
more exhaustive integration of specialized circuitry and thanks to 
more efficient memory accesses and mathematical operations. 
 

Main Results 
In that context of near-sensor computing, this work points 
towards a more energy efficient detection pipeline (Fig. 1b). We 
target several specific key aspects. First, we try to assess if a 
dedicated-class-agnostic region proposal algorithm, based on 
pre-processed low-level features, (replacing typical sliding 
window approach) for object localization. Then, we propose a 
pipeline that takes into account near image sensor features 
extraction for Region Proposals with an algorithm called 
EdgeBoxes. Second, we try to assess an optimal type of pre-

processing that would allow extracting low level features (oriented 
gradients), and give the best trade-off between power 
consumption, hardware complexity and object detection 
performance.  

 

Fig. 1: a) Basic work context. b) Object Detection Pipeline 

Our methodology relies on behavioral simulations carried out 
thanks to a custom framework written in Python and C++ code. 
We propose a hierarchical model of different image acquisition 
and processing techniques, and we study their performance 
through specific metrics related to runtime, memory usage, 
hardware complexity, I/O data-rate, localization performance and 
classification performance.  
We provide comparison between our novel object detection 
pipeline and the state of the art and we obtain several 
benchmarks giving guidance to choose one or another 
architecture depending on the specific needs. We conclude by 
stating which one would give, from our perspective, the best 
trade-offs in term of power consumption and recognition 
capability. 
 

Perspectives 
The next step will be the first silicon implementation of the 
proposed architecture. Upgrades have to be made on the 
electronic implementation of Edge Boxes algorithm. 
The custom framework provides very Interesting and original 
feedbacks on the studied architecture. It needs to be improved to 
become more user friendly. 

CMOS Imager

OrientedGrandients
extractor

ROI Proposals

Neural Network 
Classifier

a) b)

RELATED PUBLICATIONS:  
[1] L. Cubero Montealegre, "Study of an integrated pre-processing architecture for smart-imaging-systems, in the context of low power computer vision and 
embedded object detection", PhD Thesis, CEA-Leti, Grenoble-Alpes University, Grenoble, France, 2021 - https://tel.archives-ouvertes.fr/tel-03612476/document 
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¶ Noise in perovskite Gamma-ray 
detectors better understood 

¶ Defects in CZT Gamma detectors are 
simulated efficiently 

¶ X-ray "colour" imagers can have high 
spatial and energy resolutions, 

simultaneously 
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Noise spectroscopy study of methylammonium 
lead tribromide single -crystal detectors: 
gamma-ray spectroscopy applications  

RESEARCH TOPIC:  
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AUTHORS:  
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JM Verilhac2 

 

Metal halide perovskites have been studied since 2016 for gamma-ray spectroscopy applications. In this work, we 
study devices based on methylammonium lead tribromide single crystals as gamma-ray detectors. Their energy 
resolution is limited by the noise of the detectors. Such noise is multicomponent and a deeper investigation was 
carried out by measuring the noise power spectral density of devices for different bias voltages. The dominant noise 
source is found to be the 1/f noise soften by a shallow trap. 
 
SCIENTIFIC COLLABORATIONS: 1 University Bordeaux, IMS-CNRS, UMR 5218, Bordeaux INP, ENSCBP, F33405 Talence, France 
2 University Grenoble Alpes, CEA, LITEN, F38000 Grenoble, France  

Context and Challenges 
Metal halide perovskites are a new type of semiconductor that 
has attracted the interest of the gamma-ray radiation detection 
community for the past few years. The reasons behind this 
interest are the presence of heavy atoms, such as lead, in their 
composition, the good charge transport properties (ÕŰe-å10-4 
cm².s-1, ÕŰh+å10-4-10-2 cm².s-1) and the possibility to grow thick 
single crystals in solution at low temperature.  
In this work, we study the noise spectroscopy of 
methylammonium lead tribromide (MAPbBr3) single crystals 
grown from solution. 
 

Main Results 
The noise power spectral density (PSD) of two MAPbBr3 
devices 
was measured using the setup schematized in fig.1. The 
simplest electrical equivalent circuit model for the device is a 
resistor in parallel with a capacitance (Rdev//Cdev). 
 

 
Fig. 1: Noise spectroscopy measurement setup. 

 
The noise PSD can be modeled using the algebraic expressions 
of the theoretical noise sources of the different constitutive 
elements of the system. The two main sources of noise are the 
MAPbBr3 device and the charge preamplifier. The device noise 
can be broken down into two main components: the shot noise 

and the flicker noise (1/f noise). The noise of the amplification 
electronics is mainly related to the components located 
upstream of the charge preamplifier: the input resistor (Johnson 
noise) and the input transistor (JFET) valued by the devices 
capacitance. However, the simulated PSD overestimated the 
shot noise for mid-range frequencies. This was attributed to the 
noise softening by the superficial trapping of the charge carriers. 
Fitting of the experimental data (fig.2) leads to trapping time of 
3µs.  

 

 
Fig. 2: Noise spectral density of two devices. Simulation (solid lines) and 
measurement (dots) 

Perspectives 
The noise power spectral densities of MAPbBr3 devices and 
their spectral chain were measured to uncover the main noise 
sources that limit the energy resolution of gamma-ray photon 
counting measurements. For non-biased devices, we found that 
the main noise source is thermal noise from the resistances of 
the devices. However, when the devices are biased, the noise 
is dominated by the 1/f noise of the devices at low frequency 
(<1MHz). To our knowledge, this is the first result that highlights 
the major contribution of flicker noise in thick hybrid perovskite 
detectors used for radiation detection. Further research will 
need to focus on the comprehension of the physical 
phenomena responsible for this 1/f noise in the devices.  

RELATED PUBLICATIONS:  
[1] O. Baussens, thesis of the Bordeaux University, defended on 30-09-2021, http://theses.fr/2021BORD0221 
[2] O. Baussens, et al., Nucl. Intr. and Meth. A, 2022, accepted for publication, https://doi.org/10.1016/j.nima.2022.166904. 
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GPU-Accelerated czt Detector simulation  
with charge build -up effects  

RESEARCH TOPIC:  
CZT Detectors, Physics Simulation, GPU. 

AUTHORS:  
Alexandre Delcourt, Guillaume Montémont 

 

CZT detectors are a common type of gamma detectors for applications as medical imaging or safety due to its interesting 
properties. Classic simulations assume the crystal perfect. However, structural defects appearing during the crystal growth 
modify the properties. Moreover dynamic phenomena like polarization can appear. In particular, the electric field inside the 
detector can be disturbed by bulk charges, generating uncertainty on measurement of incident photon energy and on its 
position estimated by sub-pixel positioning. Predicting the nature and position of these defects may allow correcting the 
detectors output values and improving its performances. 
The complexity of a simulation considering these non-uniformities is an issue. Hence, we have developed a model 
allowing electric field modifications and enabling quick observations of the detector's response modifications vs the electric 
field. We leveraged GPU to address such computational burden. Indeed, we can afford to consider more complex 
simulations as the computation time is reduced. 

 
Context and Challenges 
The wide range of defects in real CZT detectors prevent the 
development of large volume detectors. Their effects on the 
physics of the detector modify the output signals and decrease 
the performances of the device. 
3D Simulations of CZT detectors allow observing the behavior 
of these defects on the properties of the detector, as the electric 
field. Point-type, planar or spherical defects can be 
implemented in a geometrical way to better understand their 
impact. 
However introducing these defects to obtain a realistic 
simulation requires a strong computational power. It is why the 
use of Graphics Processing Units (GPU) is essential. It enables 
to parallelize the simulations of millions of photon interactions in 
the detector, and to speed up the calculations. 
 

Main Results 
Four types of situations have been introduced: a distribution of 
small point defects, a loaded planar defect, a high conductivity 
spherical defect and an intense X-ray irradiation over the 
cathode. 
Each type of defect depicts a different impact on the electric 
field of the detector, curving or deflecting it. The Charge 
Induction Efficiency (CIE) is also studied, and it has been seen 
that the presence of defects often leads to a leak of charge 
collection over the anode, due to the deviation or trapping 
caused by the electric field variations. 
 

Perspectives 
This work is the first step of the development of an analysis 
tool, which could be used to characterize the impact of real 
defects using modelling for a better understanding of the 
electric field inside CZT detectors. This tool would allow to 
calibrate the detectors to take into account the position and 
type of detects in the crystal volume to correct the output signal. 

 

Fig. 1: Electric field lines in the detector with spherical defect. 

 

 

Fig. 2: 2D CIE of a detector with spherical defect. 

RELATED PUBLICATIONS:  
[1] G. Montemont et al, "Studying Spatial Resolution of CZT Detectors Using Sub-Pixel Positioning for SPECT", IEEE Transactions on Nuclear Science,  
vol. 61, no 5, pp. 2559-2566, 2014. 
[2] G. Montemont et al, "Simulation and design of orthogonal capacitive strip CdZnTe Detectors", IEEE Transactions on Nuclear Science 54(4):854-859 (2007). 
[3]  A.Delcourt et al., « GPU-Accelerated CZT Detector Simulation with Charge Build-up Effects", IEEE NSS MIC 2021, Online Conference, 16th-23rd October. 
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ColorCT: Design of a Photon Counting 
Detector with Optimized Spectral Response  
for Computed Tomography 
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The future medical spectral CT scanner systems for X-ray colour imaging require performant energy resolved 
Photon Counting Detectors (PCDs) capable of providing a good energy discrimination under very high X-ray fluxes. 
The ColorCT project aims to develop a PCD demonstrator with optimized performance to improve the quality of 
diagnosis. 
We present the results of a simulation study to design the pixel and test new approaches to improve the spectral 
response. We show that it is possible to design a detector with a 200-µm pixel pitch with optimized spectral 
performance over the entire flux range of X-ray tomography, thanks to advanced correction algorithms implemented 
inside the pixel. 
 

Context and Challenges 
Spectral Computed Tomography (CT) is a technological 
breakthrough that will improve the quality of medical diagnosis 
while reducing patient dose and increasing spatial resolution. 
Above all, energy information opens the way to quantitative and 
functional imaging. 
The objective of the ColorCT project is to develop and test a 
new generation of Photon Counting Detector for spectral CT 
integrating advanced processing in order to improve the 
spectral response at very high X-ray flux. The main challenge is 
to obtain the best spectral performance over a wide range of X-
ray fluxes, in order to ensure good separation of the different 
biological tissues and of the contrast products injected into the 
patient. In the end, this improvement in performance should 
make it possible to improve the quality of diagnosis, while 
reducing the patient dose. 
 

Main Results 
We use a Monte-Carlo simulation tool based on a semi-
empirical detector model to estimate the spectral response of 
the PCD [1]. Comparison with the response of a 4x4 pixel 
matrix prototype shows an excellent agreement of the 
simulation results for typical CT X-ray spectra. This tool allowed 
us test several pixel designs.  
Figure 1 shows count rate and the photoelectric efficiency as a 
function of the incident flux of X-rays for a 200-µm pixel pitcg. 
An original fast front-end RTIA amplifier with 10 ns peaking time 
[2] and an advanced Pile-Up Recovery (PUR) algorithm [3] 
greatly reduce the count rate losses over the entire X-ray flux 
range of CT applications. An optimized Charge Summing 
Correction (CSC) algorithm detects charge sharing in order to 
eliminate double counting and correct the signal amplitude. 
This correction improves the photo-peak efficiency, which 
measures the ability of the detector to measure X-rays in the 
correct energy channel. Complementary simulations have 
demonstrated that this criterion is correlated with the ability to 
discriminate between the different biological tissues and 
contrast products, thus inducing a true benefit for the diagnosis 

 
Fig. 1: Effect of fast front -end amplifier (RTIA), Pile-up Recovery (PUR) 
and Charge Summing Correction (CSC) on count rate and photo-peak 
efficiency performances, for a 200-µm pixel pitch. 

 

Perspectives 
A preliminary study has demonstrated that it is possible to 
integrate the entire processing chain into each single pixel with 
a 200-µm pitch of the ASIC with a consumption of less than 3 
mW/mm², using 65 nm CMOS technology.  
These promising results led us to start the ColorCT project, with 
the aim of designing, manufacturing and characterizing an 
operational demonstrator of an imager with optimized 
performance for spectral tomography. 
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RELATED PUBLICATIONS:  
[1] Presented at 2021 Virtual IEEE Nuclear Science Symposium And Medical Imaging Conference, 16-23 octobre 2021. 
[2] Kappler, S., Glasser, F., Janssen, S., Kraft, E., & Reinwand, M. (2010). A research prototype system for quantum-counting clinical CT. Paper presented at the 
Progress in Biomedical Optics and Imaging - Proceedings of SPIE, 2010, 7622(PART 2) doi:10.1117/12.844238 
[3] Peizerat, A., Rostaing, J. -., Ouvrier-Buffet, P., Stanchina, S., Radisson, P., & Marche, E. A 256 energy bin spectrum X-ray photon-counting image sensor 
providing 8Mcounts/s/pixel and on-chip charge sharing, charge induction and pile-up corrections. Paper presented at the IEEE Symposium on VLSI Circuits (2017), 
Digest of Technical Papers, C246-C247. doi:10.23919/VLSIC.2017.8008496 
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S I L I C O N  P H O T O N I C S  O4 
 

 

¶ Si photonic platform enables quantum 
communications and computing 

¶ III-V-on-Si semiconductor lasers spike 
as neurons 

¶ Perfectly vertical grating fiber couplers 
"automatically" designed and fabricated 
by immersion lithography 

¶ Fiber grating couplers operate via the 
chip backside with low loss 

¶ Mass reflow bonding automatically 
aligns Si photonic chips to better than 1 
µm 

 

(and more in the "Lidars" chapter) 
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Context and Challenges 
Single photons, which feature excellent robustness against 
decoherence effects, are ideal qubits for emerging applications 
such as perfectly secure quantum communications and 
quantum computing. Such quantum information applications 
require a scalable, compact and low-cost technology for future 
widespread deployment. Silicon photonics is a very attractive 
technology platform for this purpose, to implement several key 
functionalities such as photonic qubit generation, coherent 
manipulation, encoding and detection. 
 

Main Results 
Minimizing propagation losses on-chip is one of the key 
requirements for building quantum photonics components and 
circuits. We have developed a specific post-process after the 
etching of silicon waveguides to reduce propagation losses 
down to the record values of 1.5 and 0.5 dB/cm for strip and rib 
waveguides respectively [1]. 
 

For the generation of photonbic qubits, we have developped 
time-energy entangled sources of photon pairs by exploiting the 
non-linear four-wave mixing effect in high quality factor ring 
resonators (loaded Q factor of 3.105) to generate time-energy 
entangled photon pairs with a rate of a few MHz [2] (fig. 1). 

 

Fig. 1: Ring-resonator heralded single photon source 
 

For the detection of photonic qubits, we have developped an 
entirely CMOS-compatible fabrication technology of NbN 
nanowires (5 nm thickness and 70-100 nm width) with 
improved 
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RELATED PUBLICATIONS:  
[1] Q. Wilmart et al., " A complete Si photonis platform embedding ultra-low loss waveguides for O- and C-band", J. of Lightwave Technol. 39, 9220770 (2021)  
[2] S. Olivier et al., "Building an integrated quantum photonics platform on silicon for ultra-secure communications", invilted talk at the SPIE Optics & Photonics 
Conference, San Diego (August 2021)  
[3] R. Rhazi et al., "Improvement of critical temperature of niobium nitride thin film deposited on 8-inch silicon wafers thanks to an AlN buffer layer", J. of 

Superconductor Science and Technology 34, 045002 (2021) 

Silicon photonics is a very attractive technology platform to meet the requirements of future widespread deployment 
of emerging applications such as perfectly secure quantum communications and quantum computing. Specific 
components are required to generate, manipulate, encode and detect single photons which will be used as photonic 
qubits. For this puropose, we have developped several key functions on 200 mm SOI wafers using CMOS-
compatible fabrication technology : ultra low-loss propagation waveguides (0.5-1.5 dB/cm), sources of photon pairs 
with MHz generation rate and waveguide-integrated superconducting nanowires with improved critical temperature 
for single photon detection. 
 
SCIENTIFIC COLLABORATIONS: 1 CEA-IRIG, 2 University of Pavia (Italy)  
 

Towards an integrated quantum  
photonics platform for quantum  
communications and computing  

critical temperature (thanks to the use of an AlN buffer layer) [2, 
3] and excellent homogeneity of electrical resistance across 200 
mm wafers (fig. 2). 

 

Fig. 2: (a) Improvement of NbN critical temperature; (b) SEM picture of Si 
waveguide-integrated NbN/AlN nanowire. 

 

Perspectives 
The ultimate perspective is to provide all the key resources for 
qubit generation, manipulation, encoding and detection 
integrated on a single platform (fig. 3). 

 
Fig. 3: Schematic view of CEA-LETI photonic integrated platform under 
development 

 
For this purpose, we have initiated the development of high-
speed, low-loss and cryo-compatible phase shifters based on 
the hybrid integration of LiNbO3 material on the Si platform. 
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Photonics is seen as a promising solution to implement next generation spiking neural networks leading to reduced 
energy consumption per inference as weighted sums can be realized in the optics domain in a quasi-lossless 
manner (coherent interferences). One further step to maximize the benefits of such developments is the 
implementation of analogue photonics neurons, thus ensuring an end-to-end high computational rate (>GHz). 
Spiking (Q-switched) lasers exhibit a behavior that is very similar to that of Leaky Integrate and Fire (LIF) neurons 
and IIIV on SOI integration developed in Leti allows such lasers to be densely integrated into silicon photonics 
circuits. We have designed a laser architecture suitable for fulfill the LIF neuron role. This design is being fabricated 
and a full prototype circuit is expected to be designed following the individual laser tests.  
 

    
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

Context and Challenges 
As artificial intelligence (AI) is gaining importance into our daily 
lives, data generation, analysis, storage and transport are 
becoming omnipresent requirements and thus new paradigms 
to try and reduce the energy consumed while manipulating 
what is often called the data deluge must be found. The idea to 
deploy AI at the edge of the network rather than in the core was 
conceived exactly for this reason: if data is analyzed at the 
edge, then there is no need to transfer it to the core (where 
historically the computing power resides) for analysis and the 
resulting decision is available to the user without further 
latency. Microsoft states that at least 16Gbps must be analyzed 
real time for an autonomous car to drive. However, the training 
and operation of a large digital AI circuits leads to an extremely 
high power consumption which is still acceptable (although not 
desirable) for the core but is clearly way above edge device 
capabilities. Low power per inference circuits using analogue 
synaptic networks rather than digital ones (also called 
computing accelerators) have been successfully implemented 
in CMOS, leading to orders of magnitude power savings 
(example : NVIDIA GPU).  Recently, even lower energy 
consumption synaptic circuits have been demonstrated using 
silicon photonics (LightMatter for instance). Further energy 
savings are possible because photonic synapses using light 
interferences are "lossless" by nature and although there is an 
initial energy cost to converting the data to the optical domain, 
the global synaptic operation remains power efficient [1].  
However, if the use of photonic analogue synaptic networks is 
clearly demonstrated now both technically and commercially, 
the neurons are still digital in general and as a result, the full 
benefits of a photonic implementation cannot be achieved: 
multiple optoelectronic (OE) and electro-optic (EO) conversions 
are needed as well and digital to/from analogue conversions 
(DAC and ADC). Additional energy efficiency could be unlocked 
if photonic neurons could be used.  

Design of an integrated III-V on silicon  
semiconductor laser for spiking  
neural networks  

RESEARCH TOPIC:  
Spiking Neural Networks, Artificial intelligence, Lasers and Silicon 
Photonics 

Here we present our concept of a photonic spiking neuron using 
a Q-switch laser integrated in a Silicon Photonics (SiPho) 
platform for future low power neuromorphic processors.  
 

Main Results 
Continuous wave (CW) Laser integration in SiPho by Leti have 
been reported in several papers and shows a high potential for 
dense active photonic circuits as required for photonic spiking 
neural networks. The architecture of the laser however has to 
be adapted for pulsing operation, a necessary step to obtain a 
behavior comparable to that of a Leaky Integrate and Fire (LIF) 
neuron. In order to achieve Q-switch operation, part of the gain 
section of the laser has to be electrically insulted from the rest 
to produce a saturable absorber (SA) in the laser cavity. As the 
SA needs to be driven in reverse, contrary to the remainder of 
the gain section (direct biasing), the electrical insulation 
between the two contacts must be high (Mɋ) without 
compromising the optical propagation. A complete study of the 
geometry of the laser has been performed in [2-3] and has led 
to prototyping runs currently being fabricated.  
 
In parallel, the training of deep spiking neural networks (SNN) 
has been studied. Historically, only small SNN have been used 
so far because their training and simulation is relatively hard to 
achieve. However a recent proposal for an efficient 
backpropagation algorithm for LIF based SNN (T. Wunderlich) 
has led us to develop our own LIF model (very close to a q-
switch laser) and backpropagation algorithm, suitable for a full 
photonic implementation.  
 

Perspectives 
When the fabricated laser prototypes will have been tested and 
models extracted, a full LIF-laser-neuron based SNN will be 
designed and fabricated in order to prove the concept. The 
novel photonics adapted backpropagation algorithm will be 
tested in real life for SNN supervised training. 

AUTHORS:  
B. Charbonnier, K. Mekemeza Ona, K. Hassan 
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[2] K. M. Ona, B. Charbonnier, K. Hassan, "Design of an Integrated IIIïV on silicon semiconductor laser for spiking neural networks," 2021 IEEE International 
Interconnect Technology Conference (IITC), 2021, pp. 1-2, doi: 10.1109/IITC51362.2021.9537482. 
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In silicon photonics, the grating coupler is one of the key devices for optical input/output (I/O). Standard grating coupler designs 
require a slight tilt of the diffraction angle to avoid large back reflections. This tilt complicates the optical packaging and stimulates 
the quest for perfectly vertical grating couplers. Recent advances in design techniques as well as 300mm fabrication capabilities 
open the way to the fabrication of such devices.  
Perfectly vertical grating couplers are designed using an automated inverse design technique: the adjoint method. The structures 
are fabricated using the 300mm silicon photonics platform of CEA-Leti, taking advantage of its advanced patterning capabilities 
(immersion lithography scanner). The vertical grating couplers are then characterized with an automated probe station at the wafer 
level, and we demonstrate state-of-the art insertion losses (1.8dB) and bandwidth (21nm) with a moderate reflectivity of -16.5dB.  
 
SCIENTIFIC COLLABORATIONS: 1 Hewlett Packard Labs, HPE 

Context and Challenges 
The grating coupler is a major component of photonic integrated 
circuits (PIC). It enables the optical coupling of the PIC and a 
fiber with relatively low loss and good alignment tolerances. In 
particular, grating couplers are key for wafer level testing of 
circuits and devices during the development and prototyping 
phases. Grating couplers are traditionally designed to couple 
light to slightly tilted fibers in order to avoid large back 
reflections arising when the scattering angle is perpendicular to 
the grating plane. However, complex grating designs can help 
reducing the back reflection, making possible the perfectly 
vertical coupling in practical devices. The complex geometry of 
low-reflection vertical coupler can be obtained using the inverse 
design method: the algorithm tries to optimize the device 
geometry given a targeted optical response. This possibility 
opens very interesting opportunities in term of optical packaging 
with simplified connector design and assembly process. 
 

Main Results 
Vertical grating couplers are designed using an inverse design 
procedure based on the adjoint method and following the 
fabrication constraint of a 60nm minimum feature size. The set 
of structures referred as design of experiment (DOE) contains 
1608 devices, which are first tested using numerical simulation 
(FDTD). The DOE is then fabricated using the 300mm silicon 
photonics pilot line developed by CEA-Leti. In particular, SOI 
wafers are patterned using immersion lithography in combination 
with an optical proximity correction (OPC) algorithm. The silicon 
layer is partially etched from 300nm to 165nm to define the 
grating trenches, and the structures are oxide encapsulated and 
planarized.  
The grating couplers, arranged in loop back structures, are 
optically tested on an automated 300mm probe station with a 
fiber array. The 6ů repeatability and reproducibility of the setup 

is estimated to 0.3dB. The full DOE is first characterized on 5 
dies of a wafer. Then, the best device is tested on the full wafer 
(67 dies). The device of record shows (median values) insertion 
losses of 1.8dB, a -1dB bandwidth of 20.5nm and a reflectivity 
of -16.5dB. These values corresponds to the state-of-the-art for 
vertical grating couplers.  
 

 

Fig. 1: (a) Vertical grating coupler and optical fiber. (b) Optical picture of 
the loop-back test structure. (c) and (d) Wafer level map of insertion 
losses and reflectivity respectively, for the device of record. 

 

Perspectives 
Thanks to the combination of the inverse design method and an 
advanced silicon photonic fabrication line, we demonstrate a 
state-of-the-art vertical grating coupler, which might simplify 
connector designs for optical I/O. Further improvement of the 
vertical coupler are expected using the multilayer Si/SiN photonic 
platform developed at CEA-Leti. 

(a)

(c) (d)

(b)

RELATED PUBLICATIONS:  
[1] T. Van Vaerenbergh, et al, "Wafer-level testing of inverse-designed and adjoint-inspired vertical grating coupler designs compatible with DUV lithography," Opt. 

Express 29, 37021-37036 (2021) 
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For the majority of packaging schemes in silicon photonics, out-of-plane optical access to the waveguide layer is 
achieved via the chip frontside, away from the substrate. As such, fiber grating couplers have generally been 
optimized with this in mind. In this work, we present two strategies for designing a fiber grating coupler for coupling 
to optical fibers placed on the backside of the chip, without the need of superposed reflective layers. An all silicon 
O-band grating coupler is designed, fabricated and measured with a peak coupling efficiency to a single mode fiber 
placed on the backside of the chip of -2.8dB and a -1dB bandwidth of ~40nm. In a second approach, a hybrid 
silicon nitride/silicon O-band grating coupler is measured in the same configuration with a peak coupling efficiency 
of -3.2dB and a -1dB bandwidth of ~60nm. 
 

Context and Challenges 
Using CMOS compatible manufacturing processes allows 
access to large volume and low cost fabrication of on-chip 
photonic transceivers [1]ï[3]. Over the last two decades, SOI 
based platforms have been developed, offering high 
performance optical components such as high-bandwidth 
modulators [4], (de)-multiplexers [2], photodiodes [5] and 
integrated lasers [6]. Due to the indirect bandgap of Si, the 
latter device requires the integration of an InP-stack onto the Si-
wafer in order to fabricate a Hybrid III-V/Si laser. The thickness 
of the InP stack of several micrometers necessitates a 
significantly modified back end of line (BEOL) process [7] to 
create metallic connections to the active photonic components. 
These modifications can introduce constraints with regard to 
the integration of other functions such as RF lines for travelling 
wave modulators and the incorporation of additional 
waveguiding layers. 
Another means of creating a Hybrid III-V/Si device is to access 
the waveguide layer from the backside of the waveguide (see 
Fig. 1). Following a standard BEOL process, the wafer can be 
inverted and the substrate and BOX layer removed [8]. This 
has the advantage of an undisturbed BEOL process, but optical 
access to the photonic layers must now be achieved from 
below the waveguide rather than above it, as for a traditional 
configuration. 
 
In this work, we present the design and measured performance 
of all silicon and hybrid SiN-Si diffraction gratings specifically 
designed for coupling waveguided light to a fiber placed on the 
backside of the chip, without the need of a reflective layer in the 
BEOL. 
 

Main Results 
Two approaches to designing and fabricating diffraction 
gratings to couple waveguided light to a fiber placed on the chip 
backside without the use of superposed reflective layers have 
been described and tested experimentally. 

 

Fig. 1: Backside integration of III-V material with fiber placement. 

 
A simple two level Si grating coupler has been shown to be suitable 
for this coupling configuration if the thicknesses of the Si are well 
chosen. Using Si thicknesses of 150nm and 60nm, we measure an 
insertion loss, IL = -2.8dB with a -1dB bandwidth of BW1dB~40nm to a 
fiber placed on the chip backside. This is comparable to a standard 
frontside grating coupler (IL~2dB, BW1dB = 25nm). 
A second approach is to exploit the wide array of design possibilities 
offered by the hybrid SiN/Si grating coupler, although at the expense 
of greater fabrication complexity. Using this approach, we show that 
Is possible to increase the BW1dB to around 60nm with a minimum IL 
of 3.2dB. 
 

Perspectives 
These results show that a careful selection of the optical and 
geometric properties of the constituents of a waveguide-based 
diffraction grating can be used to optimize fiber coupling depending 
on the specific packaging constraints, without the need for the 
modification of BEOL layers to incorporate an appropriately placed 
reflective layer. These techniques allow for greater flexibility in 
photonic/electronic co-integration. 

RELATED PUBLICATIONS:  
[1] D. R. Fowler, Q. Wilmart, S. Garcia, S. Olivier, and B. Szelag, ñFiber grating couplers for optical access via the chip backside,ò Journal of Lightwave Technology, 
pp. 1ï1, 2020, doi: 10.1109/JLT.2020.3028210. 
[2] S. Olivier et al., ñA hybrid SOI/SiN photonic platform for high-speed and temperature-insensitive CWDM optical transceivers,ò in Silicon Photonics XIII, San 
Francisco, United States, Feb. 2018, p. 7, doi: 10.1117/12.2289633. 
[3] D. Fowler et al., ñFiber grating coupler development for Si-photonics process design kits at CEA-LETI,ò in Smart Photonic and Optoelectronic Integrated Circuits 
XXI, Mar. 2019, vol. 10922, p. 1092205, doi: 10.1117/12.2511845 
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The 3D integration of photonic devices to provide heterogeneous optical/electrical systems implies the use of Tin 
Silver based flip chip technologies.  
These technologies are known for quite a long time but photonic brings additional requirements and constrains. The 
quality of the beam transport between the different components of the assembled system is strongly depending on 
the accuracy of the alignment between them. At least, the frequent presence of structures (as microlenses) on all 
faces of the components require a particular care in the down force applied during hybridization. For these reasons, 
the conventional thermo-compression assembly appears limited and the accuracy of actual industrial flip chip bonders 
is far from the requirements. A specific assembly method, named "mass reflow bonding" was developed CEA Leti  
DOPT/LAIP and has shown a self-alignment behavior leading to <1µm alignment.  
 

Context and Challenges 
Flip chip assembly of SnAg based microbump is the reference 
process in advanced 3D heterogeneous integration and 
packaging. The introduction of photonic devices in this type of 
integration induces new requirements in the accuracy of 
alignment between the hybridized chips. The typical alignment 
accuracy of an industrial flip chip bonder is in the range of 5µm 
while the alignment of photonic components, to allow the 
proper optical performances of the signal, are tending to require 
1µm range accuracy which is far below the normal 
specification.  
A specific assembly methodology, developed in the past years 
in the packaging lab of the DOPT [1] and based on a self 
alignment of structures during liquid phase of the bonding 
process was applied, in the field of the H2020 European project 
PIXAPP, to enable a 1µm accurate alignment. The Goal of this 
work is to integrate a micro-lenses array on the surface of an 
emitting PIC to enable "pluggable" fiber connectors[2]. 
 

Main Results 
The bottom die, a photonic IC, integrates 25µm diameter 
microbumps composed of a Cu/Ni/SnAg stack deposited by 
electroplating. The signal is brought through grating couplers 
and waveguides from the fiber insertion area to the extraction 
area where the microlenses are to be positioned by flip-chip. 
These microlenses are issued from a silica wafer on which they 
are designed on one side. UBM pads made of a Cu/Ni/Au stack    
and presenting same dimensions as the µbumps are designed 
on the opposite side. Figure 1 summarizes both top and bottom 
dies and the final assembly. 
The process consists, in a first preparation of the SnAg surface 
to removed the native oxide. This phase is critical as the rest of 
the process will induce no down force to promote the contact. 
When both dies are aligned by the flip chip bonder, contact is 
made with a minimum down force to avoid lens degradation. 
Full wafer can then be populated before the collective reflow,at 
250°C enables the SnAg liquid phase formation, the wetting on 
the UBM surface and the NiSn Intermetallic compound 

formation. During this phase, capillary forces takes place and, 
as shown on fig.2, repositions the µbump on the UBM, leading 
solidification to a perfectly aligned connection. During this study, 
repeatable alignments better than 1µm were obtain while the flip 
chip bonder specification is 5µm and a specific Qtime 
evaluation showed that this behavior was taking place during 
more than 24h after surface preparation showing the ability to 
fully populate 200 or even 300 mm wafers.  
Mechanical tests (Shear tests) showed good reliability of the 
obtained structure and further optical tests performed on the 
structurer showed excellent results.  
 

Perspectives 
Mass reflow process is a reference process for flip chip mass 
volume production and appears very attractive for photonic 
applications as no constrains are applied to any faces of the 
assembly thus no degradation. We have shown that alignment  
far below the tool specifications and compatible with photonic 
requirements can be obtained. The next phase of the work will 
be to implement this process as a standard one in the next 
projects DOPT will lead in photonic packaging. 
 

 

Fig. 1: images of Bottom/Top dies and final assembly 

Fig. 2: Self aligned mass-reflow process description 

 

Bottom Die
Top  Die Assembly

Alignment tacking Reflow

RELATED PUBLICATIONS:  
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[2] T. Mourier et al. "Self-assembly and mass reflow of copper bumps for flip-chip hybridization in photonic applications", 2021 IEEE 71st Electronic Components 
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