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Within CEA Tech and Leti, Optics and Photonics activities cover most
of the biggest industrial markets for photonics:
- all-wavelength imaging (visible, infrared, THz)
- optical data communications
- optical environmental and 3D sensors
- solid-state lighting
- information displays
The R&D projects are performed with both industrial and academic
partners. The industrial partners of the Optics and Photonics division
range from local SMEs to global, overseas companies.
Our projects merge fundamental physical aspects with advanced
technological developments, combine nano- and material-sciences
with optics, micro-electronics, advanced nano-fabrication, integration
and packaging, all while taking into account system requirements.
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EDITORIAL

Ludovic Poupinet,
Head
Optics and Photonics Dept. – Leti

Optics and Photonics Division (DOPT) of Leti fosters employment and
promotes economic growth in France and Europe by developing
innovative photonic components. We finalize and supply the results of
advanced research for industrial use.
Intimately integrated with silicon microelectronics, photonics evolved
into a true More-than-More technology. Today, photonics and
microelectronics share steps of fab processing, and are frequently cointegrated on the same chip. Photonic-electronic co-integration
augments the performances and extends the functionalities of the
resulting devices. Further combined with sub-wavelength elements or
single-photon features, such integrated devices allow novel
applications as depth-sensitive imaging, visual interfaces for
augmented reality, ultra-compact gas analysis…
Our staff of 300 members benefits from 300 mm silicon clean rooms,
dedicated photonic fab lines, modern material- and functional
characterization facilities. 40 years’ experience of technological
developments in optics and photonics brought us deep understanding
of production and application needs. By introducing new concepts of
devices and processing, by miniaturizing and integrating photonic
components and sub-systems, we widen the functionalities, improve
the performances and lower the costs of our partners' products.
90% of our total funding comes from one-to-one or competitive multipartner projects. Our global partners range from academy to major
industrial players.
This report is based on open publications appeared in 2018. I hope it
makes you wish to know us better and to establish a mutually
beneficial collaboration.
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KEY FIGURES

215 permanent R&D engineers and technicians
40 PhD students and post-docs
50 CEA experts, with 5 Directors of research and
1 International expert

140 publications in 2018 including
45 papers in peer reviewed journals

80 patents filed in 2018
580 patents in portfolio
20% under licensing contract
Crystal growth facilities, II-VI and III-V
dedicated clean rooms with versatile
substrate geometries up to 150 mm
Leti's 200 mm and 300 mm CMOS clean
rooms with numerous photonic fab
processing modules

Material, optical and opto-electronic
characterization facilities
Advanced means of modeling and simulation
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SCIENTIFIC
ACTIVITY

Prizes and awards
Best student paper award: Adrien Yeche at the
U.S. Workshop on Physics and Chemistry of II-VI
Materials 2018 for: “Development of Cross
Section Electron Beam Induced Current
Characterization of HgCdTe Based Photodiodes”
Best paper award: Nicola Taylor at IEEE CPMT
Symposium Japan (ICSJ) 2018 for "SiN
Integrated Photonics for near-infrared LIDAR"

Scientific committees
• Technical Program committees of: IEEE
Photonics Summer Topicals, IWLPC, ECTC
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IR IMAGING: II-VI
COOLED

• Carrier lifetime in HgCdTe
photodiodes
• Passivation of narrow gap
semiconductors
• IR photodetectors studied through
e-beam induced current
• HgCdTe avalanche photodetectors
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SHOCKLEY-READ-HALL LIFETIME STUDY AND
IMPLICATION IN HgCdTe PHOTODIODES FOR IR
DETECTION

RESEARCH TOPIC:
Narrow Gap semiconductor physics, HgCdTe, IR Imaging, High
operating temperature, Fully depleted structures

AUTHORS:
O. Gravrand, J. Rothman, B. Delacourt, F. Boulard, C. Lobre, Ph.
Ballet, J.L. Santailler, C. Cervera, D. Brellier

ABSTRACT:
Shockley-Read-Hall (SRH) mechanism might be a limiting factor of IR photodiodes dark current at high operating temperatures.
Hence, the determination of SRH lifetime of IR materials is of first importance and has to be measured (or at least estimated) to
define upcoming trends in future high performance IR detectors. During the last few years, a number of communications suggested
very long SRH lifetimes (longer than milliseconds) for HgCdTe, instead of the classical 10µs range usually admitted until now. This
paper aims at investigating this SRH lifetime in HgCdTe based on experimental measurements carried out at LETI, on HgCdTe
grown in-house. Indirect estimations from photodiode dark currents are discussed in order to clarify this question of SRH lifetime
and its consequences in upcoming advanced IR detection structures
SCIENTIFIC COLLABORATIONS: DEFIR common lab between LETI and Sofradir

Context and Challenges
Minority carrier generation in the absorbing narrow gap material
is responsible for IR photodiode dark current. Whether this
generation occurs in the depletion region or in the diffusion
volume (flat band part), the dark currents exhibit a different
activation energy (the gap for diffusion, half the gap for
depletion). This dark current is also defined by the generation
rate (in depletion or diffusion regions) given by the inverse of the
minority carrier lifetime. To minimize dark current, high
operating temperatures (HOT) requires very long minority
carrier lifetimes. This latter lifetime is usually limited by Auger
mechanisms or more likely by SRH recombination for low the
low doping levels used for HgCdTe photodiodes. The
estimation of this SRH lifetime is therefore of utmost
importance for the design of the next generation of HOT IR
imagers. Direct measurement of minority carrier lifetime might
be done using photoluminescence decay (PLD) [1]. However,
such direct measurement rely on radiative recombination to get
luminescence of the sample. This process is also limited by its
own radiative lifetime, which is shorter than targeted SRH
lifetimes. SRH lifetime is therefore not accessible via PLD
direct measurement.

US and in Europe at LETI [2]. MWIR p/n data tends to confirm
this statement (fig1): following this data, SRH lifetime should be
extremly long, in the ms range.
Such extremely long SRH lifetime allows the design of fully
depleted (FD) structures for very HOT, where the dark current
would be limited by depletion current given by SRH generation.

Fig. 2 : Dark IVs measured on a 10µm pitch p/n FD test arrays
at Sofradir, MWIR (4.5µm cutoff at 80K) and corresponding
estimated current contribution

Fully depleted structures

Fig. 1 : MWIR (5.5µm cutoff at 80K) dark current measured on
a 15µm pitch p/n arrays at Sofradir

First assessment with p/n
Today, very low dark currents have been demonstrated with p/n
extrinsically doped MCT structures, down to extremely low
currents in the short wave IR range for astronomy, both in the

The literature does not contain any experimental demonstration
of low dark current fully depleted structure, only theoretical
considerations. To begin the investigation of such very HOT
structures at Let, we manufactured and studied different FD test
structures [3]. In this preliminary work, we saw no evidence of
such very long SRH lifetimes in our data. Most of dark current
values remained limited to the 10µm to 100µs range, which is not
high enough for fully depleted structures at very high
temperatures. However, the dopings used were too high so that
Auger recombination cannot be neglected. Moreover, the
technology was very preliminary, and the interfaces were
probably not perfect, thus inducing potential interface
recombinations degrading the overall dark current.
To be interesting for very HOT imaging, FD structures require
very low doping levels with very high quality material, and very
clean passivations so that SRH lifetime is kept very long thus
reducing depletion current, even at high temperatures.

RELATED PUBLICATIONS:
[1] Delacourt B., P. Ballet, F. Boulard, A. Ferron, L. Bonnefond, T. Pellerin, A. Kerlain, V. Destefanis, and J. Rothman, J. Electron. Mater., 46(12), 6817 (2017).
[2] Gravrand, O., Mollard, L., Boulade, O., Moreau, V., Sanson, E., & Destefanis, G., J. Electron. Mater., 41(10), 2686 (2012)
[3] Gravrand, O., Rothman, J., Delacourt, B. et al. J. Electron. Mater. 47(10), 5680 (2018)
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CV ANALYSIS FOR NARROW GAP
PASSIVATION UNDERSTANDING
RESEARCH TOPIC:
Cooled IR imaging, HgCdTe, MWIR band, passivation, CV MIS
measurements, graded bandgap, interface traps

AUTHORS:
F. Rochette, L. Mangin, P. Ballet (DPFT), C. Lobre (DPFT), J.L.
Santailler (DPFT), G. Ghibaudo (IMEP-LAHC)

ABSTRACT:
Various passivation processes were tested, showing a wide range of behaviors of CV curves performed on MIS structures. Degraded
interfaces were identified in some cases, revealed by an apparent extracted doping level higher than expected and/or a capacitance
pinning phenomenon. A specific annealing of the samples has a beneficial effect on the extracted doping value and also moves the
interface closer to the flat band conditions, but can lead to a stronger capacitance pinning phenomenon. For the best variants
explored in this study, we demonstrated the possibility to characterize the interface traps, using the conductance method. Aspecial
care must be taken to the device measurement conditions when comparing two samples, especially for benchmarking to values
found in the literature. We also developd a TCAD simulation tool for MIS structures, taking into account the bilayer passivation and
an additional graded bandgap layer if needed. The effect of such a compositionally graded layer has been evidenced, especially on
the doping level extraction techniques, even if this effect was not always dominant (depending on the sample) for the apparent over
doping phenomenon observed (especially under photon flux conditions or without additional annealing). Particular care has to be
taken concerning the electronic affinity model. The best fit to our structures was achieved with Voitsekhovskii’s model, thereby
simulation tool developed in this work provides an accurate modeling for CdTe/HgCdTe MIS structures.
SCIENTIFIC COLLABORATIONS: IMEP-LAHC

Context and Challenges
Passivation of HgCdTe is known to be a key in the making of
high performance cooled infrared imagers. We investigated the
electrical properties of various passivations of n-type mid-wave
HgCdTe layers, using capacitance-versus-voltage (CV)
measurements on metal-insulator-semiconductor (MIS)
structures. CdTe based passivation stacks deposited by two
different techniques (MBE and sputtering technique) are
explored. Some stacks also include a graded bandgap zone
between the semiconductor and the passivation layer. The CV
measurements can be challenging to interpret in this type of
material. Additional experimental techniques and numerical
simulation tools are thus useful to bear out interpretation.

2D finite element simulation of MIS structures is developed in
parallel to support the analysis of the measurements, with an
emphasis on photon flux dependence and graded bandgap layer
effect (Fig. 2). Several models of the electronic affinity of HgCdTe
versus composition from literature have been tested. One of
them provides a good fit to measurements (Fig. 3).

Main Results
An apparent over doping is witnessed at the interface of some
samples, which can be explained by defective interface [V.
Voitsekhovskii, J. Electron. Mater. 47, 2694 (2018)]. It is shown that an
additional annealing on these structures moves the interface
closer to the flat band conditions and reduces the amount of
excess charges in the passivation layer and defects at the
interface. Nevertheless, a Fermi level pinning phenomenon has
been evidenced on some of the samples, even when an
additional annealing was performed, highlighting the presence of
a huge interface trap density on the band edges. In some cases,
interface traps can be revealed and characterized accurately by
the conductance method. Their density is found to be in the 1011
cm-2.eV-1 range (Fig. 1).

Fig. 2: Simulation of a CV curve of a MIS structure including a
graded bandgap layer compared to an ideal CV curve (abrupt
interface without any defect).

Fig. 3: Comparison of the CV measurement of a sample with a
specific graded bandgap layer with numerical simulations for
different electronic affinity models found in the literature.

Perspectives
Fig. 1: (Left) Schematic of the common passivation structure
studied. (Right) Multi-frequency CV measurements in low
photon flux conditions showing the presence of interface traps.

A strong photon flux dependence was observed for the apparent
over doping and the capacitance pinning phenomenon. To
provide a better understanding and quantification of flux
dependent phenomena, the devices would be characterized
under backside illumination and the simulation tool refined.

RELATED PUBLICATIONS:
[1] Loïc Mangin, Florent Rochette, Clément Lobre, Philippe Ballet, Jean-Louis Santailler, G. Ghibaudo [12.4] “An Analysis of the Electrical Properties of Different
HgCdTe Passivations for IR Detectors”, US Workshop on the Physics and Chemistry of II-VI materials, Pasadena, 2018
[2] L. Mangin, F. Rochette, C. Lobre, P. Ballet, P. Duvaut, A. Chorier, B. Polge, J.L. Santailler, G. Ghibaudo, “Analysis Of The Electrical Properties Of Different
HgCdTe Passivations For Infrared Detectors”, Journal of Electronic Materials, 2019 (In Press, Online 16 may 2019).
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DEVELOPMENT OF ELECTRON BEAM INDUCED
CURRENT CHARACTERIZATION OF IR
MATERIALS: FROM MWIR III-V T2SL TO VLWIR
II-VI HgCdTe PHOTODETECTORS
RESEARCH TOPIC:
IR imaging, minority carrier diffusion length and transport
mechanism characterization

AUTHORS:

A. Yèche, F. Boulard, C. Cervera, J.P. Perez1), J.B. Rodriguez1),
P. Christol1), and O. Gravrand

ABSTRACT:
Electron Beam Induced Current (EBIC) technique is of major interest to characterize very high performance infrared (IR)
photodetectors. This technique allows the determination of minority carrier diffusion length (Ld), a figure of merit of absorbing
material quality. However, its implementation on small bandgap IR sensitive materials is challenging. Thanks to many upgrades
of a commercial set-up, we measure Ld on MWIR InAs/InAsSb based type II superlattice (T2SL) cross section. Further
development give access to VLWIR HgCdTe (MCT) samples characterization. At 120K, a diffusion length of 11.4µm is
determined, in very good agreement with spotscan measurements. These results underline the high quality of MCT material.

SCIENTIFIC COLLABORATIONS: 1) Univ. Montpellier, IES

Context and Challenges
Development of high performance IR detectors requires an
understanding of the impact of technological processes and
treatments on the material. To fulfill this goal, the EBIC
technique is a useful tool to determine the position of junctions,
minority carrier diffusion lengths and to observe electrically
active defects in the material. Recently, progresses on III-V
T2SL photodetectors have made interesting this alternative to
HgCdTe. T2SLs have a periodic potential in the growing
direction. It could induce a collection efficiency anisotropy,
strongly detrimental for small pitch application, if confirmed.
EBIC analysis can help to quantify such anisotropy. This work
aims to develop building blocks to do it on MWIR InAs/InAsSb
based T2SL processed at IES. Further, we explore the
sensitivity of the EBIC analysis by studying VLWIR HgCdTe
bulk materials.

Main Results
Thanks to many upgrades explained in detail in ref [1], EBIC
measurements have been carried out on MWIR Ga-free nBn
T2SL cross section. Current profile plotted on fig 1 shows three
distinct regions with single exponential behavior.

layer composed of n+-type InAsSb and GaSb layers, and the
GaSb buffer layer, with typical decay length of 15, 1 and 5µm,
respectively. While contact and buffer layer values agree with
literature data, it appears overestimated on Ga-free T2SL
absorber, probably due to the presence of parasitic conduction
channel on the cross section surface.
Such bias could be avoided by top view analysis through
passivation, as illustrated on fig 2.

Fig. 2: Top view EBIC acquisitions and current profile extraction
of a VLWIR MCT photodiode at 120 K with a reverse bias
voltage of 0.1 V.
This measurement, made on a P on N HgCdTe photodiode with
a cut-off wavelength of 15µm à 77K, leads to a decay length of
11,4µm, in excellent agreement with the diffusion length value
of 11,6µm measured by backside illuminating spotscan on the
same wafer.
Unreachable without upgrades explained in ref [1], these results
underline the extreme quality of the passivation as well as of the
bulk HgCdTe material grown at LETI.

Perspectives
Fig. 1: Cross section view EBIC acquisitions and current profile
extraction of a MWIR Ga-free nBn T2SL structure at 120 K with
a reverse bias voltage of 0.8 V.
They correspond to the absorber InAs/InAsSb superlattice
layer between 0.5 and 1.5 µm, the buried common contact

In order to progress on the characterization of a potential
collection efficiency anisotropy on III-V T2SL, more work is
needed to improve sample cross section preparation process.
To do so, recent improvement on HgCdTe cross section
processing for EBIC analysis will be valuable [2].

RELATED PUBLICATIONS:
[1] A. Yèche, F. Boulard, C. Cervera, J.P. Perez, J.B. Rodriquez, P. Christol, O. Gravrand, InfraredPhys.Technol. 95, 170 (2018).
https://doi.org/10.1016/j.infrared.2018.10.005.
[2] A. Yèche, F. Boulard, O. Gravrand, J. Electron. Mater. (2019) https://doi.org/10.1007/s11664-019-07140-7
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MICROLENSED HGCDTE AVALANCHE
PHOTODIODES FOR LIDAR AND FREE SPACE
OPTICAL COMMUNICATIONS

RESEARCH TOPIC:
Infrared detector development, avalanche photo-diodes (APDs),
HgCdTe

AUTHORS:
J. Rothman, P. Bleuet, S. Bisotto

ABSTRACT:
HgCdTe avalanche photo diode (APD) detectors are developed at CEA/Leti for application in which a low number of photons (mesophotonic states) needs to be detected at high rates and/or over a large dynamic range such as free space optical communications,
LiDAR, quantum optics and photoluminescence studies in the mid IR range. The development of such high performance detectors
involves both the optimization of the optical coupling, the HgCdTe, the proximity electronics and packing. The present communication
reports on the development of micro-lenses that are fabricated directly into the back-side of the APD to enable high coupling
efficiency over a large active optical areas while maintaining a low dark noise and single photon-detection capacity with high temporal
resolution.
SCIENTIFIC COLLABORATIONS: CNES, Airbus DS, ESA, Mynaric Lasercom

Context and Challenges
HgCdTe APD present un-matched properties for high rate and
high dynamic range detection at the single photon limit that has
spurred a strong interest for such detectors for scientific
(atmospheric LiDAR, photoluminesence..) and free space optical
communications. Detector modules are currently developed to
meet the various application requirements for such applications.
In particular, low photon number detection is inherently
associated with requirements for high detection efficiency and
low dark noise. In particular, this is a challenge in systems
employing free space optical coupling in which the active
detector area needs to be large to cope with variable field of
views and distortions of the wavefront. Micro-lenses that images
the FOV of the collection optics onto the APD can strongly
reduce the electrically active area, but the lenses need to be
fabricated with high precision in shape and in alignment on the
detector.

Fig. 2. Intensity map of the light concentration of a 200 µm
micro-lens with f=700 µm under flat-field illumination at
FOV=14°.

Main Results
Active optical
area

APD area

to form such lenses with a precision of +/- 1µm over the optically
active area of the lens that enables close to diffraction-limited
performance. Fig. 2 shows the intensity map of 200 µm diameter
lens with a focal length of 700 µm made on an HgCdTe imager
at pixel pitch of 10 µm for a flat-field incident light at a FOV=14°.
The light within the micro-lens diameter is focused onto a top-hat
shaped spot with a diameter equal to the expected spot size of
60 µm. A smaller spot-size can be achieved by reducing the focal
length.

CZT
HgCdTe

Fig. 1. Backside micro-lens principle and an example of a lens
made in a CdZnTe susbstrate with an active diameter of 200
µm.
A specific processing technique has been developed at CEA/Leti
to shape free-from optics into the CdZnTe substrate of backside
illuminated APDs [1,2]. Fig. 1 illustrates how such micro-lenses
allows reducing the spot size on the APD. Presently we are able

Perspectives
The development of a high precision processing technique to
form micro-lenses in the CdZnTe substrate of HgCdTe APDs
detectors will enable to optimize the optical coupling while
reducing the APD area. In addition to reduce the dark noise, it do
also allow reducing the APD capacitance, in favor a higher
bandwidth and lower amplifier noise, and reducing the collection
time and the multiplication noise. The micro-lenses are presently
included in the design of the detector modules being developed
for free space optical communication detectors [1], in
collaboration with ESA and Mynaric Lasercom, and for
atmospheric LiDAR, within the scope of the H2020 project
HOLDON [2]. The agility of the developed processing techniques
do also open perspective to shape free from optical elements that
can be used to add optical functionalities in future developments
of meso-photonic HgCdTe APD detectors.

RELATED PUBLICATIONS:
[1] Johan Rothman, et al. "HgCdTe APDs for free space optical communications" Proc. SPIE, 1052411(2018)
[2] Johan Rothman, et al., "HgCdTe APDs detector developments at CEA/Leti for atmospheric LIDAR and Free space optical communications", ICSO 2018 conference
proceedings, to appear in Proc. SPIE
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photo credit: Denis Morel
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O2

IR and THz IMAGING:
BOLOMETERS

• Sub- metasurfaces in IR lenses
• Cooled Si bolometers for mm-wave
detection in astrophysics
• Uncooled bolometers for THz
imaging
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SIMULATION METHOD FOR LARGE
SUBWAVELENGTH DEVICES IN INFRARED
IMAGING SYSTEMS AND COMPARISON WITH
EXPERIMENT
RESEARCH TOPIC:
Optical metasurfaces for infrared imaging

AUTHORS:
Q. Abadie, L. André, A. Aliane, J. Rothman

ABSTRACT:
We propose to add a sub-wavelength blade to the existing parts of a Long Wave Infra Red (LWIR) imaging system to improve the
image quality in applications with a constraint budget. The main function of such a subwavelength blade should be to control the
phase of the light into an optical system to compensate optical aberrations. A cost effective solution consists to make such devices
using microelectronics based collective fabrication process. The main difficulty is to predict the subwavelength blade behavior within
an optical system that is to say combining millimeter sized optical components that are modeled using ray-tracing and
electromagnetic simulations. In this paper we present the results obtained from an effort to simulate, fabricate and characterize a
large all-dielectric metasurface. Our method is based on Rigorous Coupled Wave Analysis (RCWA) coupled with ray tracing to
simulate subwavelength optics into an optical system and the comparison between our simulations results and experiments shows
a good agreement.

Context and Challenges
Subwavelength devices, or metasurfaces, are interesting
candidates to replace or complement classical refractive lenses
in imaging systems. Subwavelength structures are easy and cost
effective to make with standard microelectronics processes.
Their subwavelength dimensions allow a control of the light wave
phase to obtain an arbitrary optical function, and this property is
very attractive for a wide range of applications [P. Genevet, et al.
Optica. 4(1), p. 139 (2017), Ph. Lalanne et al., Laser Photonics Rev. 11(3),
p. 1600295 (2017)]. Some challenges remain to be solved before

such components could be widely used in imaging systems. In
particular, the usually employed electromagnetic simulation
methods lead to time consuming computations and a difficulty to
deal with large (millimeter sized) devices.

Fig. 2 SEM view of the metasurface. The entire device is 10mm
diameter.

Main Results

We characterized a Line spread function (LSF) with / without our
correcting metasurface (see table 1).

We designed and fabricated a centimetric metasurface on a
silicon wafer, structured with hexagonal meshed pillars. To
functionalize our device, we had to reach a 0 to 2π phase
accumulation in the structure. Obviously, an accurate simulation
of subwavelength structures was needed. For periodic
structures, RCWA can be used with a good accuracy and a
reasonable computing time. We coupled RCWA with ray tracing
in Zemax, using generalized Snell's law and a Grid Phase
Surface.
Our objective is to correct the spherical aberration of a biconvex
commercial lens at 7.7µm wavelength, by adding a metasurface
before the lens. Fig. 1 shows the spherical aberration correction
phase law fit of the designed metasurface. The phase
discretization is due to process limits. Fig.2 shows a SEM view
of the fabricated metasurface.

FWHM
10% criterion

Simulation
Measurement
Simulation
Measurement

Lens
Lens + metasurface
37 µm ± 1 µm
38µm ± 1 µm
51 µm ± 17 µm
51 µm ± 17 µm
397 µm ± 1 µm
247 µm ± 1 µm
408µm ± 17 µm
272 µm ± 17 µm

Table 1 Comparison between simulation and measurement
with/without phase blade of FWHM and at 10% maximum of LSF
cross section. The cross section measurement have a margin of
error of 17µm because of the 17µm pixel pitch of our detector.
Our simulation margin of error is 1µm.
We found a good agreement between simulation and
measurements. It tends to confirm that our phase calculations
are correct and that we succeeded to fabricate the
subwavelength blade without significant errors. There are ways
to improve our results by better control the slight difference
between theory and experimental conditions (slight chromatism,
lens defaults, optical alignment).

Perspectives

Fig. 1 Spherical aberration correction phase law fit of our
metasurface. Discretization is due to lithography limitations.

We propose a method that allows to design large subwavelength
structures in order to predict the optical performance of imaging
systems where metasurfaces are coupled with standard
millimeter sized refractive lenses.
Next studies will focus on design optimization with smaller pillars
diameter pitch, fabrication process development but also on
chromatism.

RELATED PUBLICATIONS:
[1] Abadie,- Q; André,- L; Aliane,- A; Rothman,- J., Simulation method for large subwavelength devices in infrared imaging systems and comparison with
experiment, High Contrast Metastructures VII 2018 Volume 10542, http://dx.doi.org/10.1117/12.2287807
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COOLED SILICON BOLOMETERS FOR MM-WAVE
DETECTION IN ASTROPHYSICS APPLICATIONS

RESEARCH TOPIC:

AUTHORS:

mm-wave and THz detectors

L. Dussopt, A. Aliane, V. Goudon, H. Kaya, C. Vialle, W. Rabaud,
P. Agnèse, V. Revéret (IRFU), L. Rodriguez (IRFU).

ABSTRACT:
Millimeter (mm) and sub-mm wave spectrum bands are of very high interest in astrophysics and cosmology research, in particular
in cosmic microwave background detection, star formation, galaxy evolution and early universe studies. High-sensitivity silicon
bolometer arrays operating at 50-100 mK are being developed for such applications with a focus on demonstrating polarimetric
detection and leveraging state-of-the-art silicon technologies for integration and fabrication of large-size detector arrays. A bolometer
pixel with a size of 1.21.2 mm2 and dual polarization detection was developed for the 1.5-mm band, which presents a specific
challenge in terms of integration and mechanical structure.

SCIENTIFIC COLLABORATIONS: CEA-IRFU, CNRS (Néel Institute). This work has been partially supported by the LabEx
FOCUS (ANR-11-LABX-0013)

Context and Challenges
Future imaging instruments used in astrophysics require
millimeter (mm) and sub-mm wave detector technologies with
very high sensitivity, polarimetric detection, scalability in largesize arrays and low-power read-out. Silicon-based bolometers
can meet these requirements but the mm-wave band represents
a specific challenge in terms of integration due to the large size
of the suspended structure and the thickness of the quarterwavelength optical cavity used in classical designs. Here, an
innovative solution with a very thin optical cavity and high-index
dielectric superstrate is demonstrated.

Main Results
This bolometer pixel was developed jointly by CEA-IRFU and
CEA-LETI. It is composed of four independent bolometers, each
measuring a single polarization component (horizontal or
vertical) and its size is 1.21.2 mm2. The radiation absorption is
made by linear Ti/TiN stripes placed on meandered dopedsilicon thermometers [1], which are suspended at 2 µm above an
11-µm oxide layer and a reflector. The thermometers are
optimized to operate at 50-100 mK. Due to the very short
distance (~15 µm, i.e. λ/100) between the reflector and the
absorbers, a silicon superstrate, i.e. a dielectric layer suspended
above the bolometers, is used to optimize the absorption at 1.5mm wavelength (Fig. 1) [2].
Silicon

Absorbers
Silicon
Thermometer

Thermometer

Absorber

Copper plug
Silicon oxide
Reflector
CMOS
CMOS

Reflector

The fabrication of 1616-pixel arrays was made in CEA-LETI's
clean rooms on 200-mm wafers with CMOS-compatible
processes enabling a future integration on a read-out circuit.
Extensive electrical characterizations were performed at wafer
level and room temperature in order to demonstrate the very low
dispersion of electrical parameters across the full wafer, in
particular the thermometer resistances and the electrical
contacts [3]. The thermometers were measured at cryogenic
temperature and showed a nominal sensitivity (T/R.dR/dT) = -8
at 50 mK in agreement with theoretical models.
The mechanical behavior of the structure after release has been
investigated through both simulations and experimentations. An
excellent agreement was found between simulation and
experimental results; the vertical displacement of the structure
reaches 22 µm in the corners of the bolometers at room
temperature, which is acceptable and is expected to decrease
significantly at sub-kelvin temperature (Fig. 2).

Fig. 2 mechanical simulation and SEM observation of the pixel
after release.

Perspectives
Pads

This pixel is currently under test for optical and detection
performances at low temperature, it may be integrated in large
focal plane arrays in future instruments. The technologies
demonstrated in this work are currently being used in the
development of sub-mm (100, 200 and 350 µm) detector arrays
for the B-BOP polarimetric imager of the SPICA telescope, preselected by ESA as candidate for a future medium-size M5
mission.

Fig. 1 3D view and cross-section of the pixel.
RELATED PUBLICATIONS:
[1] A. Aliane et al., "Superconducting Ti/TiN Thin Films for mm-Wave Absorption", Journal of Low Temp Phys, 193:655–660, 2018.
[2] L. Dussopt, et al., "Cooled silicon microbolometers for millimeter-wave detection," 8th ESA Workshop on Millimetre-Wave Technology and Application, 10-12 Dec.
2018, Noordwijk, The Netherlands.
[3] V. Goudon, et al., "Fabrication and characterization of cooled silicon bolometers for mm wave detection," SPIE Astronomical Telescopes + Instrumentation
Conference, Austin, TX, 10-15 June 2018.
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PERFORMANCE IMPROVEMENTS OF THZ
IMAGERS BASED ON UNCOOLED ANTENNACOUPLED BOLOMETER

RESEARCH TOPIC:
Terahertz, Imager, bolometer, antenna, Minimum Detectable
Power, Read-Out Integrated Circuit

AUTHORS:
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ABSTRACT:
The intrinsic performance of the antenna-coupled bolometer array developed at CEA-LETI was hampered by the noise of the readout
chain. Recent improvements of the camera electronics have made possible the optimization of the sensor operation in bias and
integration time. It results in a real-time uncooled imager with a sensor-limited minimum detectable power that is improved by a factor
of 3, i.e. close to 10 pW, at 2.5 TH
SCIENTIFIC COLLABORATIONS: CEA Tech Nouvelle-Aquitaine, I2S (Bordeaux)

Context and Challenges
The 320×240 antenna-coupled micro-bolometer array
developed at LETI still has room for improvements in terms of
Minimum Detectable Power (MDP) [Oda, J. Infrared Millim.
Terahertz Waves, 2014]. This performance margin is highlighted
when the MDP at the imager output, previously measured close
to 32 pW at 2.5 THz, is compared to the MDP of the bolometer
bridge (Fig. 1). Detailed modeling [1] of the bolometer read-out
showed that a MDP of 14.8 pW is reached prior to the integration
stage and is degraded by the following stages.

Fig. 1. Schematic of the read-out chain of the THz bolometer
array
The recent integration of the sensor within a dedicated camera’s
electronics lowered the chain noise from 350 to 155 µV RMS and
closed the gap to the intrinsic bolometer performance with an
imager MDP that now reaches 20 pW. The read-out chain noise
still damps the signal to noise ratio (SNR) of the detector, but
many options are available to improve the overall SNR. Thanks
to a low noise design of the critical power supplies integrated
within the camera electronics, the bias level of the bolometer
bridge elements has been optimized in order to achieve a
significant gain in terms of MDP. The sensitivity of the detector
has also been boosted through the increase in integration time
of the bolometer bridge current.

Main Results
These two approaches aim at increasing the bolometer bridge
noise while at least maintaining its SNR in order to lower the
effect of noise from the subsequent stages on the noise figure.
Usually voltage bias of the bolometer is performed by an
injection MOS operated in saturation. The bias range is limited
by the voltage drop at the MOS channel, which can be reduced
in the conduction regime. However, in this mode of operation the
transconductance of the MOSFET drops by several orders of
magnitude and the equivalent admittance of the bolometer
bridge is no more negligible. This leads to an increase of the op-

amp and reference voltage VREF contribution to the total
integrated current noise [Kim IEEE Trans. Biomed. Circuits Syst.
2013]. A careful filtering of this voltage supply in the camera
electronic shifts the threshold where this noise degradation
overcomes the gain in responsivity provided by the increased
current of the bolometer. We simulated this behavior through a
small signal analysis of the read-out accounting for the bolometer
bridge dependence on the bias of injection MOS and later
confirmed it by extensive experiments. Compared to previous
operating conditions, a MDP improvement of 27% is observed
with an optimized bias (Fig. 2). The maximum operating voltage
of the CMOS circuit can also be pushed beyond 3.3 V without
notable impact on reliability. It provides a gain on bolometer bias
and lifts the performances by 36% and 50% for VDET pushed to
3.6 and 4 V. Further improvement has been achieved through
the lengthening of the integration window (TINT) of the bolometer
current. A 130% improvement of the SNR, i.e. a 8.45 pW MDP
at 2.5 THz has been demonstrated for a 8.33 Hz video rate.

Fig. 2. Experimental improvement of the detector SNR as a
function of the bias voltage of bolometer bridge w.r.t. to the
SNR in standard bias conditions.

Perspectives
Progress in the electronic driving of the CEA-Leti antennacoupled bolometer array of the I2S camera enabled significant
improvements of the sensor performances. A 8.5 pW MDP at
2.5 THz can be achieved and represents a significant step [2] in
comparison to previously reported performances.

RELATED PUBLICATIONS:
[1] F. Simoens, J. Meilhan, and J.-A. Nicolas, “Terahertz Real-Time Imaging Uncooled Arrays Based on Antenna-Coupled Bolometers or FET Developed at CEALeti,” J. Infrared Millim. Terahertz Waves, vol. 36, no. 10, pp. 961–985, Oct. 2015
[2] J. Meilhan et al., « Performance Improvements of THz Imagers Based on Uncooled Antenna-Coupled Bolometer », in 2018 43rd International Conference on
Infrared, Millimeter, and Terahertz Waves (IRMMW-THz), 2018.
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VISIBLE IMAGING
M É T H O D O D E T E C T I O N

• RGB+IR imagers: Silver-dielectric
color filters
• Highly sensitive RGB+White
imagers: Color correction matrix
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HIGH PERFORMANCE SILVER-DIELECTRIC
INTERFERENCE FILTERS FOR RGBIR IMAGING
RESEARCH TOPIC:
Thin film multilayers, spectral filtering

AUTHORS:
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ABSTRACT:
New architectures of interference silver-dielectric multilayer filters inspired from induced transmission designs are investigated with
the prospect of high performance RGB CMOS imaging. The optimized designs provide combined colorimetric, signal to noise ratio
and sensitivity performances similar to the traditional organic color filters but without the requirement of an external IR-cut filter, which
enables the integration of additional channels such as white or infrared in addition to RGB. Due to the sub-micron thickness of the
stacks, this is a unique solution for fully integrated, high performance multispectral filters patterned in very small pixels. The concept
is demonstrated by a wafer-scale prototype with RGBIR filters patterned down to 1.4µm adjacent pixels with up to 80% transmission.

Context and Challenges
A few years ago, we demonstrated the first wafer-scale
integration of metal-dielectric Fabry-Perot interference filters on
Complementary Metal Oxide Semiconductor (CMOS) image
sensors for red, green, blue (RGB) color imaging [1]. The major
advantage of these filters is their low chromatic cross-talk,
enabling correct color rendering without the infrared (IR) -cut
multilayer external filter which has to be used with the pigment
based organic color filters in the traditional technology. However,
the filter transmissions were relatively low (45-65%) in this first
demonstration.

Main Results

Fig. 2 Measured effective refractive index (a) and extinction
coefficients (b) of Ag layers with different bottom and top
interfaces

We propose new designs of RGB Ag/dielectric interference
multilayers based on the Induced Transmittance Filter concept [
P. H. Berninget al., J. Opt. Soc. Am. 47, 230 (1957)] to optimize the
sensor sensitivity together with high performance of the other
parameters for color imaging, i.e. color restitution and SNR at
normal and oblique incidence.

Fig. 3 (a) Measured vs simulated transmittances of Ag-dielectric
filters patterned on glass, (b) Transmission microscope images
of RGIR filter mosaics with 50µm, 5µm and 2µm pixels.
Fig. 1 Simulated Pareto fronts in the (a) (E00, YSNR10) space,
(b) (Y/Y_REF, YSNR10) space for four filter types defined by the
number of metal layers and nature of the spacer dielectric layer,
high (H) or low (L) refractive index [2]
We also improve the filter transmission by reducing the parasitic
plasmonic effects at Ag interfaces with a careful choice of thin
dielectric interlayers, namely here TiO2/Ag/SiN, optimizing the
k/n ratio of effective optical constants of the metal. To our
knowledge, this is the only alternative filtering technology able to
compete with the organic color filters in terms of imaging
performance. The technology is more complex than the organic
color filters due to a higher number of deposition, lithography and
etching steps.

Perspectives
The real advantage of these filters is the ability to integrate other
channels in addition to RGB, such as panchromatic or IR, which
is not achievable with the organic color filters alone. Despite the
80% transmission measured in our RGBIR filter arrays, we still
have not experimentally shown the full potential of the technology
yet, because a 30% sensitivity enhancement compared to the
organic color filters is expected from simulations with the optical
constants of Johnson and Christy for the Ag layers. This may be
achievable with higher quality interfaces of the Ag layers or other
deposition techniques. With a thickness of a few hundreds of
nanometers and a patterning process with high spatial resolution,
this may be the unique solution for RGBW or RGBIR high
performance imaging with pixels smaller than 3µm.

RELATED PUBLICATIONS:
[1] 1. L. Frey, P. Parrein, J. Raby, C. Pellé, D. Hérault, M. Marty, and J. Michailos, « Color filters including infrared cut-off integrated on CMOS image sensor », Opt.
Expr. 19, 13073 (2011).
[2] L. Frey, L. Masarotto, L. El Melhaoui, S. Verrun, S. Minoret, G. Rodriguez, A. André, F. Ritton, P. Parrein, « High-performance silver-dielectric interference filters
for RGBIR imaging », Opt. Lett. 43, 1355 (2018).
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COLOR CORRECTION MATRIX FOR SPARSE
RGB-W IMAGE SENSOR WITHOUT IR CUTOFF
FILTER

RESEARCH TOPIC:

AUTHORS:
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J. Vaillant, A. Clouet, D. Alleysson (LPNC, CNRS)

ABSTRACT:
Unlike photographic image sensors, which include infrared cutoff filter, low light image sensors gather light over visible and near
infrared (VIS-NIR) spectrum to improve sensitivity. However, sensing NIR makes the color rendering challenging and no color chart
with calibrated infrared content is available to compute color correction matrix (CCM). Thus, we introduced a fourth dimension to
CIE-L*a*b* space to quantify the infrared content and we defined a synthetic color chart. Finally, we defined a 3x4 matrix to convert
RGBW raw data to displayable RGB image. We validated this work on commercially available RGB-White sensor (Teledyne-E2V
EV76C664) and we demonstrated SNR and color accuracy improvement compared to standard CCM.

SCIENTIFIC COLLABORATIONS: LPNC, CNRS UMR 5105, Univ. Grenoble Alpes, France

Context and Challenges
Color rendering for image sensors gathering light over VIS-NIR
spectrum is a challenging task [ H. Teranaka, et al., Electronic
Imaging, vol. 2016, 18, 2016; A. Kim, et al., J. Opt. Soc. Korea, vol. 19, 1,
2015 ]. In addition, there is no color chart available that could be

Macbeth ColorChecker chart and the scene illuminance for a
SNR of 1 on luminance channel is 15 mlux in our case versus 50
mlux in standard case.
Standard sensor

Reference image (sRGB)

used to derive the color correction matrix whereas the Macbeth
ColorChecker is widely used in standard photography. The
purpose of this work is to define a synthetic color chart (SCC)
and a method to compute CCM for a RGBW commercially
available sensor from Teledyne-E2V.

Main Results
To take into account the NIR part of the spectrum, we first
extended the L*a*b* space [Y. Ohno, “CIE Fundamentals for Color
Measurements”, in NIST, vol. 16, 2000] by adding a NIR channel
(named c), generating a 4D space L*a*b*c. Then based on
reflectance spectra databases, available online and our own
one, we analyzed the distribution of spectra into this 4D space.
By uniformly sampling the space, we picked 1500 spectra, which
generated the synthetic color chart presented below in Fig. 1.

Fig. 1: sRGB representation of the synthetic color chart, hue
sorted (a*b* plane)
The second part of this work is correction of raw data into
displayable color image. The sensor we considered, TeledyneE2V EV76C664, delivers four channels: RGB and a White. Thus,
the color correction operator is a 3x4 matrix, instead of 3x3
standard CCM. Thanks to our synthetic color chart, we were able
to estimate the new CCM by minimizing the errors between the
rendered color and the human perception target data, over the
1500 colors. This was done for several illumination conditions
and results were analyzed in term of color accuracy (see Fig. 2)
and signal-to-noise ratio.
We demonstrated improvements on both criteria: the color
accuracy is better than results based on derivation using

Our work: RGBW sensor, no IR cutoff filter

Uncorrected
image

3x3 CCM computed
over Macbeth
ColorChecker

3x4 CCM computed
over our SCC

Fig. 2 Comparison of color correction performances between
classical visible case (RGB camera with IR cutoff filter) and low
light sensor (RGBW channels without IR cutoff filter)

Perspectives
In case of VIS-NIR sensors, the standard Macbeth ColorChecker
chart is inappropriate for color correction matrix estimations.
Thus, we proposed a new method based on a synthetic color
chart defined by extending the CIE L*a*b* space with a fourth
dimension related to the NIR domain. Using such synthetic color
chart, we optimized the CCM for both color accuracy and SNR
on image for commercially available VIS-NIR sensor. This is a
preliminary study and we plan to investigate other definitions for
NIR channel of extended L*a*b* space. Another perspective is to
design a physical color chart containing various visible and NIR
spectral properties, instead of this synthetic color chart in order
to perform real tests with commercial VIS-NIR color sensors.

RELATED PUBLICATIONS:
[1] J. Vaillant, A. Clouet, et D. Alleysson, « Color correction matrix for sparse RGB-W image sensor without IR cutoff filter », in Unconventional Optical Imaging, 2018,
vol. 10677, p. 1067704.
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SILICON PHOTONICS
M É T H O D O D E T E C T I O N

• Automated shape optimization of Si
photonic devices
• Record lasing temperature in GeSn
lasers
• Chip-based optical frequency comb
sources
• Advanced large-scale integration of
hybrid III-V-on-Si lasers
• Fiber grating couplers in Leti's
design kits
• Beam-steering SiN integrated
optical phase arrays for lidars
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SHAPE OPTIMIZATION OF PLANAR PHOTONIC
COMPONENTS

RESEARCH TOPIC:
Integrated silicon photonics, shape optimization

AUTHORS:
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C. Dapogny (LJK), E. Oudet (LJK)

ABSTRACT:
Shape optimization techniques were first developed in the context of mechanical engineering and were more recently applied to the
design of planar photonic components. Two distinct applications fields are addressed here. First, a library of components has been
designed for the telecommunication range. Among them, a very compact polarization rotator, etched on two levels, exhibits state of
the art performances. Some of these components were fabricated and preliminary measurements show encouraging performances.
Second, motivated by the growing application potential of mid-infrared photonics, driven by chemical sensing and spectroscopy, the
design of passive components has been initiated in this wavelength range.

SCIENTIFIC COLLABORATIONS: Lab. Jean Kuntzmann (Univ. Grenoble Alpes, CNRS, Grenoble INP)

Context and Challenges
Shape optimization is an inverse methodology that consists in
determining the distribution of materials in a domain that fulfills a
given objective. Our approach differs from the generally used
ones in that, instead of optimizing for a continuous optical index
density, we rely on a geometrical representation of the shape,
preserving binary valued indices [1].
The footprint of the shape-optimized building blocks is in the
order of a few µm2. However, this very small size is hindered by
degraded performances in terms of insertion losses. Thus,
additional progress is needed to take full advantage of their highdensity integration potential.

A set of components has been fabricated on LETI's 200 mm pilot
line by e-beam lithography and tested on an automatic prober.
As an example, a 1.31 µm - 1.55 µm wavelength duplexer is
presented on Fig. 2. Preliminary measurements show that the
duplexing function is effective, with performances close to our
expectations.

Main Results
Several components, such as bends, waveguides crossings,
power dividers, multiplexers, etc. have been designed with
special attention paid to bandwidth enlargement and robustness
to fabrication uncertainties [1]. Moreover, using two levels of
etching of the silicon layer and a dedicated optimization
algorithm, an efficient polarization rotator has been devised
(Fig. 1). For a given device footprint, the performances expected
by simulation (polarization conversion efficiency of 98.5 %,
0.35 dB insertion losses, 100 nm bandwidth) are far better than
that of state-of-the-art single-level components [2].

Fig. 2 Shape optimized wavelength duplexer: MEB photograph
of a fabricated device and measured wavelength response.
Motivated by the growing application potential of mid-infrared
photonics, the shape optimization paradigm has been
transposed in this wavelength range for the first time. Specific
challenges are encountered, such as a restricted choice of
materials and particular technological constraints [3]. A set of
components has been designed and their fabrication on a
platform based on silicon-germanium alloy on silicon nitride is
currently under progress.

Perspectives

Fig. 1 Shape optimized two-levels polarization rotator
RELATED PUBLICATIONS:

Several directions are foreseen to improve our shape-optimized
components. First, the physical and numerical parameters will be
calibrated to improve the accuracy of the optimization procedure.
Second, the fabrication flows (lithography and etching) should be
fine-tuned to obtain better accuracy. Furthermore, optimization
algorithms devoted to binary silicon photonic devices are being
developed in the frame of a collaboration between LETI (S.
Boutami) and Stanford University (Prof. S. Fan). These
algorithms are fast and include, by nature, minimum feature size
constraints.

[1] N. Lebbe, C. Dapogny, E. Oudet, K. Hassan, and A. Glière, “Robust shape and topology optimization of nanophotonic devices using the level set method,”
submitted to Journal of Computational Physics. https://hal.archives-ouvertes.fr/hal-01860882.
[2] N. Lebbe, A. Glière, and K. Hassan, “High-efficiency and broadband photonic polarization rotator based on multilevel shape optimization”, Optics Letters, vol. 44,
no. 8, pp. 1960–1963, 2019.
[3 ] N. Lebbe, A. Glière, K. Hassan, C. Dapogny, and E. Oudet, “Shape optimization for the design of passive mid‑infrared photonic components”, Optical and Quantum
Electronics, vol. 51, pp. 166-179, 2019.
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RECORD IN LASING TEMPERATURE UP TO 230
K IN OPTICALLY PUMPED SiGeSn/GeSn
HETEROSTRUCTURE MICRODISKS

RESEARCH TOPIC:
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ABSTRACT:
One of the main challenges in the Silicon Photonic remains the fabrication of efficient group-IV laser sources compatible with the
microelectronics industry, seen as an alternative to the complexity of integration of III-V lasers on Si. But, the group-IV semiconductor
indirect bandgap has to be transformed from indirect to direct by alloying germanium with tin. One strategy to improve lasing
temperature operation is to confine efficiently carrier in the active gain layer. We succeeded to improve lasing operation temperature
up to 230 K in optically pumped GeSn micro-disk cavities emitting at 3.1 µm thanks to the use of (i) GeSn/SiGeSn heterostructures,
and (ii) GeSn step-graded structures instead of thick GeSn layers grown directly on Ge strain relaxed buffers. We hope that GeSn
can overcome some limits inherent to standard Silicon Photonics devices and can be used notably in Mid-Infra-Red sensing
applications.
SCIENTIFIC COLLABORATIONS: PSI + ETHZ (Switzerland), FZ Jülich (Germany)

SCIENTIFIC COLLABORATIONS: ultricies sed, dolor. Cras elementum ultrices diam. Maec

Context and Challenges

Group-IV semiconductor alloys are promising candidates to
monolithically integrate laser sources and photodetectors into a
Si photonic platform for SWIR and MIR applications. A direct
bandgap can be obtained in GeSn if the Sn content is high
enough and the residual compressive strain low enough (when
grown on Ge) [1]. Lasing in GeSn compounds was recently
demonstrated at low cryogenic temepratures. The next steps
would be lasing (i) at higher temperature, (ii) with reduced lasing
threshold and (iii) under electrical pumping. Different approaches
are considered to progress in those directions. One of them is to
improve carrier confinement by using GeSn/SiGeSn
heterostructures.

grown between SiGeSn claddings at low-temperature with
reasonable growth rates, using Si2H6 and Ge2H6 gas precursors
(Figure 1b). Processes were developed to etch (i) GeSn
anisotropically and (ii) selectively Ge versus GeSn isotropically
[3] to realise quasi-suspended micro-cavities (Figure 1c).

a/

b/

Main Results
We demonstrated the benefit of using GeSn step-graded
structures instead of thick GeSn layers with nominally the same
Sn content throughout the layers [2]. Through a careful
optimization of the Sn and Si content and strain depth profile in
really high Sn content GeSn layers (Figure 1a), we observed
mirror-like surface under grazing light with no significant Sn
segregation over the whole 200 mm GeSn step-graded wafer
surface (which was not the case for the Ge SRBs buffer).
a/

b/

c/

Figure 1 : a/ Cross-sectional TEM images of the stack, showing the array
of misfit dislocations in the lower part of the GeSn step-graded buffer, b/
thickness of each heterostructure layer, c/ Tilted SEM image of GeSn
heterostructure micro-disk cavities. The calculated concentration and
thickness of each layer after the under-etching step are given in the inset.

To improve carrier confinement, the active layers GeSn were

Figure 2: a/ Lasing spectra at 15 K, 135 K, 190 K and 230 K. Only a PL
background was observed at 250 K. The lasing spectra shown here
were obtained at different pumping powers, highlighting the clearly
resolved lasing peaks and the wavelengths shift, b/ Light in-Light out
curves at 15 K, 135 K, 190 K and 230 K.

The under-etching of thick GeSn/SiGeSn layers selectively
versus Ge confines optical modes and relaxes the built-in
compressive strain, resulting in more direct band-gap behaviour
(Figure 1c and inset). Lasing spectra at 15 K, 135 K, 190 K and
230 K are presented on Figure 2a for a 10 μm micro-disk
fabricated in the 16 % GeSn layer grown on the GeSn graded
buffer. Figure 2b presents Light in-Light out curves measured at
different temperatures resulting to laser thresholds distribution
between 134 and 640 kW.cm-2 [4].

Perspectives
Future work will aim to strain high-Sn-Content GeSn/SiGeSn
heterostructures tensilely, thus further improving the GeSn light
emission and advancing towards a fully CMOS compatible laser
working at room temperature.

RELATED PUBLICATIONS:
[1] V. Reboud, A. Gassenq, N. Pauc, J. Aubin, L. Milord, Q. M. Thai, M. Bertrand, K.Guilloy, D. Rouchon, J. Rothman, T. Zabel, F. Armand Pilon, H. Sigg, A. Chelnokov,
J.M. Hartmann, V. Calvo, Optically pumped GeSn micro-disks with 16 % Sn lasing at 3.1 µm up to 180K, 111, 092101 (2017).
[2] J. Aubin, J.M. Hartmann, A. Gassenq, J.L. Rouvière, E. Robin, V. Delaye, D. Cooper, N. Mollard, V. Reboud, V. Calvo, Semicond. Sci. Technol., vol. 32, 2017.
[3] L. Milord , J. Aubin, A. Gassenq, S. Tardif, K. Guilloy, N. Pauc, J. Rothman, A. Chelnokov, J.M. Hartmann, V. Calvo, V. Reboud, Proc. SPIE 10108, Silicon
Photonics XII, 101080C (2017).
[5] Q.M. Thai, N. Pauc, J. Aubin, M. Bertrand, J. Chrétien, R. Khazaka, A. Chelnokov, J.M. Hartmann, V. Reboud, V. Calvo, Optics Express 26, 25, 32500 (2018).

27

C E A -L E T I S C IE NT IF IC R E P O R T 2 0 1 8

CHIP-BASED POWER-EFFICIENT
OPTICAL FREQUENCY COMB SOURCES
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ABSTRACT:
Efficient nonlinear phenomena in integrated waveguides requires low propagation losses and a small effective area of the guided
mode. However, when the waveguide cross-sectional dimension is small, the propagation losses increases. We report on the
fabrication and testing of high confinement, ultra-low losses silicon nitride resonators with intrinsic quality factor of 6.2 x 106 in the C
band. In particular, an optimized subtractive patterning has been developed to fabricate ultra-smooth silicon nitride waveguide
featuring record-low propagation losses (< 5 dB/m) when comparing with the same dimensions to the best of our knowledge. We
demonstrate an integrated Kerr frequency comb source based on the butt coupling between a III-V DFB laser with a silicon nitride
(Si3N4) microresonator. The 30-dB bandwidth optical comb is measured to 148.7 nm (18 THz), centered at 1576 nm wavelength.
This hybrid compact source could be also used for soliton states generation and ultra-high rate parallel data transmission.

SCIENTIFIC COLLABORATIONS: 1III-V Lab, 2Thales Alenia Space, 3Foton Institute, 4LTM CNRS.

Context and Challenges
The optical frequency combs sources are key elements in a
growing number of applications, such as optical metrology,
optical clocks, ultra-fast ranging distance or multiplexing in
photonics communications. While these demonstrations
started on voluminous setup with low efficiency, the rapid
progress on integrated photonic platform has boosted the
interest and the research for compact comb sources. These
broad low-noise spectra can be obtained by Kerr-comb
generation in high quality factor microresonator. In this paper,
we present a highly compact comb source. With a continuous
wave DFB laser, a passive microresonator is pumped near a
cavity mode, generating a Kerr frequency comb through
parametric four-wave mixing.

Main Results
We present an ultra-low loss Si3N4 with highly confined
optical modes fabricated following a fully subtractive process.
We achieve intrinsic quality factor Qi exceeding 6.2 x 106 (Fig.
1) for a ring resonator formed by a highly confined waveguide
with 1.7 µm of width and 800 nm of height which is the highest
quality factor for tightly confining resonator. We fabricated the
silicon nitride resonator following the process described in [1, 2]
and in addition a) a touch chemical mechanical polishing is
performed before the pattering, and b) second the etching
process is optimized and finally two different annealing are
applied on the wafers before the encapsulation.

Moreover, differently from the process described in [1, 2] the
Si3N4 is etched using an oxygen-based plasma. Furthermore,
the silicon nitride deposited by low-pressure chemical
vaporization deposition (LPCVD) is not free of hydrogen. By
applying a novel, refined annealing process [3], we could
achieve propagation losses of ~4 dB/m, which is the lowest
value for high-confinement silicon nitride waveguide with
anomalous dispersion. The on-chip optical parametric
oscillation threshold for such devices is well-below the mW
level, paving the way to power-efficient Kerr comb sources
To perform the buttcoupling between the DFB laser and
the passive chip, we use a dynamical alignment system with
micrometric translation plates. We estimate the coupling loss to
the best at 0.6 dB. With the DFB laser, we theoretically
injected 150 mW in the passive chip. By pumping the
microresonator near a cavity mode, we generated an optical
comb through cascaded parametric degenerated Four Wave
Mixing (FWM), as shown in Fig. 2.

Fig. 2 Spectrum output of the buttcoupled InP/SiN optical
frequency comb source.

Perspectives
Fig. 1 (left) Schematics of the chip-based optical frequency
comb source and (right) its micrograph. The chip size is 4 mm.

We have developed a Si3N4/SiO2-on-silicon fabrication
platform that allows the fabrication of high quality
microresonator. We have demonstrated a compact chipbased power-efficient optical frequency comb source formed
by buttcoupling between a standard telecom InP DFB laser to
a ultra-high Q Si3N4 microresonator.

RELATED PUBLICATIONS:
[1] H. El Dirani, M. Casale, S. Kerdiles, C. Socquet-Clerc, X. Letartre, C. Monat, C. Sciancalepore, “Crack-Free Silicon-Nitride-on-Insulator Nonlinear Circuits for
Continuum Generation in the C-Band,” in IEEE Phot. Technol. Lett., 30, pp. 355-358 (2018).
[2] H. El Dirani, A. Kamel, M. Casale, S. Kerdiles, C. Monat, X. Letartre, M. Pu, L. K. Oxenløwe, K. Yvind, C. Sciancalepore, “Annealing-free Si3N4 frequency combs
for monolithic integration with Si photonics”. App. Phys. Lett., 8, pp. 113, (2018).
[3] S. Boust, H. El Dirani, F. Duport, A. Larrue, L. Youssef, C. Petit-Etienne, E. Vinet, S. Kerdiles, Y. Robert, M. Faugeron, M. Vallet, E. Pargon, C. Sciancalepore and F.
Van Dijk, "Compact optical frequency comb source with a DFB butt-coupled to a silicon nitride microring,” IEEE Microwave Photonics (2019).
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ABSTRACT:
In this work, we present the hybrid III-V/Si photonic platform developed in CEA-LETI. The overall integration is done in a fully CMOS
compatible 200mm technology, scalable to 300 mm wafers, leveraging the large scale integration capabilities of silicon photonics.
III-V material is integrated on top of a mature silicon photonic front-end wafer through collective die bonding enabling the monolithic
integration of light sources. A two metal level, planarized, BEOL is integrated on top of the laser allowing optimized device
Interconnections. Fabry-Perot laser reference design is used as test vehicles for the process validation

SCIENTIFIC COLLABORATIONS: IRT NANOELEC

Context and Challenges

Photonics platforms have been demonstrated using various
CMOS-compatible Si technologies, with a full library of highperformance silicon photonics components developed to
operate at a speed of 25 Gb/s to 50 Gb/s [S. Assefa, et al., Electron
Devices Meeting 2012, pp. 33.8.1–33]. However, compared to bulk
III-V technologies, Si photonics technologies are suffering from
the lack of integrated light source. Hybrid III-V/Si laser integration
on silicon photonic platform has been demonstrated several time
using III-V direct bonding on top of patterned silicon [S. Keyvaninia,
et al, Optic Express 21(3), pp 3784-3792]-[J. Pu, et al, IEEE JSTQE 21(6),
2015]. Most of these former works have been achieved using
small wafer diameter III-V fabrication line for post bonding
process steps. The expected low-cost benefit of silicon photonics
is nor more valid with such integration scheme.
CEA-LETI is working on cmos compatible III-V/Si laser
integration. Results have been presented with wafer bonding on
200mm SOI and single metal layer for interconnection [1-3]. In
this new iteration, the process is extended to die bonding and
multi-level planar BEOL opening the path to large-scale
integration.

Main Results
Figure. 1 shows a SOI wafer after III-V die transfer by collective
bonding. Each 3x3mm² die contains 6 to 7 lasers. The bonding
yield, defined as the number of chips transferred having 95% of
their surface without defects, is of the order of 85% to 90% .

Figure 2a presents a SEM cross section of laser at the end of the
process. The planarized backend allow the use of two metal level
(AlCu in this case) to connect the device. The height of the first
level of tungsten plug has been increased compared to the
standard platform in order to take into account the III-V material
thickness. Figure 2b presents a zoomed view on the gain area
and on the p-InGaAs contacts whereas Figure 2c presents a
zoomed view on the n-InP contact.

Fig. 2: (a) SEM cross-section of the final device, (b) zoom on the
gain area and on the p-InGaAs contacts, (c) zoom on the n-InP
contact.
Fabry-Perot lasers have been used to validate the process
integration. The device have been tested under continuous-wave
current conditions and the generated light has been collected
through the grating coupler to a single-mode fiber. Typical output
power measured in the single-mode fiber is in the range of
1.2mW at 100mA with a lasing threshold current of 60mA The
series resistance is in the 6Ω range. These results therefore
validate the integration scheme and the choice of fully CMOScompatible III-V metallization with multilevel BEOL and collective
die bonding.

Perspectives

Fig. 1 Picture of the wafer after die bonding with a zoom of 7
lasers processed within the same III-V die

The next steps for this work will be to integrate the hybrid laser
with active devices such a modulators and photodiodes and to
propose laser design optimized for this new process flow. For this
last purpose, the III-V and the silicion parts will be co-designed to
get all the benefits of this hybrid integration. Finally transfer to
300mm SOI wafers will be also done.
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ABSTRACT:
We review various aspects of grating coupler development at CEA-LETI to illustrate how the performance and yield of this key
component of our silicon photonics platform has improved over recent years, with typical insertion losses falling from ~5dB to <1.5dB.
The device design concept, fabrication and testing are discussed in order to give a more general insight into the challenges faced in
increasing the maturity level of silicon photonics platforms. In particular, we will highlight some key areas in which tools and solutions
developed for the CMOS electronics industry have proven inapplicable in the case of photonics, requiring that established methods
be heavily modified or replaced.

SCIENTIFIC COLLABORATIONS: IRT NANOELEC, ST microelectronics

Context and Challenges
The excellent optical properties of silicon and its complementary
oxide in the fiber based communication bands, together with the
maturity of existing CMOS foundry infrastructure, initially created
much optimism regarding the ability of silicon-based photonic
integrated circuits (PICs) to supplant electronic ICs and III-Vbased technologies for short to medium range digital
communications. Although the current availability of 100G silicon
photonics products and the emergence of 200G/400G
technology illustrate the gathering pace of this transition, silicon
photonics is yet to dominate these markets. A significant
contributor to the total optical losses of an integrated
communication link is that associated with coupling light between
on-chip silicon waveguides and monomode optical fibers.
Despite the typical insertion loss (IL) and bandwidth penalties
compared with edge-coupling methods, the use of fiber couplers
based on diffraction gratings is well established due to the
convenience of on-wafer testing and relatively large alignment
tolerances.

We have developed an O-band one-dimensional fibre coupler
based on a diffraction grating resulting from a quasi-periodic
single partial etch of a 310nm-thick SOI layer. The grating
incorporates an apodised design with sub wavelength grating
elements that enables a minimum measured insertion loss of 1.35dB at 1310nm and an excellent yield (full wafer 3σ < 0.1dB)..

Main Results

Insertion loss (dB)

The evolution of the LETI grating coupler insertion loss since
2012 can be approximately broken down into Improvements in
design, process and measurement (figure 1).
200mm, SOI220nm, 1,55µm

300mm, SOI220nm, 1,55µm
300mm, SOI300nm, 1,55µm
300mm, SOI300nm, 1,31µm

Improved test protocol

200mm, SOI300nm, 1,31µm

Design improvements
200mm without OPC
300mm with OPC

year

Fig. 1 Evolution of LETI Grating coupler insertion loss
RELATED PUBLICATIONS:

Fig. 2 Transmission spectra of 1DGC over 20 dies of a single
wafer (left) and SEM image of grating region (right)
The development of device-specific Optical Proximity Correction
enabled the fabrication of the geometrical features of widely
varying sizes present in our grating design.
Another key aspect of the evolution of the grating coupler
performance has been the continual improvement of the LETI
characterisation facilities. Indeed, the use of polarisation
maintainingg fibres in polished fibre arrays, active fibre height
control and high speed (<250ms) piezo actuated automatic fibre
alignment have enabled a precision and repeatability in insertion
loss measurements approaching 0.1dB.

Perspectives
The forthcoming availability of immersion lithography at LETI
will enable more aggressive designs with smaller minimum
feature sizes. This should allow access to fiber coupling losses
reliably below -1dB for packaged devices.

[1] D. Fowler et al., “Fiber grating coupler development for Si-photonics process design kits at CEA-LETI,” in Smart Photonic and Optoelectronic Integrated Circuits
XXI, 2019, vol. 10922, p. 1092205.
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ABSTRACT:
We performed two-dimensional beam steering in the near-infrared using a SiN integrated circuit containing optical phased arrays.
Beam steering was achieved over a range of 17.6° × 3°, at a fixed wavelength of 905 nm. The first dimension was steered via phase
differences between the optical phased array channels. The second dimension was accessed by actively switching between various
optical phased array sub-devices containing output diffraction gratings with different periods. The characterisation was performed
on a wafer-level test station.

SCIENTIFIC COLLABORATIONS: DEMO3S

Context and Challenges
Optical phased arrays (OPAs) have gained significant attention
over the past decade due to their potential use in a broad range
of advanced technological applications including light detection
and ranging (LIDAR), free space communication and
holographic displays. This interest arises from the advantage
that OPAs enable non-mechanical, arbitrary beam shaping and
steering. Furthermore, it has been shown that OPAs can be
implemented using integrated photonics, creating a path for lowcost systems with a small physical footprint. In practice, however,
designing an integrated OPA with a sufficiently narrow output
beam, wide sweeping range and powerful output beam is nontrivial. Furthermore, while one-dimensional, single wavelength,
beam scanning is relatively easy to demonstrate, twodimensional, single-wavelength beam scanning is significantly
more challenging.

The circuit was based on an entirely new library of SiN-based
photonic building blocks designed for this application, including
monomode waveguides, multimode interference splitters,
thermo-optic phase modulators and input and output grating
couplers.
We were able to demonstrate continuous beam steering in ϕ over
17.6° and discrete beam steering in θ over 3° at a single
wavelength of 905nm. The corresponding beam divergence
values were 4° and 0.6°. Furthermore, we developed a waferscale characterisation setup including an automated calibration
system and the necessary driver electronics (see figure 2). This
allowed us to obtain information regarding the dispersion of the
device performance over the wafer without the need for dicing
and wire bonding.

Main Results
We designed and fabricated an integrated circuit based on
silicon nitride (SiN) waveguides including a 4-channel ringresonator-based router and 4, 4-channel optical phased arrays
(see figure 1).
Fig. 2 Schematic and picture of wafer-scale characterisation
set-up for OPA measurements.

Perspectives

Fig. 1 Schematic and microscope image of the fabricated twodimensional beam steering device.

Firstly, this work serves as an initial demonstration of the
possibility of adapting LETI silicon photonic technology for use in
beam
scanning
applications
outside
the
usual
telecommunication wavelength bands.
Much work is now necessary in order to develop the OPA circuit
to meet the performance specifications required for real world
applications. Notably, the circuit density will have to be increased
by 10-100, which will bring wide-ranging challenges in terms of
component design, process technology and the interaction with
control electronics.

RELATED PUBLICATIONS:
[1] N. A. Tyler et al., “SiN integrated optical phased arrays for two-dimensional beam steering at a single near-infrared wavelength,” Optics Express, vol. 27, no. 4, p.
5851, Feb. 2019.
[2] Tyler, N. A., et al. SiN Integrated Photonics for near-infrared LIDAR, 2018 IEEE CPMT Symposium Japan (ICSJ). pp. 63-66 (best paper award)
[3] Q. Wilmart et al., “A Versatile Silicon-Silicon Nitride Photonics Platform for Enhanced Functionalities and Applications,” Applied Sciences, vol. 9, no. 2, p. 255,
Jan. 2019.
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OPTICAL
ENVIRONMENTAL
SENSING

• Non-linear waveguides in the MidIR
• Quantum cascade lasers fabricated
in volume on 200 mm CMOS pilot
line
• Long-wave-IR optical platform for
chemical sensing
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NON-LINEAR WAVEGUIDES IN THE MID INFRARED
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ABSTRACT:
Nonlinear activity in the Mid Infrared at CEA-LETI focuses on efficient nonlinear materials such as chalcogenide glass and silicongermanium epitaxial layers. Fabrication procedure of Arsenide free chalcogenide layers have enabled some very important results
in terms of both linear performance and nonlinear properties. In silicon-germanium waveguides on silicon substrates, we
demonstrated high-efficiency and broadband supercontinuum generation up to 8 μm wavelength. Based on these results, frequency
combs will be developed with microresonators.

SCIENTIFIC COLLABORATIONS: Université de Bourgogne, INL Lyon

Context and Challenges
One of the most exciting recent advances in nonlinear optics is
the creation of super-broadband light exploiting the so-called
supercontinuum emission. Both silicon and chalcogenide glass
have shown great promise as platforms for the mid-IR, since their
transparency in the mid-IR extends to ~ 8 μm for silicon and
beyond 10 μm for chalcogenide glasses (Ch). Chalcogenide
glass has demonstrated many linear and even nonlinear optical
functions including broadband supercontinuum generation
(SCG) out to 13 μm. On the other hand, silicon offers significant
advantages over many other materials for its compatibility with
electronic integrated circuit manufacturing (CMOS) as well as
extremely high material stability and reliability.

significant progress of our deposition techniques and fabrication
procedure have led to key results in terms of both linear performance
and nonlinear properties. We reported dispersion-engineered air-clad
step index SiGe/Si waveguides with propagation losses around 0.4
dB/cm at 4 um [2]. With a dispersion-engineered waveguide, first
octave spanning (2.95-6.0 μm) MIR SCG with a useful average power
of ~5 mW was reported in [2]. Using a 7 cm long waveguide pumped
at 4.15 µm in the anomalous dispersion regime, we obtained the
spectra shown in Figure 1 for coupled average pump powers from 3.5
mW to 28 mW.

Main Results
Chalcogenide materials exhibit a high transparency window in
the infrared range and large optical nonlinearities offering also
opportunities for innovative mid-infrared (MIR) components. Up
to now, most of Ch-based non-linear devices have been mainly
demonstrated in glasses containing Arsenic. However, the
REACH European recommendation and the World Health
Organization have both identified Arsenic as one of the ten most
harmful chemicals for human health. So, we developed As-free
amorphous chalcogenide thin films by Magnetron co-sputtering
of chalcogenide compounds targets in an industrial 200 mm
deposition tool in order to tailor the atomic composition of
amorphous GeSbwSxSeyTez films.The nonlinear refractive Kerr
index of films has been evaluated from determination of their
optical
constants
using
spectroscopic
ellipsometry
measurements in the IR and through advanced optical
characterizations of rib and ridge waveguides. Finally, by
coupling ab initio simulations with experimental description of the
local atomic order of prototypical compositions, we have been
able to probe the link between large optical nonlinearities and
peculiar atomic structure of such materials.
Based on our know-how on SiGe alloys technology for linear
functions in the MIR, we have also explored the potential of this
platform for Non Linear devices. During the last few years,

Fig. 1 Output spectra measured at different coupled power of a
SiGe/Si waveguide from [2]

Perspectives
Frequency combs can be found in different fields as diverse as
metrology, optical clock, calibration of tunable lasers, etc…and in
particular in high precision spectroscopy such as molecular
fingerprinting laser-based gas sensing. Monolithic microresonators
with these two technologies exploiting the nonlinear Kerr effect /
cascaded Four Wave Mixing (FWM) will be a new approach for
frequency combs.

RELATED PUBLICATIONS:
[1] JB Dory & al, " Structural and optical properties of Ge-Sb-S-Se-Te amorphous chalcogenide thin films for mid-infrared photonics application" to be issued in
Scientific Report.
[2] M.Sinobad, C. Monat, B. Luther-Davies, P. Ma, S. Madden, D.J. Moss, A. Mitchell, D.Allioux, R. Orobtchouk, S. Boutami, J.-M. Hartmann, J.-M. Fedeli, and C.
Grillet, "Mid-infrared octave spanning supercontinuum generation to 8.5 μm in silicon-germanium waveguides," Optica 5, 360-366 (2018)
[3] M. Sinobad & al "High coherence at f and 2f of mid-infrared supercontinuum generation in silicon germanium waveguides," to appear in Journal of Selected
Topics in Quantum Electronics.
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DOPT
ABSTRACT:
The cost of manufacturing of quantum cascade lasers is still a major bottleneck for the adoption of this technology for chemical
sensing. The integration of Mid-Infrared sources on Si substrate based on CMOS technology paves the way for high-volume lowcost fabrication. Furthermore, the use of Si-based fabrication platform opens the way to the co-integration of QCL Mid-InfraRed
sources with SiGe-based waveguides, allowing realization of optical sensors fully integrated on planar substrate. We report here
the realization and the characterization of DFB-QCL sources working at 4.5 µm and 7.4 µm fully fabricated within the 200 mm
CMOS pilot line.

Context and Challenges
The last two decades, hybrid photonics circuits using both silicon
based materials and III-V materials have been successfully
developed for data communication and are a complementary
technology to advanced CMOS for high performance computers
too. In 2006, Soref suggested to consider a similar technological
approach to make photonics circuits dedicated to the mid/long
wave infrared region [R. A. Soref et al.,J. Opt. Pure Appl. Opt., vol. 8,
840-848 (2006)]. This IR-wavelength range enables to address
number of applications from free-space data communication,
optical countermeasures, IR imaging of biological tissues to
spectroscopy. So far, the detection of chemical species in solid,
liquid or gas mixtures remains the most popular application that
drives the technological development. In fact, the spectral range
between 3 μm and 12 μm corresponds to the first harmonic
resonance between rovibrational energy levels of the most
chemical species, leading to absorption cross sections that are
order of magnitude stronger than overtone in the near IR for
instance. To date, III-V technologies have however to struggle
with both poor fabrication yield and low reproducibility. So far,
these issues have not been properly addressed and prevent
from a large development and dissemination of these lasers
beyond scientific community or niche applications

with precise stopping level are the challenges for the etching
recipes. On the deposition side, the materials used should be
optically and chemically compatible with QCL structure. In
particular, the dielectric materials must be transparent in the MIR
and index lower than the index of the QCL stack and, from the
processing point of view, thick layers conformal deposition on
steep edges is mandatory. Moreover conformal thick deposition
on steep edges is mandatory as well as compatible etching
recipes with InP/InGaAs materials. For metallization, thick gold
layers are needed for the DFB operation and for getting good
contacts. Finally the complete process has been performed in our
200mm Si platform enabling the delivery of numerous DFB QCL
lasers on Si.

Main Results
Our approach to fabricate the laser on the 200mm CMOS pilot
line is based on the direct bonding of a 2 inches InP wafer
containing the active layers on a 200mm silicon wafer [1]. This
key process step has been addressed first by the study of the
impact of the surface quality of the III-V wafers from different
providers and then by the study of the substrate removal. If the
availability of defect-free epitaxial layers are primordial, the
quality of the InP substrates is also critical. Provided that the
surface defects are low enough on the epitaxial wafers, we
achieved direct bonding of more than 90% of surface on oxidized
200 mm Si wafer. The substrate removal is achieved by
chemical etching of different sacrificial layers in order to leave a
perfect upper surface for further processing.
The design is adapted from DFB-QCL sources originally done on
InP taking into account the constraints set by CMOS tools. The
bottom contacts of the lasers are no longer on the back side of
the chips, but are reported aside from the ridge of the laser. The
main challenge encountered for the fabrication of QCL with
200mm format is to develop the right processes which can cope
with thick layers (10µm) and high resolutions (~0.1 µm) involved.
For the deep UV lithography at 248nm, the thicknesses of the
resists and the coverage of steep and deep steps are the key
points compared to the heterogeneous laser fabrication on Si for
the NIR. The partial deep etching of InP and InGaAs combined

Fig 1. SEM picture QCL laser – inset: Zoom in of the DFB
grating (at the end of the ridge tip)
The fabrication of QCLs on 200 mm substrate enables to use
large-scale characterization tools. Thus, 2700 devices
(corresponding to single QCLs and QCL arrays) were measured
at wafer-level on an automatic 200/300 mm test prober to
determine the emission threshold levels. At wafer level, The QCL
electro optic behavior is at the state of the art compare to InP
platform with an extremely high fabrication yield, close to 100%
for wafer central fields.

Perspectives
The fabrication in a CMOS/MEMS pilot line and wafer-level tests
on probe stations should greatly accelerate the
commercialization of QCLs by further decrease the fabrication
cost of such components. Furthermore, the integration on a
common technological platform implemented on Si substrate is
crucial to the realization of miniaturized and cost-effective MIR
photonic devices

RELATED PUBLICATIONS:
[1]JG. Coutard, V .De Jonghe, M. Brun, M. Fournier, G. Maisons, JM. Fedeli, S. Nicoletti, M. Carras and L. Duraffourg, "Fabrication of QCL sources on CMOS pilot
line", 8th International Quantum Cascade Laser School and Workshop 2018.
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ABSTRACT:
With the recent progress in integrated silicon photonics technology and the recent development of efficient quantum cascade lasers
(QCL), there is now a very good opportunity to investigate new gas sensors offering very high sensitivity, high selectivity (multi-gas
sensing, atmosphere analysis) and low cost thanks to integration on planar Si substrates. To extend the operation in the Long Wave
Infra-Red (LWIR) in the 8-13 µm spectral range, design, we show fabrication and characterization of Arrayed Waveguide Grating
(AWG) devices aiming at the simultaneous detection of several gas using arrays of QCL sources was achieved. Our new platform
is based on Ge cores surrounded by thick silicon germanium (SiGe) layers. An almost flat transmission over a full 200 cm-1
operational range was obtained, with a peak-to-valley modulation of -5dB. These results allow operation at wavelengths beyond
8µm, where gases such as NH3, Acetone, Ozone, or Benzene can be detected.

Context and Challenges
With the recent progress in Quantum Cascade Laser (QCL) and
Interband Cascade Laser (ICL) technology, compact and reliable
mid infrared light sources are nowadays available. In particular,
Distributed FeedBack (DFB) sources allow to select specific
emission wavelengths to target the detection of the chemicals of
interest. With these sources, a novel generation of sensing tools
suitable for real-time in-situ detection of gasses down to traces
is nowadays available. For example, MirSense Company
revealed a multi gas sensing system based on QCL sources
assembled with a multiplexer and a photo acoustic cell.
Multiplexers for each spectral range have to be developed to
address all gases.

Main Results
To extend the wavelength spectral range beyond 8 µm, we have
developed a new platform based on a Ge core surrounded by
thick SiGe layers, due to the need for an upper transparent
cladding at long wavelength. Our devices were designed for TM
polarization in order to match the polarization of QCL laser
arrays. The dimensions of the waveguide were calculated to be
single mode at the wavelength of interest. To design a type of
multiplexer based on Arrayed Waveguide Grating (AWG), we
developed a fast tool based on a Gaussian approximation of
waveguide fundamental mode and Fourier diffraction optics. In
order to minimize crosstalk between waveguides in the array, we
used tapers at the beginning and the end of the array where the
waveguides were the closest to each other. Finally, we used at
the output a MMI in order to flatten the spectral output of the
overall device. As test vehicle device, we designed a 67 inputs
AWG working between 8.5 to 9.5 µm (1050-1250 cm-1 range,
with a spacing of 3 cm-1) (Fig 1 left). The design was specified
to be quite tolerant to fabrication fluctuations for the spectral
position of each channel.
The core layer of the waveguide is made of a 2.5 µm thick Ge
layer grown by RP-CVD on top of a 6µm thick epitaxial SiGe
layer (Fig 1, Right).

Fig. 1: (left) Image of the AWG (right) Ge / SiGe waveguide before
SiGe cladding
The definition of all the passive functions was performed by DUV
248nm photolithography. The Ge core layer was etched down to the
SiGe layer underneath by deep reactive ion etching (DRIE) without any
scalloping. To complete the fabrication, the Ge WG were fully
embedded in 6µm thick epitaxial SiGe layers. Input and output facets
for the butt coupling of QCL were etched collectively on the wafers by
DRIE on a depth of 200µm. Then chip separation was performed by
partial dicing of the back side of the wafers down to the front side to
avoid damaging the quality of the facets previously made.
Measurements of the AWGs, demonstrated good operation up to
9.5µm (1050cm-1) with well separated channels. One typical
transmission is shown in the Fig 2.

Fig 2: Spectral characteristics of a LWIR AWG

Perspectives
This new platform will be part of the offer of the pilot line MIRPHAB.
RELATED PUBLICATIONS:
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[4] www.mirphab.eu.
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O6

SOLID STATE LIGHTING
AND DISPLAYS

• GaN-on-Graphene: high-gain UV
photodetectors
• Design of ZnGeN/InGaN quantum
wells for green and red LEDs
• Native full-color InGaN LEDs on
InGaN-on-Si substrates
• Light extraction from µ-LEDs with
TiO2 embossed nanoparticles
• Size influences GaN µ-LEDs
• 10 µm pitch GaN LED WVGA µdisplays
• Retinal projection displays
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COMBINING 2D AND 3D MATERIALS FOR
PHOTODETECTION DEVICES:
FOR EXAMPLE THE COMBINATION OF GAN AND
GRAPHENE PROVIDES A PROMISING NEW
PLATEFORM FOR HIGH-GAIN UV PHOTODETECTORS
RESEARCH TOPIC:
New concepts of photodetectors based on the combination of 2D
and 3D materials.

AUTHORS:
B. Hyot, T. Journot, V. Bouchiat (CNRS-Institut Néel), B. Gayral
(CEA-INAC), J. Dijon (CEA-LITEN)

ABSTRACT:
Hybrid systems that combine crystalline bulk semiconductors with 2D crystals open up new possibilities for optoelectronic
applications. The direct integration of III-V semiconductors on 2D materials is very attractive to make practical devices. For example,
the combination of gallium nitride (GaN) and graphene provides a promising new platform for high-gain UV photodetectors. But the
preservation of the intrinsic properties of the underlying 2D materials remains a challenge. We demonstrate that under specific
nucleation conditions, graphene withstands the severe atmosphere required to grow GaN crystals. Graphene can be used both as
a charge-sensitive electronic material and as a substrate for GaN epitaxy to make a self-assembled photodetector. A responsivity
as high as 2 A/W is measured in the UV-A range.
SCIENTIFIC COLLABORATIONS: CEA (INAC-PHELIQS), CNRS (Institut Néel).

Context and Challenges
Thanks to its high carrier mobility, high stability, and easy
fabrication, graphene is well suited for photodetection. However,
the responsivity of purely graphene-based photodetectors is
limited by graphene’s weak light absorption. GaN materials, on
the other hand, have a wide band gap, which makes them highly
efficient absorbers of UV-A, UV-B, and UV-C.
For these reasons, the combination of GaN and graphene was
recognized as a way of taking full advantage of the two systems.
However, until now, the process of directly integrating III-V
semiconductors on 2D materials resulted in an unacceptable
degree of degradation of the underlying 2D materials.

Main Results
To overcome this challenge, we turned our attention to the
direct epitaxy of self-organized GaN crystals on graphene. We
demonstrated the feasibility of growing III-N nitrides on
graphene to obtain a quality device without extra post
processing steps.
We developed a direct growth method of GaN crystals by
metal-organic chemical vapor deposition [MOCVD] on a
graphene-on-sapphire substrate. We proved that, when our
method is used, the aggressive growth conditions required to
grow GaN are not detrimental to the structural quality of a
graphene base plane, and that the intrinsically high charge
carrier mobility is preserved. In this way, we showed that
graphene could be used both as a charge-sensitive electronic
material and as a substrate for GaN epitaxy to make a selfassembled photodetector.
Under illumination above the GaN band gap, the
heterostructure exhibits a strong photogating effect with an
increase of the photoinduced drain-source current in graphene.
Electron-hole pairs in the GaN islands are separated because
of the built-in field at the interface. Holes are transferred to
graphene, whereas electrons get trapped in GaN from where
they modulate the Fermi level and thus the conductivity of the
graphene carrier transport channel (Fig.1).
In the UV-A range, without any postprocessing other than a

simple deposition of contact electrodes, we measured a
responsivity as high as 2 A/W.
This proof of concept attests to the feasibility of preserving
enough of the electronic properties of graphene during the
epitaxial process to subsequently use it as an active material.

Fig. 1 Schematic representation of the device (left). Schematic diagrams
of energy levels showing the graphene and GaN structures under UV
illumination (right).

Fig. 2 Spectral response of the device near the band gap of GaN.

Perspectives
It is possible to integrate 2D/3D structures to create new types of
junctions. However, the main challenge lies in developing the
right processes that take into account the properties of this new
class of materials. Most of the literature so far focuses on
graphene. But we intend to advance the state of the art by using
other 2D materials, such as transition metal dichalcogenides
[TMDs], which are potentially a good fit for this heterogeneous
integration—as long as they remain stable at high temperature.

RELATED PUBLICATIONS:
[1] T. Journot, V. Bouchiat, B. Gayral, J. Dijon and B. Hyot, " Self-Assembled UV Photodetector Made by Direct Epitaxial GaN Growth on Graphene”, ACS Applied
Materials & Interfaces, 10 (22), 18857–18862 (2018).

40

O P TI C S AN D P H O TO NI C S

DESIGN OF EFFICIENT TYPE-II ZnGeN2/In0.16
Ga0.84 N QUANTUM WELLS FOR GREEN AND
RED LEDS

RESEARCH TOPIC:
Long wavelength III-N-based LEDs

AUTHORS:
B.Hyot, M. Rollès* and P. Miska* (*Université de Lorraine, Institut
Jean Lamour)

ABSTRACT:
While GaN-based blue and green LEDs are commercially available, research for efficient red LED based on GaN is still ongoing.
These developments are crucial for monolithic integration of RGB colors and the development of nitride-based full-color highresolution display. In this perspective, we report a new red LED architecture based on type-II ZnGeN2/InGaN quantum well (QW).
Due to high valence band offset in the type-II structure, the green and red regions can be reached with only 16% of In (typical In
concentration in blue LEDs) with suitable width and position of the ZnGeN2 layer in the InGaN QW. Our simulation studies promise
to reach both a better external quantum efficiency (EQE close to 60%) and light output when using the type-II structure, as compared
to the conventional In-rich InGaN QW emitting at the same wavelength.
SCIENTIFIC COLLABORATIONS: Université de Lorraine (Institut Jean Lamour)

Context and Challenges
The ternary compound InGaN has been implemented in
InGaN/GaN quantum wells (QWs) for active regions in current
commercial LEDs. The thickness and/or In content of the InGaN
is varied to modify the bandgap energy and to achieve the
desired emission wavelength. However with higher In content to
reach the green and red wavelengths, the radiative efficiency
drops drastically compared to blue LEDs (known as the green
gap).
The low miscibility of In in GaN and the existence of large
polarizations effects within the GaN/InGaN QWs yield in a
significant reduction of the electron hole wavefunctions overlap
and a low radiative recombination rate. Till now, the maximum
EQE value reported for experimental InGaN red LEDs of is 2.9%.
One approach to reach the red emission would be to consider a
new LED architecture by inserting a new semiconductor,
ZnGeN2 inside a standard InGaN QW.

Main Results
The large band offset between GaN and ZnGeN2 allows the
formation of type-II heterostructure. With an appropriate design
of the ZnGeN2 layer thickness and position in the QW, the strong
hole confinement in the ZnGeN2 layer leads to a red shift on interband transition and thus requires lower In content to achieve the
same emission wavelength as compared to a conventional Inrich InGaN QW.
Our simulations show that the green and red regions can be
reached with only 16% of In in the type-II ZnGeN2/InGaN (Fig. 1)
and reveal a significant enhancement of the electron-hole
wavefunctions overlap and consequently an increased radiative
recombination rate (increased light output) compared to the Inrich classical InGaN QW needed to reach the same emission
wavelength.
The complete opto-electronic behavior of both type-II green and
red LED structures show that they have the same forward bias
than a conventional blue LED (around 3 V). The calculated EQE
characteristics show a maximum of 65% at 0.02 A/cm2 and 59%

at 0.08 A/cm2 for green and red LEDs respectively.
The calculation of the WPE (Wall-Plug Efficiency defined as the
ratio of the light output power to the injected electrical power) is
shown in Fig. 2. Type II InGaN/ZnGeN2 QWs show a significant
improvement of the WPE in the green wavelength with a value
close to 15% (at 40 A/cm2). And quite interestingly, this kind of
structure makes it possible to maintain a WPE close to 10% at
630 nm, value that can be compared to the phosphide LEDs
emitting in the red wavelength.

Fig. 1 Peak emission wavelength as a function of the ZnGeN2-layer
position X (and thickness ) in the type II In0.16Ga0.84N/ZnGeN2 QW. The
light blue dotted curve shows the emission wavelength of a conventional
type I LED as a function of In content.

Fig. 2 Calculated WPE (Wall-Plug Efficiency) of the simulated devices.

Perspectives
The combination of III-N and Zn-IV-N2 semiconductors shows
great promise for efficient long wavelength nitride-based LED
structures.

RELATED PUBLICATIONS:
[1] B. Hyot, M. Rollès, and P. Miska, "Design of Efficient Type-II ZnGeN2/In0.16Ga0.84N Quantum Wells-Based Red LEDs", Phys. Status Solidi RRL, 1900170 (2019).
[2] M. Rolles, B. Hyot and P. Miska, "New Architecture of ZnGeN2/In0.16Ga0.84N Type-II Quantum Well-Based Green Emitting LED" Phys. Status Solidi RRL 12,
1800173 (2018).
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FULL InGaN BASED LED: TOWARDS A NATIVE
FULL-COLOR MICRO-DISPLAY SOLUTION

RESEARCH TOPIC:

AUTHORS:

Full color micro-display, red LED, InGaN

A. Dussaigne, F. Barbier, B. Samuel, M. Lafossas, F. Lévy, S.
Chenot (CNRS/CRHEA), B. Damilano (CNRS/CRHEA), D. Sotta
(Soitec), E. Guiot (Soitec)

ABSTRACT:
Micro-displays for virtual and augmented reality is a new emerging application for inorganic micro-LEDs. To get full-color microdisplays with pixel size below 10x10 µm², native approach is preferred. It implies to use same material family for the three red, green
and blue (RGB) pixels. InGaN material is the best candidate as it can theoretically cover the whole visible range. To avoid material
degradation for high In content InGaN layers, our approach is to use a relaxed InGaN pseudo-substrate which has a higher a lattice
parameter than the conventional GaN template used for blue LEDs. We demonstrate here red electroluminescence obtained from
a full InGaN red LED structure grown on InGaNOS substrate. Red emission at 623 nm is obtained at current density of 12 A/cm².

Context and Challenges
Full-color micro-displays is a new emerging application for
inorganic micro-LEDs. For pixel size below 10x10 µm², it is no
more possible to use pick and place process to combine different
types of material. Same material family has thus to be used in a
monolithic approach. The three primary colors can be obtained
with InGaN material as InGaN alloy can theoretically cover the
whole visible range by tuning In content. However, this material
suffers from dramatic degradation for high In content layers. This
is mainly due to the low miscibility of In in GaN and to the strain
inherent to the growth on GaN on sapphire. As thermodynamics
can hardly be circumvented, strain is one of the main factor
which can be reduced by using a relaxed InGaN pseudosubstrate. A full InGaN structure can then be used to cover the
whole visible range if the a lattice parameter of the substrate can
be properly adjusted to the desired wavelength.

Main Results
By using the InGaNOS substrate fabricated by Soitec, we have
demonstrated strong emission wavelength redshift of quantum
wells (QWs) grown on InGaNOS compared to GaN template for
same growth conditions [1,2,3]. Increasing the a lattice
parameter increases thus the In incorporation rate. Finally,
emission covering the whole visible range has been obtained for
thin quantum wells (~2.3 nm) on substrates with various a lattice
parameters. Our work has then been focused on the fabrication
of red LEDs to demonstrate the full potential of this approach. A
full InGaN structure has been grown on InGaNOS 3.205Ȧ to get
red emission. Optimizations on both InGaN/InGaN QWs and p
doped InGaN gives an internal quantum efficiency (IQE) of 6.5%
at 624 nm and an acceptor concentration of 1.1019/cm3,
respectively, which are both state of the art results. Then, the red
LED structure has been processed with conventional chip
process. Electroluminescence is obtained at 623 nm at 12 A/cm²
as demonstrated by Fig. 1(a). Fig. 1(b) shows a picture of a
50x50 µm² red LED chip under operation. Red emission comes
from the sides of the chip as the p contact is also reflective.

EL intensity (arb. units)

SCIENTIFIC COLLABORATIONS: Soitec, Bernin, France; CNRS/CRHEA, Sophia Antipolis, France
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Fig. 2(a) presents current-dependent EL spectra and Fig. 2(b)
shows the corresponding central emission wavelength versus
current density. Despite the large range of current density, red
emission is kept, even if an important blueshift can be observed.
It is probably due to In content inhomogeneities. The inset shows
a thin EL spectrum centered at 630 nm with linewidth of 48 nm.

Fig. 2 (a) EL spectra as function of current of a 50x50 µm² LED
chip, (b) Corresponding central emission wavelength vs current
density. Inset: Thin EL spectrum at 0.8 A/cm². [4]

Perspectives
The final idea of this approach is to combine on same substrate
three types of pixels with for each a different a lattice parameter
adapted to RGB emissions, so that RGB pixels can be realized
in only one growth run.

RELATED PUBLICATIONS:
[1] A. Even, G. Laval, O. Ledoux, P. Ferret, D. Sotta, E. Guiot, F. Lévy, I.C. Robin, and A. Dussaigne, Appl. Phys. Lett. 110, 262103 (2017)
[2] A. Dussaigne and D. Sotta, Compound Semiconductor, July 2017
[3] Disruptive substrate technology for green and red LEDs, LEDinside, October 2017
[4] Soitec's relaxed InGaN substrates enable pure red emission for full color micro-display solution, LEDinside, November 2019
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Fig. 1 (a) EL spectrum of a 50x50µm² chip at 12 A/cm², (b)
Corresponding picture of the chip under operation [4].
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LIGHT EXTRACTION ENHANCEMENT IN IIINITRIDE LEDS USING OPTICAL COMPOSITE
STRUCTURES MADE OF TiO2 NANOPARTICLES

RESEARCH TOPIC:
Gallium nitride Light emitting diodes, soft embossing, light
extraction

AUTHORS:

Y. Désières, D.-Y. Chen1, D. Visser1, D. Vaufrey, P. Demars, F.
Levy, Q. Lalauze, S. Anand1 (1KTH)

ABSTRACT:
Colloidal TiO2 nanoparticles were used for embossing of composite microstructures arrays on III-Nitride vertical-thin-film blue light
emitting diodes (LEDs). An optical power enhancement of 2.1 was measured on III-Nitride blue LEDs embossed with a hexagonal
array of TiO2 microcones, without epoxy encapsulation. The TiO2 microcone arrays were embossed on operational LEDs, using low
pressures (<100 g/cm2) and temperatures <100 °C. Composite micro & nanostructures were also embossed on silicon, glass,
gallium arsenide surfaces, opening new opportunities for heterogeneous Integration of microphotonic functions on optoelectronic
devices.

SCIENTIFIC COLLABORATIONS: KTH (Sweden)

Context and Challenges
Energetic efficiency of light emitting diodes (LEDs) can be
strongly limited by guiding (and reabsorption) of emitted light in
the high-refractive-index semiconducting layers. Die shaping
or surface patterning of the semiconductor diode itself has
been introduced to improve light extraction efficiency from few
percent to values > 80%. For lighting applications, low-cost
patterning approaches are mainly based on anisotropic wet
etching of the diode surface or on the patterning of Sapphire
substrates before GaN growth. These approaches are not
easy to use for microdisplay applications as LEDs should be
thinner, substrate-less and hybridized on CMOS circuits. An
alternative approach is to use patterned add-on layers with a
refractive index as close as possible to that of GaN. TiO2based layers are good candidates but are limited by a CTE 34 times larger than Silicon and by patterning capabilities. In
collaboration with KTH (Srinivasan Anand's group), an
approach based on direct embossing of TiO2 nanoparticles
(NPs) on LEDs have been investigated for light extraction
management in nitride LEDs.

Main Results
An embossing process was developed at KTH to fabricate
arrays of composite nano and micro structures from a TiO2
nanoparticles solution and PDMS molds (Fig.1). Periodic or
aperiodic structures with dimensions ranging from 100 nm to
few microns were successfully embossed on different types of
substrates (silicon, glass, gallium nitride, gallium arsenide) as
well as on operational III-nitride LEDs made at LETI. Low
pressures (<100g/cm2) and temperatures (<100°C) were
required. Output optical power was increased by a factor of
2.1 for a flip-chipped III-nitride LED embossed with a periodic
array of microcones [1, 2], without encapsulation. This value is
higher than reported with other approaches involving add-on
layers made at room temperature [K. J. Byeon et al., Appl. Surf.
Sci. 346, 354 (2015)], and comparable to the values obtained with
approaches requiring higher pressures (>1kg/cm2) and higher
temperatures (300°C) [T. A. Truong et al., Appl. Phys. Lett. 94,
023101 (2009)].
Before embossing

After embossing

2µm

Fig. 1 Fabrication principle of composite micro &
nanostructures, and some examples of fabricated
3D structures

RELATED PUBLICATIONS:

Fig. 2 III-nitride LEDs before & after embossing of microcone
arrays : microscope images of the emitting surface and
measured optical power versus injected current. The surface
of LEDs is 820x820µm2.

Perspectives
Perspectives include incorporation of color converters like
quantum dots, scaling the embossed area, and application to
other optoelectronic devices like solar cells, photodetectors
and sensors.

1] Y. Désières et al. "Strong light extraction enhancement using TiO2 nanoparticles-based microcone arrays embossed on III-Nitride LEDs", App. Phys. Lett., 112,
231101 (2018);
[2] Y. Désières et al. "TiO2 Nanoparticle-based microstructures for light extraction enhancement in nitride-based LEDs", Proceedings Volume 10554, Light-Emitting
Diodes: Materials, Devices, and Applications for Solid State Lighting XXII; 105540Q (2018).
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ELECTRO-OPTICAL INVESTIGATION OF SIZEDEPENDENCE IN GaN MICRO-LED DEVICES

RESEARCH TOPIC:
GaN, micro-LEDs, size effect, quantum efficiency, micro-displays

AUTHORS:
A. Daami, F. Olivier, L. Dupré, F. Henry and F. Templier

ABSTRACT:
The high attentiveness to Augmented and Virtual Reality applications has driven research towards high brightness modules,
specifically inorganic GaN based micro-displays (μ-display). This race for high resolution has led to huge efforts and process
developments towards a huge miniaturization of the elementary device itself; namely the micro-LED (μLED). We present in this
work the μLED electro-optical performances with regard to their size. Electroluminescence results and ABC model based
simulations are presented and analyzed. We show through different results on our fabricated device, that the size-dependent
electrical and optical μLED performance is still a challenge to address and solve.

SCIENTIFIC COLLABORATIONS: III-V Lab

Context and Challenges
The Virtual and Augmented Reality world requiring better
device performances is undeniably needing high-luminance
level µ-displays. These latter are commonly based on μLED
InGaN/GaN arrays. Pixel size and resolution are keystones for
these new markets. Lately, high-resolution μ-displays feasibility
has been established. Therefore, a step forward understanding
μLED size effects has seriously become a complex topic to
explore. We propose in this work [1] an exhaustive analysis of
the size effect on the μLED electro-optical performances. The
well-known ABC model [2] used to quantify μLED quantum
efficiency is also explored versus device dimensions. This will
help forecast size effects for future μLED displays.

Figure 2 shows the extraction of parameter A, related to SRH
non-radiative recombination, for two μLED families, having a
constant area each, but different perimeters. It is clear that the
value of A is higher for the smaller area. Furthermore, it is
obvious that the perimeter is the significant factor in the
increase of SRH recombination as μLED surfaces are constant.

Main Results
Figure 1 (left axis) shows that the normalized maximum EQE
value of each μLED, is decreasing when the size shrinks
(maximum EQE of the 100 μm LED is assumed to be equal to
1). In order to understand this effect we assume that an area of
width LD located within the perimeter of the μLED is not
emissive. On the right axis of figure 1 the ratio of this degraded
surface over the total device area is presented. The width
adjustment for this tainted zone is around LD = 0.75 μm. This
outcome comforts us that the perimeter plays an important role
in degrading µLED performances through SRH non-radiative
recombination. As a matter of comparison, the immediate effect
of this degraded zone, using two other LD values, is also
shown.

Fig. 1: Degraded perimeter zone estimation with regard to the
normalized maximum EQE drop versus µLED size.

Fig. 2: SRH related parameter A extraction versus
perimeter/surface (P/S) ratio for two μLED sets with constant
surface each.

Perspectives
As shown on figure 3, the EQE simulation for different µLED
sizes alerts us on the drastic effect of the µLED size reduction
on its quantum efficiency when approaching sub-micron
dimensions.

Fig. 3: Simulated EQE for μLED sizes ranging from 1mm to
100nm using P/S corrected ABC model
The above result outcomes a durable issue that has to be
carefully addressed. Today, technological challenges to reduce
and hopefully fix this effect are under investigation.

RELATED PUBLICATIONS:
[1] A. Daami, F. Olivier, L. Dupré, F. Henry and F. Templier, “electro-optical size-dependence investigation in GaN micro-led devices” SID Digest, Vol.49, pp.790793 (2018).
[2] F. Olivier, A. Daami, C. Licitra, and F. Templier, “Shockley-Read-Hall and Auger non-radiative recombination in GaN based LEDs: A size effect study,” Appl.
Phys. Lett., Vol. 111, 022104, (2017).
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HIGH-RESOLUTION, ACTIVE-MATRIX, 10-µM PIXEL-PITCH
GAN LED MICRODISPLAYS FOR AUGMENTED REALITY
APPLICATIONS
RESEARCH TOPIC:

AUTHORS:
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F. Templier, L. Dupré, A. Daami, B. Aventurier, F. Henry, S..
Renet, D. Sarrasin, F. Berger, L. Mathieu

ABSTRACT:
We report high resolution (873 x 500), active-matrix, GaN-based LED microdisplays with a pixel pitch of 10 µm. They exhibit the
highest resolution for the smallest pixel pitch ever reported for GaN microdisplays. High-density GaN μLED arrays were first
patterned at 10-µm pitch on sapphire substrates. Arrays were then hybridized on CMOS active-matrix using the microtube
technology. Blue and green monochrome prototypes have been realized. Full video, high-resolution images have been obtained.
The performance of these GaN-based microdisplays make them suitable for a wide range of applications from augmented reality
and head-up displays to pico- and compact projectors.

SCIENTIFIC COLLABORATIONS: JOINT WORK WITH III-V LAB

Context and Challenges
To meet the growing demand for augmented reality (AR)
applications, tomorrow's microdisplays will have to offer both
high resolution and high brightness. Emissive microdisplays
such as OLEDs are particularly attractive because there are selfemitting: they provide low consumption and high compactness,
together with excellent image quality. However, brightness is
limited to ~1000 Cd/m², which is ~100 times less the requirement
for AR. Group-III nitrides composed of GaN and its alloys with
InN and AlN have put a breakthrough in the lighting market due
to their outstanding performance and ability to emit a wide range
of wavelengths in the near UV and visible spectrum. They now
seem very suitable materials for high brightness microdisplays.
Here we describe design, fabrication and evaluation of high
resolution (873 x 500), active-matrix, GaN-based LED
microdisplays with a pixel pitch of 10 µm.

Main Results
Considering the high thermal budget of GaN material deposition
(typically 900-1000°C), it is not possible to fabricate monolithic
LED microdisplay by direct GaN deposition on the CMOS activematrix. Therefore, to fabricate such displays, the most
straightforward approach is hybridization. It consists of
fabricating the GaN array on sapphire, separately fabricating the
silicon active-matrix, and hybridizing them using the microtube
technology [1].
GaN Arrays: The fabrication of GaN/InGaN µLED arrays at 10
µm pitch is carried out using a self-aligned technology developed
at CEA/LETI. A single lithography step is used to define the
µLEDs geometry, their sidewall passivation and their metallic
contacts. The N metal is then deposited as a grid around each
pixel to form the common cathode of the µLED matrix. After
chemical mechanical planarization the high resolution µLED
array is embedded in the common cathode metallic matrix and
ready to be prepared for hybridization.

Active-Matrix: Active-matrices for the 873 x 500 pixel displays were
designed and fabricated using conventional CMOS process on 200mm wafers. Each pixel contact is to be connected to the Anode of
the LED, while Cathode is a common connection. Microtube
technology: Microtubes were grown directly on full-CMOS wafers for
active-matrix prototypes (Figure 1), using conventional IC process
steps
Hybridization and packaging: After the silicon IC’s and GaN
microLED arrays have been diced into individual chips, the chip to
chip assembly process can take place. Finally, these microdisplays
are attached on a daughter board, and connected to it with wire
bonding. Blue and Green emitting GaN arrays have been fabricated
Display evaluation:
Active-matrix WVGA (873x500) blue and green microLED arrays
have been optically characterized. Excellent Image quality is
obtained (Figure 2). Luminance is around 300 cd/m2 and 10000
cd/m2 for blue and green micro-displays respectively. A
checkerboard pattern on the blue active micro-display showed a
good uniformity of luminance and a very low dispersion between
pixels. Furthermore, sixteen grey levels are achievable on this blue
micro-screen. This allows good quality images to be displayed.
Moreover, both types of micro-displays can be operated in full video
mode.

Fig. 1 Blue active-matrix WVGA micro-display showing high image
quality.

Perspectives

Fig. 1 Scanning electron photograph of a pixel electrode of the
CMOS active-matrix with the microtube

We have designed and fabricated full active-active matrix microLED
GaN microdisplays, combining the highest resolution (873 x 500)
with the smallest pixel-pitch (10 µm) [2]. This Blue and Green
microLED prototypes both operating in full-video with gray levels.
These results show that the developed technology is very promising
for the fabrication of high resolution, small pixel-pitch, highbrightness GaN-based emissive microdisplays, which are
necessary for new applications such as wearable devices,
advanced Head-up display (HUD) systems and compact projectors.

RELATED PUBLICATIONS:
[1] François Templier, Ludovic Dupré, Bertrand Dupont, Anis Daami, Bernard Aventurier, Franck Henry, Denis Sarrasin, Sébastien Renet, Frédéric Berger, François
Olivier, Lydie Mathieu ; « High-resolution, active-matrix, 10-µm pixel-pitch GaN LED microdisplays for Augmented Reality applications”, proceedings of Photonics
West Opto, 29 Jan – 1st Feb 2018, San Francisco (2018),
[2] F. Templier, “Breakthrough in Fabricating Active-Matrix GaN Emissive Microdisplays”, Photonics Spectra, January 2018 p70-74 (2018)
(https://www.photonics.com/Articles/Breakthrough_in_Fabricating_Active-Matrix_GaN/a62807)
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EXPERIMENTAL VALIDATION OF SELF-IMAGING
FOR RETINAL PROJECTION DISPLAY

RESEARCH TOPIC:
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ABSTRACT:
Retinal projection displays represent an interesting technological option for the development of ergonomic integrated smart glass
devices. The CEA has proposed such an optical concept based on the combination of holograpy and integrated photonics, and
based on the use of the self-focusing effect to produce an image on the retina. We describe here a first experimental demonstration
of this unconventional imaging concept and a comparison to the theoretical model.

SCIENTIFIC COLLABORATIONS: Olivier Haeberle, Institut de Recherche en Informatique, Mathématiques, Automatique
et Signal (IRIMAS), Université de Haute-Alsace, Mulhouse, France

Context and Challenges
Smart glasses for Augmented Reality emerged several years
ago and is a very dynamic and challenging scientific topic. The
main achievements were brought about by private companies
that deal simultaneously with all the hardware and software
aspects of the systems. Regarding the hardware part of the
development, the design of the optical system is particularly
critical as it strongly limits the overall device ergonomics. To
overcome traditional design limitations, innovative and disruptive
optical concepts have been investigated, amongst which are
retinal projection displays. This concept simplifies the device
design by projecting an image directly into the eye without the
use of a conventional display. The CEA proposes an original
retinal projection concept based on the combination of volume
holography and integrated photonics [1]. It works on the principle
of a multi-aperture self-imaging process. We describe here the
first experimental results [2].

Various aperture distributions are designed and evaluated
theoretically and experimentally. This allows us to define a
theoretical model for self-imaging based on a double Gaussian
Point Spread Function.
Self-imaging has been demonstrated with a cost of reduced
contrast due to the speckle noise generated by the aperture
distribution. Figure 2(a) shows conventional imaging (no aperture
distribution) and figure 2(b) the result in case of a random
aperture distribution (self-imaging). Planar waves generated by
the micro-display define the word "LETI". Figure 2(c) and 2(d)
show the corresponding theoretical models.

Main Results
To demonstrate experimentally the potential of self- focusing for
retinal imaging, we have replaced the retinal display still under
development by a transmission aperture distribution. The device
does not emit the wave as a primary source but as a secondary
diffractive source. Our setup is shown in figure 1. A micro-display
is used to generate a set of angular planar waves that are
diffracted by an aperture distribution. These planar waves are
imaged on a sensor through an imaging system that mimics the
eye. Figure 1(b) gives an example of a transmission aperture
distribution made of a pattern etched with maskless lithography
in a black chrome layer deposited on a glass substrate.

Fig. 2 experimental image of a set of planar waves in full
aperture (a) or through a random aperture distribution (b); (c)
and (d) comparison to the theoretical model.

Perspectives
Fig. 1 (a) experimental setup for the self-imaging
demonstration; (b) example of aperture distribution.

In our forthcoming research, the experimental validation of selfimaging will be performed with integrated photonics and
holography in an emissive aperture configuration closer to the
final retinal projector display concept.

RELATED PUBLICATIONS:
[2] C. Martinez, V. Krotov, B. Meynard, and D. Fowler, "See-through holographic retinal projection display concept," Optica 5(10), 1200-1209 (2018).,
[3] V. Krotov, C. Martinez and O. Haeberle, "Experimental validation of self-focusing image formation for retinal projection display," to be published in Optcs
Express (2019)
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CLÉMENT ABELARD
TRANSMISSIVE MICRO SPATIAL LIGHT MODULATOR FOR PHASE AND
AMPLITUDE MODULATION
Université Grenoble Alpes (France)

LETI possesses an expertise allowing to
realize Spatial Light Modulators (SLMs)
made in microelectronic technology on
silicon, having very high resolutions and
very small pixel steps. LETI wishes to
use a specific LCD technology (IPS
technology), on the one hand the
electro-optical performances in the field
of micro-display had to be investigated
but on the other hand allows to keep
costs down and reduce the number of
manufacturing steps. The objective of
this thesis is to evaluate on the basis of
simulations and technical achievements,
the performance of a micro-SLM IPS
used in phase modulation and
amplitude, on four major areas of study.
The first axis is the search and testing
of a specific software (LCDMaster) to
simulate liquid crystal cells and floating
electrodes. The second axis according
to different designs of pixel and the
different liquid crystal alignment modes
(Homogeneous, vertical and twisted)
with an IPS type control, to investigate
the performances in modulation phase.

The best results were obtained for a
vertical alignment providing a phase
shift of 2π. In addition, the performance
of an adaptive optics device integrating
the studied SLM has been investigated.
The third axis of study focused on the
performance investigation of a liquid
crystal SLM with an IPS-type control
using a homogeneous alignment in
amplitude modulation (static and
dynamic study). This study also makes it
possible to study the possibilities of
reducing the response time of the cell. It
resulted in two SLM designs. The first
design with two levels of electrodes
separated by an insulator to reproduce a
Faraday type effect. The second has
drastically reduced the response time.
The fourth area of research consists in
testing prototypes based on these two
designs to validate the performances
obtained in simulation. Concordant
results have been obtained and new
types of IPS-controlled SLMs with stateof-the-art refreshing times have thus
been designated and characterized.

QUENTIN ABADIE
STUDY OF SUB-WAVELENGTH STRUCTURES FOR INFRARED IMAGING
Université Grenoble Alpes (France)

In the field of infrared imaging, there are
two main types of detectors : cooled
detectors, with great sensitivity but
expensive, and uncooled detectors,
exhibiting
precise
temperature
measurement at moderate cost. In both
technologies,
the
optical
systems
associated with the detectors represent an
important part of the overall cost because
of the unitary fabrication process of
infrared lenses and the need of more
resolved imaging system to follow the
shrinkage of the pixel and the increasing
array format. Thus, it is important to
search for cost effective and low footprint
optical solutions exhibiting a high level of
performance for infrared imaging systems.
In this thesis work we study how dielectric
subwavelength
structures,
or
metasurfaces, can adress these issues in
infrared systems. Such devices can be
made using microelectronics based
collective fabrication process, which are
cost effective compared to molded infrared
optics. Subwavelength optics can be made
with silicon, which is transparent in long
wave infrared (LWIR) imaging and
exhibiting a high refractive index. By
designing the geometry of resonators with
subwavelength dimensions, one can
control light properties like its polarization,
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phase, transmission and dispersion.
However as it is challenging to control all
those parameters, even more with
fabrication process limitations, we first
propose to mix refractive lenses with
subwavelength phase blades which correct
wavefront errors. (i) We first developed a
time effective simulation method mixing
electromagnetic calculations with RCWA,
for the subwavelength part of the optical
system, and classical optical design for the
refractive optics. It is worth noting that our
subwavelength optics have millimetric to
centimetric dimensions to be coupled with
refractive lenses, and our method allows
us to simulate the overall system. (ii) Then
we developed the fabrication process for
prototyping subwavelength optics, mainly
for spherical aberration correction in LWIR
imaging systems. (iii) Finally, we
conducted optical characterisations of our
systems to validate our model. Our
subwavelength optics show an important
improvement of the MTF (more than 3
times better at 25 cycles per millimeter) of
an optical infrared system by correcting its
spherical aberration. Our last results show
a improvement of the image quality on a
large bandwith (8-12µm) paving the way to
large bandwidth subwavelength optics in
infrared imaging systems

O P TI C S AN D P H O TO NI C S

CÉDRIC DURANTIN
METAMODELING AND OPTIMIZATION OF PHOTONICS DEVICES
Université Grenoble Alpes (France)

Numerical simulation is widely employed
in engineering to study the behavior of a
device and optimize its design.
Nevertheless, each computation is often
time consuming and, during an
optimization sequence, the simulation
code is evaluated a large number of
times. An interesting way to reduce the
computational burden is to build a
metamodel (or surrogate model) of the
simulation code. Adaptive strategies are
then set up for the optimization of the
component using the metamodel
prediction. In the context of this thesis,
three
representative
devices are
identified for applications that can be
encountered within the CEA LETI optics
and photonics department. The study of
these cases resulted in two problems to
be treated. The first one concerns
multifidelity
metamodeling,
which
consists of constructing a metamodel
from two simulations of the same

component that can be hierarchically
ranked in accuracy. The simulations are
obtained from different approximations
of the physical phenomenon. The work
on this method for the case of the
photoacoustic cell has generated the
development of a new multifidelity
surrogate model based on radial basis
function. The second problem relate to
the consideration of manufacturing
uncertainties in the design of photonic
devices. Taking into account the
differences observed between the
desired geometry and the geometry
obtained in manufacturing for the
optimization of the component efficiency
requires the development of a particular
method for the case of the adiabatic
coupler. The entire work of this thesis is
capitalized in a software toolbox.

ARMELLE EVEN
IN INCORPORATION IMPROVEMENT IN INGAN BASED ACTIVE REGION USING
INGAN PSEUDO SUBSTRATE FOR MONOLITHIC WHITE LED APPLICATION
Université Grenoble Alpes (France)

Light emitting diodes (LEDs) based on
nitride materials are very efficient in the
blue range. These blue LEDs combined
with phosphors are used to manufacture
white LEDs widely used in the lighting
market. Nonetheless, this converted
approach presents some disadvantages ,
like an instability of the color temperature
or conversion losses. In this context, the
white monolithic LED which produces the
white color thanks to different emission
wavelengths produced from quantum wells
(QWs) placed in the active region is one of
the considered solution.However, as
emission wavelength increases the
quantum efficiency of the InGaN based
QWs decreases. This is problematic for
the white monolithic application but also
for micro-display application which both
ideally requires red, green and blue
monochromatic LEDs grown in the same
material system. This issue is mainly due
to the great lattice mismatch between the
InGaN QW and the GaN layer on sapphire
substrate which induces an important
compressive strain. This strain is
responsible for a strong internal electric
field in the QWs, which is detrimental for
the quantum efficiency, and for low indium

incorporation rate in GaN, originally
thermodynamically difficult.This PhD thesis
proposes to tackle this issue by growing
the LED on an InGaN pseudo-substrate
called
InGaNOS
manufactured
by
Soitec.After identifying the limitations of
InGaN based structures grown on regular
GaN on sapphire substrate for efficient
long wavelength emission, full InGaN
structures were grown by MOCVD on
InGaNOS substrates. It was shown that
the strain was partially released and the
indium incorporation was made easier.
Through fine structural, optical and
electrical characterizations, the different
steps leading from the InGaN buffer
regrowth stage to the complete processed
LED
were
studied.
PL
emission
wavelengths up to 617 nm were reached
at room temperature. The optical
performances of these MQW structures in
the green, yellow and amber range were
measured to be comparable to the best
ones achieved in the literature. Finally, the
growth of the first full InGaN LED structure
on InGaN substrate revealed the
remaining challenges that will require
some additional developments
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TIMOTÉE JOURNOT
VAN DER WAALS EPITAXY OF GAN ON GRAPHENE FOR PHOTONICS
Université Grenoble Alpes (France)

Due to its outstanding physical
properties, GaN is a very attractive
material to conceive photonic devices.
However its synthesis is very complex
and remains an obstacle to its use. For
now, heteroepitaxy is the most used
technique but the lack of crystalline
substrates with properties close to those
of GaN leads to the growth of highly
defective epitaxial thin films. Although
GaN based devices are already
functional, an increase in the crystalline
quality of the material will improve their
performances.Van derWaals (VdW)
epitaxy is an alternative that differs from
classical epitaxy by the nature of the
interaction at the interface between the
substrate and the deposited material.
The former is then no longer governed
by strong forces (covalent bonds, ionic
bonds, etc) but by weak forces of VdW
type. VdW heteroepitaxy, which might
allow a compliant growth interface, thus
appears as a beneficial alternative to
improve the cristalline quality of the
epitaxial layers. This thesis proposes to
explore in detail the feasability of the
VdW epitaxy in the particular case of the

growth of GaN on graphene by
MOVPE.The use of a new type of
surface with a very low surface energy,
to support the GaN epitaxy requires the
developpement of a new growth
strategy. In this work, a three step
process was set up for the nucleation of
GaN on graphene. The resultant
micronic GaN crystals exhibit high
crystalline quality, being free of stress
and having a unique cristallographic
orientation. An epitaxial relationship can
thus be implemented through a weak
interface that turns out to be compliant.
The feasibility of the VdW epitaxy as
well as its advantages is demonstrated
experimentally. Specifically, we have
highlighted the role of the substrate
underlying graphene in the epitaxial
relationship - in particular its polar
character seems required for a remote
epitaxial relationship to exist through the
graphene.This study allowed to highlight
the full potential of the VdW epitaxy of
3D materials on 2D, to identify some
limitations and also to demonstrate the
possibilities opened by the formation of
new 3D / 2D interfaces

CHRISTOPHE GASCHET
CURVED AND DEFORMABLE DETECTORS: MULTIDISCIPLINARY
APPLICATIONS
Université Aix-Marseille (France)

In the past few years, curved sensors have
been proposed to enhance optical
systems. The curvature of these sensors
improves off-axis aberrations, such as field
better
a
provides
curvature,which
resolution and less complex optical
systems.
This work studies deformable and curved
sensors development in a multidisciplinary
approach.
Firstly, scene and curved sensors are
theoretically linked. The form and the
position of the object change the curvature
of the best image plane, leading to new
relations adapted to optical systems with
in
Gains
sensors.
deformable
compactness are also demonstrated.
These investigations merge into a new
methodology adapted to optical systems
based on curved sensors that has been
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developed. The first step is to determine
mechanical limits of the sensor such as
maximum bending without breakage.
Based on these limits, a new compact
architecture is developed, providing high
resolution and good field of view. New
tolerances are determined to manufacture
a system with its opto-mechanical mount.
Finally, the entire imaging system is
characterized. The form of the curved
sensor is analyzed, showing few
deviations from the ideal sphere. Electrooptical characterizations are realized and
the image quality is determined according
to the object distance, showing the effects
of the deformable curvature. The ideal
curved focal plane is also determined by
combining a flat sensor to the
manufactured optical system.
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FRANÇOIS OLIVIER
STUDY OF ELECTRO-OPTICAL CHARACTERISTICS OF GAN MICRO-LEDS FOR
HIGH-BRIGHTNESS-MICRO-DISPLAYS
Université Grenoble Alpes (France)

The display industry is facing a fast
transformation.
New
technologies
(mainly LCD and OLED) have faded-out
the cathode ray tube of the 20th century
and lead to new applications (3D,
flexible and transparent displays). A
very particular type of display has
recently emerged to address new
markets, such as augmented reality:
micro-displays. They can be defined as
having a diagonal of around 1 inch or
less. One important goal of these microdisplays is to deliver the same image
quality as conventional, larger-size
displays. Strong challenges arise in
terms of definition, compactness,
consumption
and
brightness.
To
address these, LED micro-displays are
currently being studied. In a LED microdisplay, a 2D-array of micro-LEDs is
fabricated, where each LED acts as a
single pixel of a whole image. The main
objective of this thesis work is to study
the specifics of Gallium Nitride (GaN)
micro-LEDs arrays for micro-display
applications.Our investigations have
been carried out focusing on three major

areas of study. Increasing LED
efficiency through the study of our
fabrication process was the first goal. By
improving P metal and enhancing PGaN electrical performances, we were
able to increase efficiency of micro-LED
by a factor of 10.The influence of sizereduction on the performances of LEDs
have then been thoroughly investigated.
As LED size decreases, its maximum
efficiency
drops.
Non-radiative
recombinations occurring at the edges
of the LED were found to be the main
origin. We have then studied LEDs, not
as a single diode, but as a dense 2D
array of micro-LEDs allowing image
display, and optical and electrical spread
have been investigated. Furthermore,
optical cross-talk has been studied and
fabrication was changed to address this
issue. New structures have also been
suggested to improve light extraction
efficiency, which is one of the main
hindrance towards high-efficiency microLEDs. Finally, state-of-the-art, blue and
green, active matrix micro-LED displays
have been obtained and characterized
during the course of this thesis work.

DIVYA TANEJA
DEVELOPMENT OF ULTRA FINE PITCH ARRAY INTERCONNECTION
Université Grenoble Alpes (France)

With the constant demand for reducing the
feature size of transistors and that of the
devices, which is guided by Moore’s law,
2D integration is no longer fit to adapt the
growing demand. This has led to 3D
integration of active devices with the help
of Cu/Ni pillars capped with Sn based
solder alloys. In the coming years,
applications which demand high density
interconnects
(optoelectronic,
microdisplays, IR-detectors, MEMS) will
require an interconnect pitch of 10 µm and
below. However, Cu/Ni/solder pillars have
never been investigated in depth for such
a small interconnection pitch. With
reduction of interconnect dimension, the
diameter of Cu/Ni pillar and solder alloy
also reduces. Thus, it is feared that the
intermetallic formation, which is the key
phenomenon responsible for the bonding,
may be problematic due to the reduction in

size of Cu pillar capped with solder
alloy.The thesis is dedicated to the
metallurgical study and its characterization
for very small interconnects (5 µm) at 10
µm pitch, where the main focus is given on
the physio-chemical mechanisms of
soldering between Sn-Ag solder alloy and
Ni or Ni/Au layers. For the first time, the
mechanism of solid-state interactions
between Sn and Ni is studied in depth and
also for the first time the Ni3Sn4 SLID
(Solid-Liquid-lnterdiffusion) system as an
interconnect has been investigated at
these
dimensions.
Moreover,
the
mechanical and electrical properties as
well as the thermal stability of these
interconnects are studied. Interestingly,
during the latter part of this study, Ni3Sn2
layer is observed during aging of the
Ni/Ni3Sn4 system for low temperature
(200°C).
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