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INTRODUCTION

CEA is a French government-funded technological research organization.
Drawing on its excellence in fundamental research, its activities cover three
main areas: Energy, Information and Health Technologies, and Defense and
Security. As a prominent player in the European Research Area, with an
internationally acknowledged level of expertise in its core competencies, CEA is
involved in setting up collaborative projects with many partners around the
world.

Within CEA Technological Research Division, three institutes lead
researches in order to increase the industrial competitiveness through
technological innovation and transfers: the CEA-LETI, focused on
microelectronics, information & healthcare technologies, the CEA-LIST
dedicated to technologies for digital systems, and the CEA-LITEN devoted to
new energy technologies.

The CEA - LETI is focused on micro and nanotechnologies and their
applications, from wireless devices and systems, to biology and healthcare or
photonics. Nanoelectronics and Microsystems (MEMS) are at the core of its
silicon activities. As a major player in the MINATEC innovation campus, CEA-
LETI operates 8,000-m² state-of-the-art clean rooms, on 24/7 mode, on
200mm and 300mm wafer platforms. With 1,700 employees, CEA-LETI trains
more than 240 Ph.D. students and hosts 200 assignees from partner
companies. Strongly committed to the creation of value for the industry, CEA-
LETI puts a strong emphasis on intellectual property and owns more than 1,880
patent families. For more information, visit http://www.leti.fr.

Within CEA-Leti, Optics and Photonics research activities are focused
principally on big industrial markets of photonics: all-wavelength imaging
(visible, infrared, THz), information displays, solid state lighting, optical data
communications, optical environmental sensors. The R&D projects are
performed with industrial and academic partners. The industrial partners of the
Optics and Photonics department range from SME to large international
companies. The projects are merging fundamental aspects with advanced
technological and industrial developments; nanosciences are connected with
material sciences, optics, electronics and micro & nano-fabrication.
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Interview with Bruno MOUREY,
Head of the Optics and PhoTonics Division (DOPT)

Dear reader,
Following the CEA Leti re-organization in 2011, the totality of photonics-related
activities is concentrated in the restructured “Optics and Photonics” Division.
Our Division is now pursuing an intimate integration of optics and electronics,
following the definition of photonics.
Imaging, particularly in the infrared spectrum, is our legacy mainstream
activity from the very establishment of the Division more than 25 years ago.
While advancing full steam in the imaging sensor developments, in just the last
few years our Division has accumulated a significant new expertise and large
experience in different areas. It has become a bold, internationally recognized
R&D actor in fast-growing and high-volume markets that will depend on the
following future-enabling technologies:
- Information displays, particularly micro-displays
- Solid-state lighting
- Silicon photonics
- Optical environmental sensors
- Nano-photonics
A particular strength of the DOPT division stems from its broad range of
integrated competencies:
- Material sciences
- Micro- and Nano-fabrication technologies
- Device physics
- Device integration into systems
We practice strongly collaborative research, interacting with big and small high-
tech companies, and also with leading academic labs, connecting diverse R&D
players together. The present scientific report is a good representation of such
fruitful collaborations.
Our activities are grouped along several axes, that can be tracked back to the
Photonic Key Enabling Technologies as formulated by the Photonics21 pan-
European association of industrial enterprises and other stakeholders in the
field of photonics. These key photonics technologies are contributing to the
resolution of grand societal challenges facing Europe: energy supply,
environmental quality, knowledge based economy and global security.
The DOPT 2011 annual scientific report we present here will hopefully let you
appreciate the on-going scientific developments within our department. It
illustrates all the scientific and technical creativity unleashed in the spirit of
ultimate industrial transfer.

Have a nice reading!

INTERVIEW
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85 scientific papers in 2011

57 patents filed in 2011

380 patents portfolio

20% under licence

20 2011 Key Figures

185 permanent researchers

35 PhD students and Post-docs

Clean rooms dedicated to IR
and visible imaging, photonics
fab, packaging

Optics and optoelectronics
characterization facilities

Modeling and simulation



10

 Lithography (377 p)
Wiley edition (Hermes- Lavoisier in french)
Edited by S Landis

 Nano lithography (325 p)
Wiley edition (Hermes- Lavoisier in french)
Edited by S Landis

 Traitement des puces et nouveaux
procédés d’interconnexion (320 p)

Electronic Chip Processing and New
Interconnection Processes
(Hermes-Lavoisier-in French only)
Edited by G Poupon (a chapter on “optical
interconnections” C Kopp and S Bernabe)

• Silicon Photonics II –Components and
integration (253p)
Edited by Lockwood, David J.; Pavesi,
Lorenzo with JM Fedeli (Springer-2011)

 Photonic Crystals – Towards Nanoscale
Photonic Devices (Springer, 2008- 2nd

edition. Japanese edition Ohmsha Ltd, 2012)
Authors: J.-M. Lourtioz, …, A Tchelnokov et
al.

Others books of CEA / LETI are mentioned on
the website:
www.leti.fr/en/Discover-Leti/Books

2011 Books



11

InfraRed imaging: cooled
detectors

 A multi-function infrared image sensor for thermal and active 2D/3D
imaging

 HgCdTe LWIR and VLWIR p-on-n detectors
 Ultra low dark current FPA for photon detection in the SWIR range
 Gain modeling of HgCdTe APDs: a key to optimized performances
 Sensing light from UV to LWIR within the same detector
 Wet Etching of HgCdTe in Aqueous Bromine Solutions
 Large dual-band infrared focal plane arrays with reduced pixel pitch
 Integration of optical functions in the Dewar for compact IR cameras
 A curved infrared retina for compact camera designs
 Insertion technology for high density, ultra fine pitch, fluxless flip chip at

room temperature
 X-Ray Diffraction Investigation of Thermo-elastic Properties of

HgCdTe/CdZnTe Structures
 Strained HgTe: a 3D topological insulator
 Identification of the double acceptor levels of the mercury vacancy in

HgCdTe
 Successful growth of single crystal of CdTe by “process by solvent

evaporation” method using a phenomenological model of the evaporation
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A multi-function infrared image sensor for
thermal and active 2D/3D imaging

Research topics: infrared imaging, 3D imaging, avalanche photodiode

E. De Borniol, J. Rothman, F.Guellec (LETI/DACLE)

CEA-Leti has developed a 30 µm pitch 320x256 pixel multi-function infrared image sensor.
The pixel architecture allows passive IR thermal imaging and 2D active or 3D active
imaging with a single detector. The thermal imaging mode shows 30 mK of noise equivalent
temperature. In 3D active imaging mode, each pixel senses the range of the observed scene
with 11 cm of precision.

The multi function image sensor consist of a 30 µm

pitch HgCdTe avalanche photodiode (APD) array

detector hybridized to a 320x256 pixels ROIC for

passive, 2D active and 3D active imaging.

In passive mode the focal plane array behave like

a thermal imager and we measured 30 mK of noise

equivalent temperature difference (NETD). This

very high thermal sensitivity obtained in passive

imaging mode is illustrated figure 1 [1].

Figure 1: Passive 2D image without APD gain

In active imaging mode, each pixel senses the time

of flight (3D) and the intensity (2D) of a single

laser pulse. 3D flash LADAR imaging is based on

time of flight (TOF) measurement of a single laser

pulse.

Pulsed laser
(1.57 µm )

FPA Optic

t~8ns
tp

tp+TOF

Pulsed laser
(1.57 µm )

FPA Optic

t~8ns
tp

tp+TOF

Figure 2 : 3D flash LADAR

To get high precision range images the FPA must

provide high-speed detection of the returned laser

pulse with a signal higher than the noise. The pixel

signal is proportional to the number of photons per

laser pulse coming back from scene. In the case of

long range and low reflectivity materials the

photonic signal can be very low. The read out

circuit noise is then higher than the photonic

signal coming back from the scene. With a high

gain at low reverse bias, a low excess noise factor,

and a high gain-bandwidth product [2], HgCdTe

APDs arrays are particularly well suited to

overcome this limitation. Laboratory tests show a

range noise of 11 cm for a pixel laser illumination

of 4300 photoelectrons. This value is obtained with

an APD gain of 20. By pushing the gain to 175, the

laser pulse detection limit is under 100

photoelectrons per pixel.

The sensor was also used during a field trial to

record 2D and 3D real time videos (figure 3).

1 2 3 4

5 6 7 14

15 16 17 18

1 2 3 4

5 6 7 14

15 16 17 18

1 2 3 4

5 6 7 14

15 16 17 18

Figure3 : 3D video frames (range color coded) acquired with our

multi-function image sensor

The quality of the 3D images obtained during the

field trials demonstrates all the potential of this

multi function HgCdTe APD based infrared imaging

sensor.

[1] E. De Borniol, F. Guellec, J. Rothman, et al, “HgCdTe-based APD focal plane array for 2D and 3D active
imaging: first results on a 320 x 256 with 30 µm pitch demonstrator”, Proc. SPIE 7660 (2010).
[2] J. Rothman, E. De Borniol, O. Gravrand, S. Bisotto, L. Mollard, F. Guellec and F. Pistone, “HgCdTe APD-focal
plane array development at DEFIR”, Proc. SPIE 7834 (2010).
[3] E. De Borniol, P. Castelein, F. Guellec, J. Rothman, G. Vojetta, G. Destéfanis, M. Vuillermet, “A 320x256
HgCdTe avalanche photodiode focal plane array for passive and active 2D and 3D imaging Proc. SPIE 8012 (2011).
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Ultra low dark current FPA
for photon detection in the SWIR range

O. Gravrand

ABSTRACT:
Ultra low flux detection is mandatory for next generation astrophysics observatories. In a
common effort between CEA-SAp, CEA LETI, and Sofradir (LETI startup), we have fabricated
first European low flux IR retinas. Ultra low dark currents (0.04e/s) has been
demonstrated on a HgCdTe photodiodes arrays hybridized on a Si dedicated ROIC.

Space based observatories for astrophysics are

very demanding in ultra low flux detection in the IR

spectrum. Such low flux levels represent the

detection of a few photons only during long

integration times (typically 1e-/s during several

minutes) and therefore require ultra low dark

current photodiodes (0.1e/s) coupled to a very

high performance ROIC stage in terms of noise and

leakage.

We report here first results from efforts carried out

at CEA and Sofradir to build such an ultra low dark

current focal plane arrays (FPA) in the short wave

infrared range (SWIR) to meet these requirements.

Those FPAs are dedicated to very low flux detection

in the 2µm wavelength range. In this purpose,

Sofradir has designed a source follower per

detector readout circuit (ROIC), 384x288, 15µm

pitch, dedicated to ultra low flux detection.

Leakage currents have been measured down to

0.01 e/s on test pixels with ultra low readout

noises (less than 10 electrons).

Figure 1: Ultra low dark currents measured at CEA-SAp

This read-out integrated circuit (ROIC) has been

hybridized on different HgCdTe diode

configurations processed at CEA-LETI. HgCdTe is a

narrow gap material absorbing efficiently IR

radiation in this wavelength range. Both p/n and

n/p structures have been evaluated. The

metallurgical nature of the absorbing layer have

also been examined as both molecular beam

epitaxy (MBE) and liquid phase epitaxy (LPE)

layers have been processed. Therefore a large

process window has been explored in order to

optimize detection abilities.

High temperature characterizations have been

performed at CEA-LETI and showed state of the

art dark currents. Low flux characterizations have

been carried out at CEA-SAp at low temperature

(from 40 to 160K, see figure 1) in a dedicated

light tight cryostat. Dark currents as low as

0.04e/s (one electron every 25 seconds) has been

measured at 45K for 2µm cutoff diodes. As an

illustration of the level of performance obtained,

note that the first limiting mechanism was

electroluminescence from the silicon temperature

probes (1µm wavelength radiation that may be

sensed by the tested photodiodes). Turning off

those probes led to a factor ten improvement in

dark current.

2 Stages Cryocooler

35K Cold Screen Enclosure
(shield removed for visibility)

4K ColdScreen
thermal shield

Inner experimental

Chamber

4K Cold Head

35K Cold Head
Vacuum tap

Electrical
connection

Figure 2: CEA-Sap dedicated light tight cryostat

Références:
[1] O. Gravrand et al. ”Ultra low dark current CdHgTe FPAs in the SWIR range at CEA and Sofradir” , SPIE 8176-53
(2011)
[2] B. Fieque et al., "IR ROIC for very low flux and very low noise applications", SPIE 8176-55 (2011)

Research topics: infrared imaging, astrophysics, dark current, HgCdTe
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Gain modeling of HgCdTe APDs: a key to
optimized performances

Research topics: HgCdTe, avalanche photodiodes, gain, excess noise

J. Rothman, L. Mollard, S. Goût, L. Bonnefond, J. Wlassow, S. Benhamed, G. Vojetta, K. Foubert

ABSTRACT: The avalanche gain and excess noise in breakthrough performance HgCdTe
avalanche photodiodes (APDs) have been modeled using an analytical and a numerical
approach. The models have improved our phenomenological understanding of the
microscopic processes that govern the multiplication and enables the optimization of
complex hetero-structures using finite element modeling.

HgCdTe avalanche photodiodes (APDs) with a

sufficiently low cadmium composition are

characterized by exceptional amplification

properties that promise to open new windows for

optical observations when only a few photons are

available during the characteristic time of

observation, such as active imaging, lidar,

wavefront sensing and photon counting. These

properties are stable linear gains to values larger

than 1000, close to zero excess noise and response

times that are independent of the gain, due to

carrier multiplication which is only induced by the

electrons.

The main contribution to the physical

understanding of the electron multiplication in

HgCdTe APDs has been obtained by Monte-Carlo

simulations. Such simulations allow reproducing

the main features of the avalanche gain and excess

noise and the study of how different microscopic

interactions influence theses quantities. However,

they are too time-consuming to obtain a detailed

fit of secondary features of the gain, such as the

bias value for gain on-set and a saturation of the

gain observed at high electric fields. In addition,

they can not be used with finite element modelling

(FEM) of the electro-optical performance in

optimized APDs hetero-structure, in which the Cd

composition and doping which varies in the

detector. Two different approaches have been

investigated at Leti to overcome these limitations.

The first uses an analytical expression to calculate

the gain. It allows calibrating the model by fitting

measured gain curves and can easily be used for

FEM modelling of complex hetero-structures. In

reference [1], we presented a first model equation

based on Shockley classical expression for impact

ionization. This expression gave a good fit of the

gain slope and on-set for APDs with xCd≈0.3-35.

However, the fit do not give a good fit of the gain

saturation, in particular for APDs with higher xCd.

An improved fit was obtained for all xCd using a

phenomenological expression proposed by Okuto-

Crowel [2]. The parameters of both models can be

related to the efficiency of the impact ionization

with regards to energy dispersion by phonons. The

figure below compares the measured gain for

three APD with different multiplication layer width,

with fitted model curves with close to constant

model parameter. The estimated model

parameters were found to scale with the band-gap

and temperature and the model is currently used

in numerical simulation of advanced devices.

The second approach is a history dependent

theory in which the average value and the excess

noise are calculated using an iterative numerical

approach [1]. It can ultimately be used to

optimize both the gain and the noise in optimized

structures, but it is more difficult to calibrate and

to implement in other FEM calculations. At

present, this model gives a good description of the

variation of the gain as a function of junction

geometry, but further developments are required

for it to be used as a development tool.
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Measured gain curves for APDs with different junction width w,

compared with modeled gain curves (continuous lines).

Références:
[1] J. Rothman, et al., “History-Dependent Impact Ionization Theory Applied to HgCdTe e-APDs,” , J. Electron.
Mater., 40, 1757 (2011)
[2] J. Rothman, et al., “Short Wave Infrared HgCdTe avalanche photodiodes”, accepted for publication in J.
Electron. Mater. 41
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Sensing light from UV to LWIR within the
same detector

Research topics: UV, Visible, IR sensing, HgCdTe

O. Gravrand

ABSTRACT: HgCdTe allows IR detection from SWIR (~2µm) up to the VLWIR (>20µm)
using the same technology. We demonstrated that this detection ability has been extended
from IR down to visible and UV within the same photodiode. Quantum efficiency remains
constant from IR down to 250nm in the UV making such photodiodes the perfect detector
for interferometric applications.

The LETI standard technology [1] is based on n on

p photodiodes implanted in a thin HgCdTe film (few

µm) grown on CdZnTe substrate. Such detectors

are usually arranged in 2D arrays and flip-chipped

onto a Si readout circuit for signal acquisition and

multiplexing. Such a configuration is referred to as

backside illuminated: incident light comes through

the substrate. Therefore, without substrate

removal, the cut-on wavelength of the detector is

determined by the substrate absorption (800nm for

CdZnTe, 1.8µm for germanium), whereas the cut-

off is determined by the HgCdTe band gap.

However, a substrate thinning process has been

developed at LETI, which allows for complete

removal of the substrate after hybridization, while

keeping excellent rear interface passivation. In

such a configuration, incident light enters directly

the HgCdTe absorbing layer, and the cut-on of is

then determined by the absorbing layer itself.

Figure 1 shows the normalized spectral response

and quantum efficiency (QE) of a substrate

removed IR photodiode processed at LETI:

Figure 1 : Example of a MWIR photodiode response extended

from IR down to UV

QE remains uniform from IR peak wavelength

(~4µm) down to visible and UV (~250nm).

Optical power being inversely proportional to

wavelength, uniform QE results in a linear

evolution of power response (A/W units). The UV

limit is in fact the lower limit of the measurement

bench, and this uniform QE feature might extend

even below 250nm.

Moreover, we demonstrated that this process is

also compatible with the use of low noise high

avalanche gain.

This IR thru UV sensitivity has also been observed

for longer cut-off wavelength photodiodes, up to

the LWIR band. Figure 2 shows an example of

spectral response of a c=10.3µm cut-off diode.

This impressive feature opens the gate to ultra

wide band spectral interferometric imagery

applications such as Fourier transform

spectrometry within a unique detector. This

appears particularly interesting for space

application where the size and weight payload is of

first importance.

Figure 2 : Example of a LWIR photodiode extended response

Références:,
[1] G. Destefanis, "MCT IR diode arrays", Semicond. Sci. Tech. 6, C88 (1991)
[2] O. Gravrand, "HgCdTe Quantum Detection: from Long-Wave IR down to UV", JEM 40(8) 1781 (2011)
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Wet Etching of HgCdTe in Aqueous Bromine
Solutions

Research topics: HgCdTe, infrared detectors, chemical etching

J. Baylet, L.Mollard, A. Causier*, A. Etcheberry*, I. Gerard*, M.Bouttemy*, C. Pautet*, (*SOFRADIR)

ABSTRACT: The ability to pattern HgCdTe surfaces using a wet etching solution is an
important challenge for processing of third-generation infrared detectors, with reduced
pixel size and increased pixel density. To perform this process, a new quantitative chemical
approach was developed to carry out very accurate wet etching in aqueous HBr/Br2
solutions, to remove very thin layers and to control the state of the surface.

Third generation infrared detectors, such as

multicolour photodiode, high pixel density and

high resolution detectors, require a perfectly

mastered and reproducible etching process.

Anisotropic etching processes, like ion beam

etching or plasma etching, induce lateral

damage and alter the surface chemistry of

HgCdTe layers. To fabricate a surface free of

defects or to renew altered surface, wet etching

techniques can be employed. Alcoholic solutions

of Br2 and Br2-HBr solutions are generic wet

etchants of II-VI compound semiconductors5.

These wet etchants do not induce undesirable

changes in properties of HgCdTe.

A new approach of wet etching in aqueous Br2-

HBr formulations needs to be established to

perform a controlled process. Therefore, a

quantitative chemical approach was developed

to operate very accurate etching with a perfect

control of surface state and chemistry. Two

metals trace analysis methods were used to

established dissolution kinetic of HgCdTe in

aqueous Br2-HBr solutions. Graphite furnace

atomic absorption spectroscopy (GF-AAS)

permits the dosing of quantity of Cd and Te

present in the etching solution during process.

In the same idea, atomic fluorescence

spectroscopy (AFS) is used to dose Hg. The

composition profile of the HgCdTe layers

removed during processing can be obtained by

using these methods.

For this purpose, the effects of the different

etchant elements, process temperature, and

hydrodynamics on the etching process of

HgCdTe were investigated. Four key parameters

were identified: Br2 concentration, HBr

concentration, rotation speed, and temperature.

Titration data show that the dissolution rate is

constant throughout the entire etching process.

Wet etching of HgCdTe in bromine aqueous

solutions is generally an isotropic reaction.

Trench shape profiles tend to a semi spherical

shape with lateral etching. It is not possible to

reveal preferential planes by decreasing the

temperature, as can be seen for II-V compound

semiconductors: this is a diffusion-controlled

process.

Cross-section of trenches (Left)

AFM topography images of HgCdTe after wet etching (Right)

In addition AFM results clearly demonstrated a

very slight increase of roughness induced by

the wet etching process

Concerning the studied experimental

parameters, they can be separated into three

categories, depending on their etching effects:

First, the two most influential parameters for

etching rate have been identified as the Br2

concentration and the sample rotation speed.

Secondly, two parameters influence process

repeatability: solution temperature and HBr

concentration.

Finally, hydrodynamics and interface reactions

control the surface uniformity.

These studies enable us to identify the key

parameters that govern the etching process and

to understand the etching mechanism.

Références:
[1] A. Causier, I. Gérard, M; Bouttemey, A. Etcheberry, C. Pautet, J. Baylet, “Wet Etching of HgCdTe in Aqueous
Bromine Solutions: a Quantitative Chemical Approach", Journal of Electronic Materials, Volume 40, Issue 8,
pp.1823-1829



17

Large dual-band infrared focal plane
arrays with reduced pixel pitch valid

Research topics: HgCdTe, dual-band infrared detectors

J. Baylet, O. Gravrand, P. Ballet, Y. Reibel*, F. Chabuel*, C. Vaz*, (* SOFRADIR)

ABSTRACT: The development of Dual-Band (DB) infrared detectors has been the core of
research and technological improvements for the last ten years at CEA-LETI and Sofradir:
The fabrication of DB MCT detectors is reaching maturity: ALTAIR with 24μm-pixel pitch 
arrays in TV format are available, showing median NETD around 18mK with operability over
99.5%.

Multiband detectors provide independent sensing

of different spectral bands within individual pixels.

As a consequence, this specific feature enables

better detection and identification ranges and

increased mission robustness due to their ability to

provide optimum imagery over a wide range of

atmospheric and battlefield scenarios with

immunity to fire flares.

Two types of pixel architectures have been

developed at LETI: the semiplanar structure

features two superimposed n-on-p diodes, which

are formed on two levels of a CdxHg1-xTe

heterostructure, while the nppn structure features

two diodes stacked back to back, with a perfect

spatial coherence. Both types of architecture have

reached a very good level of performances and are

now available to answer different systems needs,

with any cut-off wavelength combination

(SWIR/MWIR, MWIR/MWIR, MWIR/LWIR or

LWIR/LWIR)[1]. These results are illustrated on

Fig.1 showing very low NETD values, with low

dispersion, obtained on a MWIR-MWIR 24µm pitch,

640x512 pixels focal plane array (semi-planar). On

Fig 2 is shown an image taken with a similar

format FPA, but in the MWIR/LWIR range

.
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Fig. 1 : NETD histogram obtained at 80K, F/2, 20°C-35°C black-

body with a semiplanar TV format MWIR-MWIR FPA (cut-off

wavelenght 4.2 and 5.2 µm)

Fig. 2 : Images taken with a TV format MWIR-LWIR FPA (cut-off

wavelength 5.3 and 9.5 µm)

These results have been obtained thanks to

several key process achievements, in the MBE

growth process, in the photodetector array

fabrication process and in the hybridization

process. In particular, MBE HgCdTe

heterostructure growth, on large CdZnTe have

reached a very high quality levels, with X-ray

rocking curve FWMH ~25 arcsec and EPD levels in

the low 105 cm-² range. Fig. 3 shows HRXRD

measurements made on dual-band CdxHg1-xTe

heterostucture, with different Zn content

incorporated in the high Cd fraction layers (barrier

and cap layers), showing layers with quasi-

matched structures, and quality as good as

monospectral layers. These results open the way

for very large format focal plane arrays with pixel

pitch in the 15µm range.
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Fig. 3 : HRXRD measurements on MBE grown dual-band CdHgTe

heterostructures.

Références:
[1] Y. Reibel, F. Chabuel, C. Vaz, D. Billon-Lanfrey, J. Baylet, O. Gravrand, P. Ballet, G. Destefanis, « Infrared dual
band detectors for next generation”, Proceedings of SPIE , Vol 8012, pp801238-1 801238-13, (2011)
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Integration of optical functions in the
dewar for compact IR cameras

Research topics: cooled infrared detectors array, optics inside dewar, compact camera

M.Fendler, J.Rulliere, G. Lasfargues, H. Ribot

Today, both military and civilian applications
require miniaturized optical systems in order to
give an imagery function to vehicles with small
payload capacity. After the development of
megapixel focal plane array (FPA) with micro-
sized pixels, this miniaturisation will become
feasible with the integration of optical functions
in the detector area.

In the field of cooled infrared imaging system,
the detector area is the Detector-Dewar-Cooler
Assembly (DDCA). A Dewar is a sealed
environment where the detector is cooled on a
cold plate.

The complexity of traditional infrared optical
systems using cooled detector comes from the
constraint of putting all the optics outside the
DDCA. The optical designer has to take into
account the conjugation of the pupils in order to
place the exit pupil of its optical system on the
cold pupil of the cold shield. Moreover, in the
case of optical systems with a wide field of
view, the back focal length of the system has to
be greater than its focal length in order to put
all the lenses outside the DDCA.

By integrating optics in the DDCA, the optical
designer can get rid of the constraints of the
conjugation of pupils and of a back focal length
greater than the focal length. Therefore, the
complexity of the design decreases
dramatically. In the field of the infrared, the
optical designer can conveniently use materials
that have high refractive index and low
chromatic dispersion. By choosing materials
such as Germanium and Silicon, the spherical
aberration, the coma and the field curvature
can be efficiently minimized. This is why simple
infrared optical architectures can be designed
with few lenses.

References:
[1]Fendler, M., Lasfargues, G., De La Barriere, F., Guérineau, Rommeluère, S., Druart, G., Lhermet, N., Ribot, H.
“Integration of advanced optical functions on the focal plane array for very compact micro cameras”
(2010) Proceedings of SPIE Infrared Technologies & Applications: Defence & Security - The International Society
for Optical Engineering, 7660, art. no. 766022.
[2]Druart, G., Moullec, J.-B., De La Barriere, F., Guerineau, N., Deschamps, J., Fendler, M., Lhermet, N., Reibel, Y.
“Towards infrared DDCA with an imaging function” (2011) Proceedings of SPIE, IR Optics, 8012, art. no.801201

ABSTRACT: Over the past decade, several technological breakthroughs have been made in
the field of optical detection, in terms of spatial and thermal resolutions. The current trend
leads to the integration of new functions at the vicinity of the detector. For large field of
view applications, we illustrated the high potentiality of the integration of advanced optical
functions in the Dewar of MCT detectors.

So, an imagery function can be added to the
Dewar by simply integrating a single meniscus
inside the cold shield. An infrared system with
a 60° field of view and high throughput is thus
obtained without adding optics outside the
Dewar.
Fig.1 shows the optical design of the modified
cold shield mounted with an MCT (CdHgTe)
30µm pitch 320 x 256 pixels infrared focal
plane array (IRFPA).

Fig. 1 : Fig.2 :
Optical design of the cold shield (col. ONERA) and opto-
mechanical design of the DDCA.

A lab-configuration of the DDCA is presented
on Fig.2, leading to the infrared image shown
on Fig.3.

The additional mass of the lenses is sufficiently
small to be compatible with an operational
cryogenic environment. A prototype called
Sofradir Optics InsidE (SOIE) has been
presented by Sofradir in several exhibitions.
This work opens many opportunities for further
integration of optical functions in cryo-coolers.

Fig.3: Infrared image
provided by a compact
large field of view
(60°) camera, with
optics inside
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A curved infrared retina for compact
camera designs

Research topics: infrared detectors array, curved focal plane, novel optical design

M.Fendler, D.Dumas, J. Lasfargues, H. Ribot

A lot of research in imaging sensors is dedicated
to miniaturize optics in order to lower volume,
weight and price of systems. One way to
achieve this downsizing is to use lenses, closer
to the retina.
But the traditional design of optical systems is
severely complicated by the curved shape of the
image surface which intersects a planar retina.
In this configuration, the on and off axis rays
are not focusing on the same plane: This results
in various aberrations (astigmatism, fields
curvature) and in a decrease of the off axis light
intensity. The quality of the image is then
degraded and optical elements such as aspheric
lenses have to be added to correct aberrations.
Thus, the complexity of the system increases as
well as its volume, weight and price [1].

Curving the retina is a very efficient solution to
downsize systems. It is also the most
widespread solution in Nature where many
species, especially insects use extremely
compact visual systems based on curved
surfaces. Solutions proposed in the state of the
art induce a substantial loss of fill factor and a
specific process or substrate have to be used to
separate independent pixels areas. On the
contrary, the solution proposed by CEA-LETI is
based on curving the device without structuring
it. Thus, no deviation from the standard
flowchart is needed and a 100% fill factor can
be obtained. The process used is based on the
mechanical property of silicon; the elasticity of
this material is best utilized by thinning before
curving the retina so that no structuring of the
device is necessary [1].

For the first time, an infrared camera inspired
by the human eye, made of a single lens and a
curved 320 x 256 pixels, 25 µm pitch micro
bolometers array has been successfully
assembled and characterized. (Fig.1).
Mechanically, a bending radius of 73 mm has
been obtained in a concave configuration

References:
[1]Dumas, D., Fendler, M., Berger, F., Marion, F., Arnaud, A., Vialle, C., Le Coerer, E., Primot, J., Ribot,H.,
“Curved infrared detectors: applications to spectrometry and astronomy” (2010) Proceedings of SPIE, High energy,
optical, and infrared detectors for astronomy, 7742, art. no. 77421V.
[2]Dumas, D., Fendler, M., Berger, F., Cloix, B., Pornin, C., Baier, N., Druart, G., Primot, J., Le Coarer, E. “An
infrared camera based on curved retina” (2012) Optics Letters, Vol.37, No.4, pp.653-655

ABSTRACT: In conventional imaging systems, optical lenses generate a curved image
surface, which is recorded on a planar retina. This results in aberrations, which are
corrected by adding lenses, leading to complex, heavy and expensive systems. A solution to
reduce the volume is to curve the focal plane array (FPA).

without any damage. The hemispherical profile
exhibited no measureable discrepancy to the
perfect sphere (Fig.2).

y

x

Figure 1: Curved IR micro Fig.2: Hemispherical
bolometers array profile (R=80mm)

Electrically, the performances of the device
remain unchanged in terms of signal response
and noise equivalent temperature difference
(NETD) [2].
Optically, images captured with this bio-
inspired system are well resolved with a good
contrast. The modulation transfer function
(MTF) shows a good uniformity between on and
off axis response [2].
These are the very first images ever produced
with a curved monolithic hemispherical
detectors array (Fig.3).

We have demonstrated a new device that
simplifies and miniaturizes optical designs. Our
technology can be used on many other types of
detectors and we believe it creates many
opportunities for further miniaturization of
spectrometers and imaging systems.

Figure 3: Infrared image captured
with a camera inspired from the
simple and compact human eye.
(concave retina & aspheric lens)
f/#=1.8; f=12.4mm; 60° FOV
System footprint = 27.4 mm.
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Insertion technology for high density, ultra fine
pitch, fluxless flip chip at room temperature
Research topics: flip chip, fine pitch, large area, room temperature, fluxless

F.Marion, B. Goubault de Brugiere, M. Fendler , M. Volpert, H. Ribot.
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[3]- B. Goubault De Brugiere, F. Marion, M. Fendler, V.Mandrillon, A. Hazotte, M. Volpert, H. Ribot “A 10µm pitch interconnection technology
using micro tube insertion into AlCu for 3D applications”, (2011) Proceedings Electronic Components and Technology Conference, art. n°
5898695, pp.1400-1406.

ABSTRACT: A new room-temperature insertion technology has been proposed and developed
to alleviate most of the issues of flip chip technology. It overcomes the planarity and thermal
mismatch issues of heterogeneous assemblies while reducing the bonding
thermocompression forces and is suitable for imaging as well as 3D applications.

State of the art interconnection
technologies such as reflow soldering, thermo-
compression and Direct Bond Interconnect (DBI),
present shortcomings caused by planarity defects,
high process loads and temperature, extremely
stringent planarity or roughness requirements or
exhibit low hybridization speeds.

To overcome these issues, LETI proposed in
2008 an original bonding technology (1) based on
an insertion technique. The room-temperature
insertion technology illustrated in Figure 1 was
developed using micro tubes as inserts and is
presented in detail in ref. [2].

Figure 1: Schematic drawing of the insertion technique

Hard micro tubes are used to penetrate into a
softer material in order to establish a reliable
electromechanical contact. This technique is
compatible with a 10μm interconnection pitch and 
has been chosen to reduce the insertion load,
compensate for non planarity and uniformity
defects and to carry out reliable integration without
the use of flux. Indeed, the micro tube insertion
breaks this oxide layer and the electrical and
mechanical contacts are established. Moreover, as
it is a room temperature process, all the issues due
to different coefficients of thermal expansion (CTE)
are dramatically minimized.
I-INDIUM AS SOFT MATERIAL:
Insertion of 2000 × 2000 microtubes into indium
bumps was performed.

Figure2: 2000 x 2000 micro tubes at 10 µm pitch

Using daisy chain patterns, an 88% connection
yield and a vertical access resistance down to 1

ohm was measured across hybridized arrays. This was
demonstrated and presented at ECTC 2008 [1]
II- Al-Cu AS SOFT MATERIAL:

This new low-temperature insertion concept could
possibly be applied to 3-D interstrata interconnections
for electronic devices, since it avoids the issues caused
by cumulative high-temperature cycles, which are
typical of more conventional processes. Yet, to make
this technique attractive for 3D, we had to
demonstrate the possibility to insert µtubes into harder
materials that are commonly used in micro-electronics,
like aluminum alloys.

This was demonstrated and presented at ECTC 2011
[3]. The load required to fully insert a single 2.5µm
high micro tube into a 7µm Al-Cu pad was determined,
using nanoindenter and was found to be equal to
5,6mN. The evolution of the electrical contact was also
monitored during the micro tube insertion depth
showing a sharp decrease of electrical resistance after
400nm. Then, the interconnection resistance levels off
around 2.65  at 1.6µm, insertion depth.

Figure 3: Al-Cu pads, µtubes and fully populated 200mm wafer

In a second step, 200mm Si wafers were processed
with µtubes and one of them was fully populated at
room temperature with 4x3mm2 dies. 95000
simultaneous 10µm pitch interconnection in Al-Cu soft
pads could be achieved using a D2W process on a SET
FC300 flip chip bonder.

Interconnection yield and resistance equal to
99.15% and 3 Ohms respectively were recorded. We
determined a D2W bonding time of 9 seconds per chip.
Thanks to micro tube wall conductivity, the electrical
contact was established even for partial insertion. This
explains why that technique can accommodate more
than 1.5µm chip planarity defect while keeping good
electrical contacts. All these experiments were
achieved at room temperature, without the use of flux.
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X-Ray Diffraction Investigation of Thermo-elastic
Properties of HgCdTe/CdZnTe Structures

Research topics: Materials for Cooled IR detectors

P. Gergaud (DTSI), A. Jonchère, B. Amstatt, X. Baudry, D. Brellier and P. Ballet

ABSTRACT: The coefficient of thermal expansion (CTE) and the temperature evolution of in-
plane stress have been determined through extensive X-ray diffraction experiments in the
HgCdTe/ CdZnTe epitaxial system. Annealing induced strain relaxation is evidenced for
temperatures greater than 150°C, while a thermoelastic behavior is confirmed at lower
temperature.

The performance of HgCdTe-based devices is
closely related to the crystalline perfection of the
HgCdTe thin films. Lattice matching is therefore
essential, and can be achieved, in principle, by
growing HgCdTe on CdZnTe substrates with an
appropriate zinc fraction. Because HgCdTe epitaxy
and further device processing involve heating-up
the HgCdTe/CdZnTe structures at temperatures of
about 200-300°C, the knowledge of their thermo-
elastic behaviour in this range of temperature is
crucial.
We present high resolution X-ray diffraction
measurements of the lattice unit of HgCdTe and
CdZnTe. These measurements are performed at
temperatures ranging from room temperature up
to 300°C. The investigated samples are vertical
gradient freeze CdZnTe substrates and molecular
beam epitaxially-grown HgCdTe layers on (211)B
CdZnTe or CdTe/Ge substrates. The determination
of the HgCdTe lattice unit parameters is performed
through the measurement of the d-spacing in 12
(123) crystallographic directions.
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Figure 1: Plot of the CTE for HgCdTe and CdZnTe. Data in black
correspond to the work by Skauli et al. [1].

We have first measured the CTE of CdZnTe and
HgCdTe as a function of the zinc and cadmium
fraction respectively. The results are displayed in

fig.1 together with the data of Skauli [T. Skauli et
al., J. Cryst. Growth 241, 39 (2002)]. It is found
that the CTE for CdZnTe exhibit a quasi linear
variation with the zinc fraction while the CTE for
HgCdTe can be fitted by a three-order polynomial
function (dotted line). In all case, the CTE are
found to be independent of temperature. The
results obtained in our work are in good
agreement with those of Skauli and the 10% shift
in the absolute CTE values can be attributed to
systematic errors in the estimation of the absolute
temperature of the sample surface.
We have extracted the evolution of the stress
during the thermal cycles. We have found that for
HgCdTe/CdZnTe samples with a positive substrate
– layer CTE difference, the initial compressive
strain is reduced when heated, while for
temperatures above 150°C, a rapid relaxation
takes place (fig.2). For HgCdTe layers grown on
CdTe, there is no initial stress despite the large
lattice mismatch and the temperature evolution of
the stress tensor is found to be dictated by the
Ge-HgCdTe CTE difference. More details can be
found in ref [1].
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Figure 2: In-plane stress as a function of temperature for a
HgCdTe/CdZnTe sample. Data in red and black are for the first
and second thermal cycle respectively. Dotted lines represent
the stress evolution if only driven by the CTE difference between
substrate and film.

Références:
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Strained HgTe: a 3D topological insulator
Research topics: Condensed Matter, Topological Insulators

C. Bouvier*, T. Meunier*, R. Kramer*, L.P. Levy* (* CNRS-Grenoble), X. Baudry and P. Ballet

ABSTRACT: Magnetic field electronic transport measurements show the first direct
experimental evidence of the realization of a three-dimensional topological insulator (TI) in
strained HgTe microstructures. This opens the way towards new physics and applications
including spintronics with non-magnetic materials and TI-superconductor proximity
experiments.

Topological insulators can be seen as band-
insulators with a conducting surface. The surface
carriers are Dirac particles with linear dispersion.
This confers extraordinary transport properties
characteristic of Dirac matter, a class of materials
which electronic properties are “graphene-like”. We
show how HgTe, can be turned into a textbook
example of Dirac matter by opening a strain-gap
when coherently strained on CdTe. The evidence
for Dirac matter found in transport shows up as a
divergent Hall angle at low field when the chemical
potential coincides with the Dirac point.

The Hg-based II-VI compounds exhibit very strong
spin-orbit coupling. For HgTe this coupling leads to
a band inversion at the  point. Thus, the P-band
(8) lies above the S-band (6). When grown on
CdTe, the tensile strain opens a gap between the
Γ8 light and heavy hole bands, turning HgTe into a
topological insulator. In this work, a symmetric
HgCdTe/HgTe/HgCdTe stack was grown on a CdTe
(211)B face (fig.1 inset).

Figure 1: Gate-voltage magnetic field color-coded plot of the
derivative of the Hall resistance with respect to the gate voltage.
A plateau appears as a white line (zero) on this plot. Each plateau
is indexed with two numbers. The first one is the filling factor
determined independently and the second is the value of the Hall

conductance in units of e2/h. Inset: epitaxial stack .

The epitaxial stack is wet-etched in a 50μm wide 
Hall-bar. The accessible range of gate voltages
allows for scanning part of the heavy-hole band
(below Vg0≈0.8 V) and the gap region (Vg
between 1 and 6 V). The measured Hall angle
slope (σxy/(σxxB)) is plotted on Fig.2: a cut-off

divergence is observed close to the gate voltage
Vg0 with an asymmetry between the electron
(Vg>Vg0) and the hole side. This asymmetry
comes from a partial population of bulk heavy
holes below Vg0 which also diffuse the Dirac
particles because of their low mobility. By contrast,
the electron side of the Dirac dispersion lies inside
the strain-induced Γ8 light-heavy holes gap. The
observation of this divergent Hall angle, very
similar to graphene, is a strong evidence for Dirac
particles at the HgTe surfaces [1].

Figure 2: plot of the Hall angle slope as a function of the gate
voltage. Vg0 is interpreted as the location of the Dirac point
(D) in gate voltage

At higher magnetic field, the phase diagram
presented in fig.1 shows two distinct regimes [2].
At low filling factors (from ν<3) top and bottom 
electron sheets form bilayer quantum-Hall states:
each time a filled Landau level is added to the
bilayer (top AND bottom layers combined) a new
quantum-Hall state appears. This quantum Hall
series has features common to graphene bilayers.
For >3, top and bottom layers decouple and QH
plateaus appears when top and bottom layers have
each completely filled Landau levels.

Strained HgTe appears to be a textbook realization
of a 3D topological insulator. The processing and
gating of this system is easy, making the
fabrication of more complex structures (hybrids
and spintronic devices) quite realistic.

Références:
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[2] Quantum Hall phase diagram of 3D strained-HgTe topological insulator. Bouvier, C., et al. submitted.
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Figure 1: Comparison of

the PL spectra at 5K of the

as-grown sample, after p-

type annealing and after n-

type annealing for an

excitation density of

20W.cm-2.

Identification of the double acceptor levels
of the mercury vacancy in HgCdTe

Research topics: HgCdTe, infrared photoluminescence

F. Gemain, I.C. Robin

ABSTRACT: Optical signature of the double acceptor levels of mercury vacancies in HgCdTe alloy
was obtained by correlating optical and electrical characterizations. The “U-negativity” of the
vacancy was evidenced: the ionized state V- is stabilized under the neutral state V0 by the
domination of Jahn-Teller effect on the coulombic repulsion.

Mercury vacancy is a well known double
acceptor intrinsic impurity in HgCdTe which
should present two ionization energies.
However, only one activation energy is usually
measured by temperature-dependent Hall
measurements. In our work, correlations
between the low temperature
photoluminescence (PL) spectra and
temperature-dependent Hall measurements
were carried out on non intentionally doped
HgCdTe epilayers with a cadmium composition
of 32.7%. These films were grown by liquid
phase epitaxy and post-annealed under
different conditions: a p-type annealing was
used to control the mercury vacancy
concentration and a n-type annealing under
saturated mercury atmosphere was used to fill
the mercury vacancies.
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As shown in Fig. 1, according to the evolution
of the photoluminescence spectra, one, two or
three PL emission peaks are measured.
The high energy peak is the only one
remaining after n-type annealing and is
attributed to the band to band transition. The
two lower energy peaks are attributed to
recombinations on the two acceptor levels of
the mercury vacancy [1].
Those PL measurements were correlated with
temperature-dependent Hall measurements.
As shown in Fig. 2, those measurements

present only one activation energy
corresponding to the energy separation
between the low energy and high energy peaks
in the PL spectra. These results seem to show
that the mercury vacancy is a negative-U
defect.
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Figure 2: Temperature-dependent Hall measurements of the as-grown

sample

This effect corresponds to a stabilization of the
V− ionized state compared to the V0 neutral
state because of the Jahn-Teller effect, due to
lattice distortion overcoming the coulombic
repulsion as shown in Fig. 3. In this case, the
V− ionized state has a smaller activation energy
than the neutral state and cannot be measured
by temperature dependent Hall measurements.
This is why only one activation energy is
measured in temperature dependent Hall
measurements. For PL measurements the
recombinations on the two states V0 and V− are
measured at low temperature because the V−

state is photogenerated.
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Figure 3: Mercury vacancy states energy ordering.

To conclude, in this study, the PL
measurements led to a direct observation of the
Hg vacancy double acceptor levels in HgCdTe.
The correlation with Hall measurements allowed
understanding the Hg vacancy states energy
ordering in the HgCdTe bandgap.

[1] F. Gemain, I.C Robin, M. De Vita, S. Brochen, A. Lusson, « Identification of the double acceptor levels of the mercury
vacancies in HgCdTe”, Appl. Phys. Lett., 98, 131901 (2011).
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Successful growth of single crystal of CdTe by
“process by solvent evaporation” method using
a phenomenological model of the evaporation

Research topics: Single crystal growth, Materials

D. Pelenc, B. Pelliciari

The Process By Solvent Evaporation (PBSE) is one

of the growth technique recently developed and

patented [1] at the DOPT for large size CdTe

crystals, usable as substrates for HgCdTe based

Infrared Detectors or for X-ray and -ray detection.

The control of this solvent evaporation driven

technique requires a precise knowledge of the

amount of Cd and Te which are evaporated

through out the whole process: during heating up,

isothermal evaporation and cooling down (Fig. 1).

Figure 1: Liquid composition evolution during PBSE

We have made an experimental determination of

the losses at heating up and the evaporation rate

in order to develop a phenomenological model

which describes the evolution of the composition of

the solution Xl after each time increment . 

This phenomenological model has been used to

design and analyze a series of growth experiments,

which leads to surround the liquidus line of the

phase diagram, in the vicinity of the temperature

and composition of the growth.

Two kinds of experiments were particularly

significant, namely those involving supersaturated

or undersaturated solutions at the time of the

seed-solution contact (points b1, b2, b3, b4),

which correspond to the 4 first trials (Fig. 2).

In the phase diagram of Fig. 2, the grey band

shows where the actual liquidus is lying as deduced

from these four first experiments.

Experiments 5 and 6 were made in conditions

chosen such as the liquid composition was located

very close to the liquidus, as shown by the

positions of points a5 and a6 in Fig.3, calculated

according to our model. Pictures of plates 5 and 6

are inserted in Fig. 2.

Figure 2: Positions of the representative points of the solution on

the phase diagram in experiments 5 and 6 at the time of the

seed-solution contact

Actually, plates 5 and 6 were single crystals, of

the same [111] orientation as the seed, as it has

been checked by X-Ray diffraction.

A very significant improvement of the singularity

of the plates has thus been obtained through the

proper choice of the initial composition of the

solution, growth temperature and time of the

seed-solution contact, using the approach

described here for 65 mm in diameter plates.

The next step of the

development is the extent

of the control of the

singularity to larger

polycrystalline plates such

as the one of Fig. 3.
300 mm300 mm

Fig.3.

[1] B. Pelliciari Patent n° FRA 0014539 / US 6 673 647
[2] D. Pelenc, B. Pelliciari, “Process By Solvent Evaporation (PBSE) growth of CdTe: Phenomenological model of
the evaporation and experimental assessment” J. Crystal Growth (2011), doi:10.1016/j.jcrysgro.2011.04.013

ABSTRACT: We have developed a phenomenological model describing the evolution of the
growth of CdTe during the PBSE process. This model was used to define precisely the phase
diagram and led to the growth conditions of the first single crystals of CdTe grown by this
technique, which is intrinsically scalable to larger dimensions than the usual ones.
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InfraRed imaging:
microbolometers

 VGA and XGA IR focal plane array with 17µm pixel pitch
 Pixel level packaging for uncooled infrared detectors
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Advanced uncooled amorphous silicon VGA and
XGA infrared focal plane array with 17µm pixel pitch.

Research topics: Infrared detector, microbolometer, amorphous silicon

JJ. Yon, JL. Tissot*, S. Tinnes*, A. Durand*, C. Minassian*, P. Robert*, M. Vilain* (* ULIS)

ABSTRACT: The CEA-LETI and ULIS high level of expertise gathered on uncooled amorphous
silicon microbolometers, supplies today the French technology with the capability to
produce Video Graphics Array (VGA) and EXtended Graphics Array (XGA) Infrared Focal
Plane Arrays (IRFPA) with 17 µm pixel-pitch for addressing both high end and low cost
applications [1]

Uncooled microbolometer infrared focal plane array

(IRFPA) has become the cornerstone component of

the latest very low-cost handheld thermal camera,

which has gained a strategic position in the

infrared imaging business due to the progressive

shift from the single military application to the

dual-use market that is mainly driven today by

some newly appearing and widespread commercial

demands. In this outlook, basic efforts are

focussing on pixel size reduction and performance

enhancement. The present technical sheet gives a

brief insight into the latest results obtained from

the achievement of 640 x 480 (VGA) and 1024 x

780 (XGA) IRFPA, with 17µm pixel pitch (Fig. 1).

Fig. 1: VGA (left) and XGA (right) 17µm pixel-pitch µbolometer

IRFPA in their respective ceramic and metallic package.

Several key technology improvements are required

to successfully scale the pixel down from 25µm to

17µm. Among them, enhanced 0.5µm lithography

and appropriate microbridge engineering (thin film

embodiment tuning) gave us readily an edge for

designing a high-sensitivity and fast 17µm pixel. It

results in a thermal time constant under 10ms and

a mean NETD figure (noise equivalent differential

temperature) at 46mK (Fig. 2).

10 20 30 40 50 60 70 NETD (mK)

Fig. 2: NETD histogram (F/1, 30Hz, Tbg=300K) obtained from

the VGA 17µm IRFPA.

In the mean time, this new generation of sensors

was supplied with various advanced integrated

functions on the focal plane array to facilitate its

integration into system equipment. Among them,

the most attractive feature relate to a serial fully

programmable interface to operate the sensor for

a wide range of conditions (array size control,

selectable gain, automatic pixel wise extended

dynamic range for hot spot measurement, analog

or digital output selection…). As a result,

sensitivity versus dynamic range can be carefully

adjusted according to the operational needs.

Other benefits result naturally from the silicon like

properties of the sensitive a-Si material used for

the thermal sensor: high spatial uniformity, TEC-

less capability (i.e. low power operating mode that

does not require the use of a thermoelectric cooler

for the FPA temperature stabilization).

As an illustration, Fig. 3 shows a typical IR image

obtained from a 1024 x 780, 17 μm pixel-pitch

IRFPA issued from these developments.

Fig. 3: High resolution IR view of downtown Grenoble from the

XGA 17µm IRFPA (Photo ULIS).

Références:
[1] J.L. Tissot, S. Tinnes, A. Durand, C. Minassian, P. Robert, M. Vilain, J.J. Yon, “High-performance uncooled
amorphous silicon video graphics array and extended graphics array infrared focal plane arrays with 17-µm pixel
pitch”, SPIE Optical Engineering, vol. 50, no. 6, June 2011.
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Pixel level packaging for uncooled infrared
detectors

Research topics: Infrared detector, microbolometer, pixel level packaging

G. Dumont, L. Carle, V. Goudon, C. Vialle, W. Rabaud, A. Arnaud, JJ. Yon

ABSTRACT: As packaging represents a significant part of uncooled IR detectors cost, a
collective packaging process would contribute to enlarge their application to very low cost
infrared camera market. This chapter presents the recent development at CEA-LETI on a
pixel level packaging technology. The technology aims at encapsulating each pixel under
vacuum in the direct continuity of the bolometer process.

Pixel Level Packaging (PLP hereafter) process

consists in the manufacturing of IR transparent

microcaps that cover each microbolometer (i.e.

each pixel) of the array [1](see Fig.1). To be

efficient, the microcap has to be hermetically

sealed under vacuum and maintain the vacuum

level in the 10-3 mbar range requested for nominal

IR detector operation. The main point (regarding

cost reduction objectives) is that the PLP process is

thoroughly carried out directly on the ROIC and

bolometers wafer, in a full collective way.

Anti-reflection and sealing layer

Bolometer

Microcap

Reflector / Getter

Fig.1: SEM profile view of a microbolometer after PLP process

During these developments [2], the bolometers

and PLP steps were processed on test wafers

(without IR CMOS readout circuit). These test

wafers do not allow getting an IR image. However,

some few pixels from the bolometers array are

directly routed to test pads by the means of metal

lines. These pixels can be biased in order to

measure their thermal resistances.

Before the PLP process, several device samples,

similar to those used in the PLP process, have been

vacuum packaged by standard methods and used

to calibrate the Pirani gauge property of the

microbolometers. Their thermal resistances have

been measured as a function of the surrounding

pressure in the vacuum test package (see Fig.2).

The Pirani gauge behaviour is noticeable between

5.10-3 mbar and 10 mbar. Below 5.10-3 mbar, the

thermal resistance saturates and the bolometer

works under its nominal conditions, but can no

longer be used as a pressure gauge.

Fig.2: Pixel thermal resistance versus pressure and results of

thermal resistance measures on PLP devices

After PLP process, thermal resistance measures

made on test wafers have demonstrated a vacuum

level inferior to 10-3 mbar in PLP microcaps.

This is a key result as it demonstrates the

efficiency of the CEA-LETI PLP process:

microbolometers can be hermetically sealed under

vacuum in microcaps on 200mm wafers.

Moreover, it is the first time a microbolometer is

integrated with such type of packaging technology

with a vacuum level compatible with full

performance of the detector. Finally, this result

demonstrates that PLP is a conceivable packaging

solution for uncooled IR detectors for very high

volume applications.

Références:
[1] M. Vilain, “Procédés et dispositifs de fabrication de détecteurs de rayonnement”, FR 2 822 541 French Patent,

(2001).
[2] G. Dumont, W. Rabaud, X. Baillin, JL. Pornin, L. Carle, V. Goudon, C. Vialle, M. Pellat, A. Arnaud, “Innovative

on-chip packaging applied to uncooled IRFPA”, Infrared technology and Applications XXXVII, Proc. SPIE Vol.
8012(2), (2011).
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TeraHertz imaging

 Active THz imaging with antenna-coupled micro-bolometers arrays
 THz imaging using standard CMOS FETs
 THz micro-bolometers applied to explosives detection
 Modeling of THz uncooled antenna-coupled bolometer at CEA-Leti
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Active THz imaging with antenna-coupled
micro-bolometers arrays

Research topics: THz, Real-time Imaging, Antenna, Bolometer

F. Simoens, J.Meilhan, S.Pocas, J.L.Ouvrier-Buffet, J. Lalanne-Dera

ABSTRACT: we are developing THz-customized uncooled 320x240 pixel arrays , where
antenna-coupled bolometer pixels are combined with a matched resonant cavity. The room
temperature array exhibits state of the art performances and is capable of real time THz
imaging in a wide spectral range with extremely good sensitivity.

In spite of the tremendous recent progress in the

development of THz sources, detectors, optics and

systems, few technologies satisfy criteria for

commercial applications: moderate cost and high

yield in production, reduced power consumption

and weight, easy-to-use and high reliability, real-

time acquisition rates.

Uncooled focal plane arrays (FPAs) potentially meet

these expectations, and in particular resistive

micro-bolometer FPAs that benefit from more than

2 decades of developments in thermal infrared

imaging. On the basis of its know-how in such

thermal sensors, CEA-LETI has initiated a few

years ago [1] the development of fully THz

customized amorphous silicon based thermistors to

enhance sensitivity. Each pixel consists in an

antenna-coupled bolometer structure processed

above an 11µm thick dielectric resonant cavity.

Figure 1: Uncooled THz antenna-coupled microbolometer
pixel structure

First prototypes of FPAs processed above bulk Si

wafers have been manufactured and THz detection

by individually addressed pixels has been

demonstrated [2]. These results have been

consolidated by a second 2D sensor batch where

320x240 bolometer arrays are collectively

fabricated above a CMOS Application-Specific

Integrated Circuit (ASIC).

Preliminary sensitivity characterizations with QCL

emitting at 2.4 THz have shown a threshold

detection of our device close to 68pW and an

estimated NEP of the order of 1 pW/√Hz. These 

figures of merit suffer from the fact that 2.4 THz is

not the main antenna resonant frequency (i.e. 1.7

THz) and from mismatching between bolometer

resistance and CMOS readout circuitry.

Despite these limitations, the THz-FPA prototypes

have permitted the imaging of QCL beam with a

comfortable SNR: THz signal transmitted or

reflected on solid samples has been imaged in

conditions close to real-life applications.

Thanks to the CMOS ASIC that delivers an analog

flow of the multiplexed signals detected by the

complete 2D array of bolometers, we obtained first

transmission imaging real-time sequences of small

concealed objects with a simple optical

configuration.

Figure 2: Single frame extracted from a video sequence where

hidden scissors are translated through the THz optical beam

References:
[1] F. Simoens, T. Durand, and J. Meilhan., “Terahertz Imaging With a Quantum Cascade Laser and Amorphous-
Silicon Microbolometer Array”, Proc. SPIE, Vol. 7485, 74850M (2009);
[2] Simoens F., Arnaud A., Castelein P., Goudon V., Imperinetti P., Lalanne Dera J., Meilhan J., Ouvier Buffet J.L.,
Pocas S., Maillou T., Hairault L., Gellie P., Barbieri S., Sirtori C., “Development of uncooled antenna-coupled
microbolometer arrays for explosive detection and identification”, Proc. SPIE 7837, (2010)
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THz imaging using standard CMOS FETs

Terahertz, THz, MOSFET detector, Imager, security, integrated antenna

F.Schuster, B.Giffard, M.Tchagaspanian, W.Knap* (*Univ. Montpellier 2)

ABSTRACT: THz-rays are an alternative to X-rays for imaging through thin materials. Their
non-ionizing character makes them inherently health-safe. Commercial applications range
from non-destructive testing, security screening of objects or persons to medical imaging.
We investigated THz detectors fabricated in a low-cost 130 nm silicon CMOS technology,
showing that they are efficient for imaging from 0.3 THz up to 1.05 THz.

The interactions of humans between

themselves and with the world are mainly based on

electromagnetic waves, from the light we see to

the datas we transmit on cellular phones, and the

entire electronic world. In terms of wavelength, the

spectrum has historically been covered two kinds

of techniques pushed to their limits, the optics for

the shorter wavelengths and the electronics for the

larger ones. The classical range description is

presented in Fig. 1: the THz range is situated in

between the optical and the electronic domains,

and remained inaccessible for a long time due to

the lack of practical sources and detectors.

Figure 1 : THz band within the electromagnetic spectrum

Pixel Thz detector based on Si-FET follows an

original approach. No FET is able today to respond

at a frequency as high as 1 THz. However, even

low cut-off frequency FET can rectify THz radiation

thanks to nonlinear properties of charges/plasma

in the transistor channel. THz radiation perturbs

the charge density and can lead to the creation of

plasma waves as well as overdamped plasma

oscillations. As a result a continuous voltage

appears between source and drain. An antenna

structure is needed to effectively couple the free-

space THz wave to the sub-wavelength transistor.

The CMOS based pixel scheme is shown in Fig. 2:

the whole structure can be realized with a standard

CMOS process, including the metal antenna which

is implemented in the metal interconnection layers.

This ability to be processed with a standard

industrial silicon technology is one of the main

benefits of this approach.

Figure 2 : : CMOS Pixel scheme and CMOS THz pixel array

photograph

The sensitivity of the pixel can be expressed using

various terms, such as the NEP (noise equivalent

power) or the responsivity. NEP is expressed in

W/√Hz. It gives the minimum detectable power 

for a given detection bandwidth. The responsivity

is expressed in V/W, and is the ability of the pixel

to convert the power received by the antenna into

readable Volts. The results obtained with these

THz Si-FET pixels are 8 pW/√Hz (NEP) and 5 kV/W 

(responsivity) at 0.3 THz [1]. Losses increase with

the frequency, and the highest measured

operation is today slightly above 1 THz, with a

responsivity of still 50 V/W for the same pixel

[2,3]. Mounted in a test package and together

with a THz source for active illumination, the

CMOS pixels are used to provide THz images

which emphasize the unique characteristics of THz

radiation. Objects concealed in paper envelopes or

in food products can thus be seen without the use

of ionizing X-rays. Water content sensitivity

reveals the inner structure of a tree leaf, giving

information on its health and water needs: Fig 3.

Figure 3 : leaves seen in the visible range and at 0.3 GHz :

Compact sources allow today easy illumination of

small scenes under 1 THz, opening the way to

numerous applications in quality control and

security.

References:
[1] F.Schuster et al, “Broadband Terahertz imaging with highly sensitive silicon CMOS detectors”, Optics Express,
Vol. 19 Issue 8, pp.7827-7832 (2011).
[2] F. Schuster et al., “A Broadband THz Imager in a Low-cost CMOS Technology”. ISSCC, 2011.
[3] F. Schuster et al., “Imaging above 1 THz limit with Si-MOSFET detectors”,IRRMW, Rome, 2010.
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THz micro-bolometers applied to explosives
detection

Research topics: THz, Real-time Imaging, Antenna, Bolometer,
Explosive identification

J. Meilhan, B. Dupont, V. Goudon, G. Lasfargues, D.T. Nguyen, S. Pocas, F. Simoens

ABSTRACT: Spectral signatures of solid materials in the THz range can provide
spectroscopic information for chemical identification. After demonstration of explosives
absorption coefficient extraction by scanned imaging of QCL THz beams [1], we report first
tests of real-time imaging in reflection configuration. The detection was achieved by a
320x240 bolometers array monolithically processed above a CMOS read-out circuit.

Most of solid explosives present specific spectral

signatures in the Terahertz electromagnetic range

(0.3–10THz). A system coupling this spectroscopic

information to THz active imagery of a stand-off

scene is likely to provide at the same time

information on the location of potential hidden

objects under clothes and on their chemical

composition.

In order to optimize the microbolometer sensitivity

to THz detection, an innovative antenna-coupled

bolometer has been developed [2]. Antennas are

designed for the 1 to 3 THz range where explosives

exhibit specific fingerprints and QCL (Quantum

Cascade Laser) THz sources are efficiently

operating.

THz QCL (P7 University)
2.4 / 2.7 / 2.9 THz

Explosives pellet samples
TNT / RDX / PETN / HMX

TE polarized QCL beam
Angle of incidence 15°

320x240 antenna-coupled
bolometer array

Figure 1: Reflection imaging setup

The imaging setup aims at evaluating the specular

reflection of a QCL beam on explosives pellet

samples. A pair of 3” and 4’’ OAPM with f/1 and f/4

apertures focus the beam on the pellets with 15°

incident angle. Specular reflected signal is collected

and collimated by a third OAPM to a plane mirror

that directs the beam towards a last OAPM for

focusing on the THz-FPA. The total optical path

length is close to almost 1 m in ambient

atmosphere.

The samples under study were pure explosives

materials: TNT, RDX, PETN and HMX pressed at

1500 Bars for several minutes resulting in pellets

of 2 mm mean thickness.

Surface roughness of the samples was controlled

by measurement of a 3x3 mm² surface on both

faces of each pellet. The resulting average

roughness over all the samples does not exceed

1.3 µm, so diffuse reflection is negligible.

Reflection measurements were performed with

different QCL devices emitting at 2.4, 2.7 and 2.9

THz, and collected signal is compared to a

reference acquisition in which pellet is replaced by

a gold coated silicon sample.
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Figure 2: Reflectivity of explosives samples

Clear differences in reflectivity of explosives with

respect to frequency are revealed by this

experiment. This result demonstrates the

feasibility of explosive identification by active

imaging combining multicolor QCL sources and

room temperature antenna-coupled bolometer.

Forthcoming works will address the extension of

the number of frequencies and explosive materials

investigated and the comparison of the explosives

reflectivity extracted from this work and from

measurements in spectrometer.

Références:
[1] Simoens F., Arnaud A., Castelein P., Goudon V., Imperinetti P., Lalanne Dera J., Meilhan J., Ouvier Buffet J.L.,
Pocas S., Maillou T., Hairault L., Gellie P., Barbieri S., Sirtori C., “Development of uncooled antenna-coupled
microbolometer arrays for explosive detection and identification”, Proc. SPIE 7837, (2010)
[2] Simoens F., Meilhan J., Pocas S., Ouvrier-Buffet J.L., Maillou T., Gellie P., Barbieri S., “THz uncooled
microbolometer array development for active imaging and spectroscopy applications”, IEEE IRMMW-THz 2010.
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Modeling of THz uncooled antenna-
coupled bolometer at CEA-Leti

Research topics: THz imaging, uncooled micro-bolometer, infrared antenna

D. T. Nguyen, F. Simoens, J. L. Ouvrier-Buffet, J. Meilhan, S. Pocas

ABSTRACT: Uncooled antenna-coupled microbolometer focal plane arrays are being
developed at CEA-LETI with the objective of offering low-cost, real-time 2D terahertz
imaging sensors. The electromagnetic behavior of this innovative detector has been
extensively studied to optimize the optical beam coupling, and consequently its sensitivity.
Experimentally characterized figures of merit -as spectral response- show good agreement
with 3D finite elements electromagnetic code simulations.

The properties of terahertz (THz) radiation (0.3-10

THz) open the way to a wide range of sensing and

imaging applications, such as passenger screening

for concealed objects, packaging inspection or non-

destructive control of materials.

Uncooled microbolometer detectors constitute

promising candidates that combine several assets

and in particular a conversion mechanism that

allows radiation sensing on a wide spectrum from

infrared to millimeter-wave.

CEA-Leti has developed a patented detector

structure [1] that associates quasi double-bowtie

antennas to a thermometer microbridge structure

derived from the standard infrared bolometers.

Fig. 1. Perspective scheme of antenna-coupled bolometer pixel.

The electromagnetic behavior of such complex

pixel structure (fig. 1) is studied with 3D simulation

codes like Comsol ® or Ansys®’ High Frequency

Structure Simulator. In particular, specific efforts

are devoted to optimizing the electromagnetic

response of the antenna-coupled sensor.

In parallel, a specific measurement setup (fig. 2)

has been developed to characterize the spectral

response of sensor prototypes: the THz beam of

Fourier Transform Spectrometer (Vertex 80v of

Bruker) is focused onto the studied bolometer

array. The optical flux absorbed by each bolometer

generates an electrical current flowing through its

resistance and, by scanning the delay line, an

interferogram is recorded. The Fourier transform

of this interferogram constitutes the spectral

response of the bolometer.

Fig. 2. Spectral response measurement setup

Several prototypes of planar antenna-coupled

bolometers have been modeled and tested. Good

agreement has been found between simulated and

measured results (example of spectral response

described in [3]): they show a high optical

coupling efficiency on a wide spectral range, an

important figure of merit for such THz sensors.
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Fig. 3. Example of simulated (continuous line) and experimental

relative spectral response (dashed line).
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Visible imaging

 Metal-dielectric color filters including infrared cut-off integrated on
CMOS image sensor
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Metal-dielectric color filters including infrared
cut-off integrated on CMOS image sensor

Research topics: spectral filtering, CMOS image sensors

L. Frey, P. Parrein, J. Raby, C. Pellé, D. Hérault*, M. Marty*, J. Michailos*, (*ST Microelectronics)

ABSTRACT: A color image was obtained with a CMOS image sensor without any infrared cut-
off filter, using red, green and blue metal/dielectric filters arranged in Bayer pattern with
1.75µm pixel pitch. Both color errors and signal to noise ratio derived from optimized
spectral responses are expected to be similar to color resists associated with infrared filter.

Color capturing by CMOS or CCD visible image
sensors is currently performed by organic color
resists arranged in Bayer array. As organic
resist filters are partially transparent in the near
infrared, they are usually associated with an
additional infrared cut-off filter, made of a large
number of dielectric layers. Also, as the pixel
size continues to shrink, there is a need for
reducing the height of the back-end stack to
avoid optical cross-talk. Organic resist layers
can hardly be made thinner without impacting
the filtering efficiency.

In this study, we investigated thin film
Fabry-Perot filters to avoid the infrared cut-off
filter. We found that a double cavity
metal/dielectric stack including three Ag layers
and two dielectric spacers was a good
compromise between the simplicity of the stack
for a technological realization, and the
agreement of the spectral responses with
colorimetric requirements. The transmitted
wavelength was controlled by the thickness of
only two layers, the two dielectric spacers,
which is compatible with a technological process
flow of limited complexity (Fig 1).

The design of the multilayer stack could be
optimized to get performances close to
traditional color resists with IR filter in terms of
color error and SNR calculated on Gretag
MacBeth patches. Filters were first deposited by
PVD on glass wafers. The measured spectral
responses were found to be in excellent
agreement with the designs (Fig 2), which
carefully took into account the variation of Ag
optical constants with thickness.

RGB filters were then integrated on 200mm
CMOS wafers, which required four successive
levels of photolithography, etching and
stripping.

Finally, a 3Mpixel color image was
demonstrated without infrared cut-off filter,
with a micro-camera module including 7 layer
metal/dielectric filters arranged in Bayer array
with 1.75µm pixel pitch on CMOS front-side

image sensor (Fig 3). The thickness of the
filters (400nm) was only half of the traditional
color resists.
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Figure 1: Schematic cross section of patterned RGB
metal/dielectric filters.

Figure 2: Measured spectral responses (plain lines) of RGB
metal/dielectric filters on glass wafer, compared with theory
(dashed lines).

Figure 3: First color image with metal/dielectric filters
patterned in 1.75µm pixels on CMOS, without IR filter

Références:
[1] L. Frey, P. Parrein, J. Raby, C. Pellé, “Color filters including infrared cut-off integrated on CMOS image sensor,”
Opt. Expr., vol. 19, no. 14, pp. 13073-13080, July 2011.
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Display components

 High Brightness Green OLED Microdisplay with High Resolution and
Low Power

 A New Circular-shape Active-matrix OLED Display with
Polymorphous Silicon Thin-Film Transistors

 High storage reliability of thin film encapsulated OLED
 Structural analysis of Polymorphous Silicon using X-Ray

synchrotron radiation
 A new method of silicon crystallization using Laser applied to thin-

film transistors
 Room temperature NIR sensors using colloidal quantum dots
 Micro display driving mode for Liquid-Crystal pico-projector
 Mixed-twisted-nematic mode for liquid-crystal micro-display
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High brightness green OLED microdisplay with
high resolution and low power consumption

Research topics: microdisplay, top-emitting OLED

H. Doyeux, D. Sarrasin, P. Demars, H. Kanaan

ABSTRACT:. We report high luminance Green OLED (organic light emitting diode)
microdisplay with a high resolution of 5.4 Mpixels and very low operating voltages. The
microdisplay is capable of operating at 10,000 cd/m² and exhibits a high contrast ratio of
1,000,000:1 and power consumption less than 200 mW.

OLED microdisplays [1] have been developed for

applications close to the eyes like video-glasses,

helmet mounted displays, head-up displays and

camera view finders. Such applications typically

require high resolution and contrast along with low

power consumption. OLED displays are emissive;

they don’t need a back light like LCD, this results in

thinner displays. Further, compared to LCDs, the

response time of OLED microdisplays is 1000 times

faster (few μs versus few ms) and they operate at 

lower temperature.

The device stack [2] is based on doped charge

transport layers to enable low voltage operation.

Though, when using a high Tg (glass transition

temperature) material the device operates in a

wider temperature range.

The Schematic picture of a microdisplay is shown

in Figure 1. It is based on a green OLED stack

sandwiched between an anode, the top layer of the

integrated circuit (IC) backplane, and a top semi-

transparent cathode. The whole is protected by a

cover glass.

Figure 1 : Schematic of the microdisplay

The 0.13μm CMOS technology enables 

microdisplays to get a higher integration density

between pixels (5μm pixel pitch) and digital 

interface. It is capable to work at 3.3V power

supply.

The pixel circuit consists of a two transistors

scheme. One transistor drives the anode of the

pixel, and the second switch transistor isolates the

pixel when addressing the other rows of the

matrix.

The OLED stack is based on a PIN small molecule

architecture evaporated on the backplane via a

metal shadow mask under high vacuum conditions

(pressure <10-7 mbar).

The PIN Structure enables low operating voltages.

The thickness of the different layers has been

optimized by simulations to maximise light out-

coupling in forward direction.

The electro-optic characteristics are presented in

the table below [3]:

Green microdisplay key characteristics

Number of pixels 2560 x 2048 sub-pixels

(5.4 Mpix)

Pixel pitch 4.7 x 4.7 mm

Active area 12.22 x 9.67 mm² (0.61”

diagonal)

Brightness Upto 10,000 cd/m² ;

2000 cd/m² (typical)

Contrast >106

Uniformity >96%

Video input Digital, 4x10 bits

IC power supplies +3.3 V (analog)

1.5V (digital)

Common cathode

power supply

-3 V (typical)

Power consumption <200 mW (typical)
Table 1 : Key characteristics of green microdisplay

We have demonstrated that green OLED

microdisplays have high luminance operation at

low voltages. The resolution of the display is 5.4

megapixels, which is the highest value for an OLED

microdisplay reported so far in literature. Further,

the green OLED microdisplay has a power

consumption of less than 200 mW at high

brightness values.

[1] G. Haas, “Challenges for High Resolution OLED Microdisplays”, SID-ME Chapter Spring Meeting 2010
[2] G. Haas, S. Ciná, J.-P. Dagois, H. Doyeux, J.-C. Martinez, and C. Prat, “Novel high efficiency top emission OLEDs for display and lighting
application”, SID Symposium Digest of Technical Papers, 37(1), 1764 – 1766 (2006)
[3] V. Gohri, L. Espuno, G. Haas, H. Doyeux, D. Sarrasin, O. Billoint , P. Demars; ”High Brightness Green OLED Microdisplay with High Resolution
and Low Power” Proceedings of the Intern.Display Research Conference (IDRC 31), EuroDisplay 2011, 19-22nd Sept., Arcachon, France (2011).
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A New Circular-shape Active-matrix OLED Display
with Polymorphous Silicon Thin-Film Transistors

Research topics: OLED, Display, Active-matrix, Any-shape

F. Templier, B. Aventurier, T. Maindron, J. De Girolamo

ABSTRACT: A new AMOLED display has been designed, fabricated and evaluated. For better
display performance, color is obtained by combining top-emission white OLED and color
filters, which are coupled using a specific process. As a result of this work, an innovative
circular-shape display for applications such as automotive could be demonstrated.

Active-Matrix OLED displays are a new technology

that recently emerged in commercial products

such as high-end mobile phones. For mass-

production of displays, the classical rectangular

shape is the most suited. However, for some

applications an uneven shape can be an

advantage or mandatory. This is the case of a

circular shape which is a standard one in

applications such as watches, automotive,…

Developing such display involves challenges in the

design and fabrication process. Within the

European Project ‘AMAzOLED’ LETI and its

partners have developed a circular-shape AMOLED

display [1].

A first challenge is to achieve OLED in color with a

high resolution. The classical way is to use

shadow masks to successively deposit the three

Red Green Blue OLEDs. However, this method is

not suitable when making higher resolution and or

smaller size color OLED displays, due to

insufficient precision of the shadow-mask process.

Using white OLED coupled with color filters is an

interesting solution, since it allows taking

advantage of the reliability and efficiency of top

emitting white OLED. The challenge is then to

achieve accurate alignment between the active

matrix and the color filter plate.

This could be obtained, by developing a packaging

process consisting of: (i) Thin-film encapsulation

by atomic layer deposition, (ii) full-sheet glue

dispensing, (iii) alignment using precision

proximity-aligner, with +/- 3 µm accuracy, (iv)

glue curing (v) glass cutting compatible with the

particular display shape.

In this work, OLED with so called inverted

structure has been used. Using N-channel active-

matrix, driving becomes easier, because OLED

voltage doesn’t add to the data signal. This

reduces driving complexity, and enhances display

lifetime by removing the influence of OLED driving

voltage on display brightness.

The obtained displays are shown below.

Circular shape OLED operating displays, monochrome (top) and

colour version (bottom).

On monochromatic displays, it was possible to

achieve a very high brightness at relatively low

VDD. This demonstrated the capability of the

design of the active matrix and OLED

performance. On color displays, color coordinates

are in agreement with simulations. Also on the

prototypes local pixel to pixel uniformity was very

good.

These results show that OLED technology is paving

the way to a great field of new demanding

applications.

Références:
[1] F. Templier, H. Lebrun, E. Chuiton, J. Magarino, O. Langguth, J. Blochwitz-Nimoth, B. Aventurier, T. Maindron,
J. De Girolamo, J.-Y. Simon, P. Roca i Cabarrocas, M. Oudwan, D. Daineka, ‘A new circular-shape active-matrix
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High storage reliability of thin film encapsulated
OLED

Research topics: OLED, thin film encapsulation, microdisplays

T. Maindron, J.Y. Simon, E. Viasnoff

ABSTRACT: A multilayer thin-film encapsulation process based on the use of Atomic Layer
Deposition of Al2O3 for organic light-emitting diodes (OLED) has been developed at LETI. Its
positive impact onto OLED stability and reliability upon climatic storage (85°C/85%RH) has
been studied.

Organic electroluminescent diodes (OLED) must
be encapsulated to prevent their degradation
due to oxidizing gases of the atmosphere such
as O2 and H2O vapor (characterized by the
emergence and growth of black spots,
corresponding to non emissive zones when the
OLED is polarized). In general, these barrier
layers are made of oxides, nitrides or
oxynitrides deposited by thin film deposition
techniques. They may also be made of thin
metal films but for top-emitting devices for
which the photons are emitted through the top
electrode (LETI technology onto silicon
substrates) they must be transparent to the
diode visible emission. The LETI Al2O3 barrier
layers are deposited by low temperature Atomic
Layer Deposition (ALD)1,2,3. The ALDl
technology avoids the generation of particles
during deposition while producing dense and
pinhole-free films, which turns out to be a
mandatory character of thin film barrier to
ensure a reliable protection of the devices.
However, as residual defects are unfortunately
present in these layers, the laboratory has
developed a multilayer barrier system of the
kind Al2O3 / polymer / Al2O3 (Fig.-1) which was
named Super High Barrier (SHB). This
technology is somewhat comparable to the
product of the Vitex company, BarixTM: the use
of a thin organic layer between the oxide
barriers layers allows to decorrelate the residual
defects of an oxide layer to another and thus
lengthen the path of gaseous species that
permeate. Their occurrence at the interface
cathode / encapsulation is thus delayed so is
the appearance of black spots. It has been
shown that our SHB was very effective and far
much thinner, 300 nm, compared to the Vitex
solution, 2-3 microns. It guarantees a
significant integrity of the OLED while allowing
the precise encapsulation of individual chips,
thus avoiding edge permeation, for OLED-based
microdisplay applications (up to 250 chips /
wafer). A first evaluation of WVTR (Water Vapor
Transmission Rate) of the SHB has been

measured to be around 10-5 g/m²/day which
correlates very well with state-of-art targeted
values for thin film barriers.

Inorganic barrier

Polymer layer

Inorganic layer (ALD)

OLED stack

Silicon substrate

Figure 1: LETI Super High Barrier for OLED (principle)

Storage reliability of the thin film encapsulated
OLED has been studied at 85°C/85%RH.
Results have been depicted onto Fig 2. It turns
out that the OLED degradation is minor: after
168h an outstanding yield of zero defect (1
defect = 1 black spot) OLED (90%) can be
obtained (onto a population of 135 OLED per
wafer). For comparison, a non-encapsulated
device stands only a couple of minutes in these
severe conditions while a single Al2O3

encapsulated one yields less than 5% after
24h.
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Figure 2: Performance of SHB as evaluated by storage
(85°C/85%RH) of thin film encapsulated OLED

The main features of SHB are: (i) low total
number of layers (ii) a high edge sealing of
individual chips; (iii) it is easily scalable as it
has been demonstrated in the Comboled EU
FP7 project on large lighting panels.
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Structural analysis of Polymorphous Silicon
using X-Ray synchrotron radiation

Amorphous, polymorphous, silicon, synchrotron, structural characterization

F. Templier, J. Brochet

ABSTRACT: Polymorphous silicon is promising new material for active-matrix displays. We
analyzed it using X-Ray synchrotron radiation and compared it with a-Si:H. Structural
differences have been evidenced between the two materials. In particular, using Pair
Distribution Analysis, it has been shown that higher order is present in the neighboring
atoms of pm-Si:H.

Amorphous Silicon (a-Si:H) is very widely used for

the fabrication of active-matrix LCD displays, as

semiconductor for thin-film transistors. Recently,

Polymorphous Silicon (pm-Si:H), slightly different

from a-Si:H since it contains nanocrystals, has

been shown as a better candidate than a-Si:H for

Active-Matrix OLED displays [1]. However, to

explain this advantage on electrical performance,

so far no structural analysis on the pm-Si:H has

been done. Using X-Rays from synchrotron

provides very high flux, spectral continuum and

low-divergence beam. In general, X-Ray diffraction

is not appropriate for analysis of amorphous

material. However, coupling diffractograms of

amorphous or near-amorphous materials with so-

called Pair Distribution Function (PDF) can lead to

information on the near-neighboring atoms. In this

work [2], we have investigated structural

composition of pm-Si:H using X-Ray synchrotron

radiation combined with PDF, and compared with

a-Si:H.

First we have compared diffractograms of a-Si:H

and pm-Si:H at low energy (7 KeV) and different

grazing incidences (figure 1).

Figure 1: Difference between diffraction signals of pm-

Si :H and a-Si :H at 7 KeV and for three grazing angles:

0.3; 0.5 and 1 degree.

It has been evidenced that the diffraction signals

obtained are different, and that the difference

increases when the incidence diminishes, showing

that this difference can be attributed to the

materials. In the meantime, pm-Si:H exhibits

thinner diffraction peaks, indicating a more

ordered structure.

Figure 2 shows Pair Distribution Functions

obtained from pm-Si:H and a-Si:H diffractograms

at an incidence of 0.3°.

Figure 2: Pair Distribution Function of pm-Si:H and a-

Si:H obtained from diffraction diagrams at E = 7 keV

and incidence angle of 0.3 °.

Some differences are observed between the two

signals, in particular for the first peaks,

representing the first interatomic distances at

2.35 and 3.95 Ǻ, respectively. Pm-Si peaks have 

higher amplitude, which indicates a higher

distribution of these distances in the layer, and

therefore higher short-distance crystallinity.

In summary this analysis shows that there is a

structural difference between pm-Si:H and a-

Si:H, the first having a higher short-distance

order. This is consistent with the better

electronical properties observed with pm-Si:H,

which makes this material a good candidate for

active-matrix OLED displays.
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A new method of silicon crystallization using Laser
applied to thin-film transistors

Thin-film Transistors, Display, Active-matrix, Laser crystallisation

F. Templier, J. Brochet, B. Aventurier, M. Audier

ABSTRACT: Thin-films of amorphous silicon have been crystallized using a pulsed laser and
an interferometer system, a new method providing periodic crystallization and potential
excellent homogeneity of devices. Crystallization of a-Si:H layers has been demonstrated,
and the observed periodicity of 652 nm is similar to the simulated value.

Today the development of Active-Matrix OLED

(AMOLED) displays is limited by the Thin-Film

Transistor (TFT) technology where we need a high

performance device with excellent on-substrate

homogeneity. Laser crystallized Polysilicon made

with conventional excimer laser is a good candidate

for making such TFTs, however poor homogeneity

prohibits its application for large area OLED

displays. We are proposing a new laser

crystallization method, using a multi-beam

interferometric system, which gives a periodic

distribution of energy and therefore a periodic and

regular grain distribution across the plate.

The periodicity of the energy distribution depends

on the number of beams and on the laser

wavelength [1]. We have used a pulsed Nd-YAG

laser with 10 Hz frequency giving a UV beam at λ 

= 355 nm after harmonic generation. Using our 4-

beam set-up, a 625 nm periodicity can be

predicted. We have exposed a-Si:H thin-films

under the holographic pattern, and have analyzed

the obtained layers.

Figure 1: optical micrograph of laser-treated a-Si:H. One can see

a period of 652nm between dots. On the inset, Fourier transform

of the micrographs

Using optical microscopy, one can observe a

regular pattern (Figure 1), with a period of 652

nm, which is consistent with the calculated values.

Also, the Fourier Transform confirms that we

obtain a Face-centered Cubic Bravais lattice.

To evaluate the crystallinity of the laser-

irradiated layers, High-resolution Transmission

Electron Microscopy has been performed (Figure

2). On the right, (111) planes are visible. The

inset shows Fourier transform. Once indexation of

the FT is done, one can see the FCC Bravais

lattice, or diamond structure of the crystalline

silicon. Based on this picture, we extract

crystallites size of 80 nm.

Figure 2: Evidence of crystallization using Transmission Electron

Microscopy. The inset is a Fourier transform of the TEM picture.

Such observations allowed us to highlight a

crystallization of the amorphous silicon layer

when we apply laser interference treatment.

These results show that using this interference

system, crystallization of a-Si:H can be obtained,

together with a periodic distribution of the grain

size. To our knowledge, it is the first time that

amorphous silicon is crystallized using

holographic laser system for Thin-film transistors

[2].

Such method is therefore well suited for the

fabrication of poly-Si TFTs with very good

homogeneity, and provides the realization of

high-performance, large area AMOLED displays.

Références:
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Room temperature NIR sensors using colloidal
quantum dots

S.Le Calvez, H.Bourvon, H.Kanaan, S.Meunier Della Gatta, C. Philippot, P.Reiss*
(*Inac/Spram/Lemoh)

ABSTRACT:
Imaging in near infrared (NIR) still remains a challenge that can be overcome by new kinds
of materials as colloidal quantum dots (QD). These materials have the ability to tune their
absorption wavelength depending on their chemical composition and size. Preliminary
device tests based on PbS QDs inside a polymeric matrix, result in a specific detectivity of
4.7.109 Jones at 1300 nm.

Imaging with visible light is easy and makes
part of our everyday life but new applications
need to go over to the NIR range. However, due
to the Si cut-off at 900 nm, silicon digital
cameras are blind to wavelengths longer than
1050 nm. Semiconductor nanocrystals/quantum
dots (QDs) offer a real alternative to InGaAs
and microbolometer technologies, expensive or
not applicable in the NIR range. Significant
advances have recently been reported in QD
NIR photodetectors. Two different approaches
can be distinguished. On the one hand,
photodetectors based on neat nanocrystals thin
films are considered. In 2006, Konstantatos et
al. reached the highest specific detectivity
obtained with a solution processed QD NIR
photodetector: 2.1013 Jones at 1.3 µm at room
temperature. On the other hand, groups are
working on hybrid bulk heterojunction
photodetectors. In this case a blend of organic
semiconductors playing the role of electron- and
hole-accepting and transporting materials is
used as a matrix. QDs are used as sensitizers
and harvest the NIR photons to produce
photogenerated excitons. Rauch et al. reported
in 2009 a PbS QDs sensitized organic NIR
imager integrated on an amorphous silicon
active matrix using an organic matrix composed
of [6,6]-phenyl-C61-butyric acid methyl ester
(PCBM) and poly(3-hexylthiophene) (P3HT).
The reported external quantum efficiency (EQE)
for this device was 16.5% at 1220 nm.

Building on this last approach, we are detailing
here our own results for the preparation of a
hybrid P3HT-PbS QDs-PCBM NIR photodetector
[1].

PbS QDs synthesis was adapted from Neo and
Cademartiri’s methods. They exhibit
photoluminescence in the range from 1300 to
>1600 nm depending on the crystal size. It
varies from 4.8 nm to 6.4 nm for the samples
showing the excitonic peak at 1350 and 1650
nm.

Figure 1: SEM image of the obtained PbS nanocrystals (mean

size: 6 nm)

The P3HT:PbS QDs:PCBM ternary blend deposited

by spin coating as a 100 nm thick layer on a

Pedot:PSS HIL layer, exhibits a small peak in the

NIR area at 1300 nm. This peak is attributed to

the absorption of the PbS QDs, confirming that

they act as NIR sensitizers. A specific detectivity

D* of 4.7.109 Jones is calculated at 1350nm.

Figure 2: (a) EQE under 0.6 V. (b) Zoom into the NIR

The PbS QD photodetector produced using the
spin-coating technique exhibit sensitivity in the
NIR range but is limited by high dark current.
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Micro display driving mode for Liquid-Crystal pico-
projector

Research topics: Coding – driving, liquid crystal, projector, sequential colour

U.Rossini

ABSTRACT: Sequential colour mode needs very fast response liquid crystals. Here, we
present an original driving method compatible even with standard liquid crystals.

To minimize the display size and the power
consumption of an LCD, the best solution is to
drive in sequential colour, so each pixel will be
alternatively Blue, Green, Red needing 1/3 pixel
number and avoiding the waste of light, at least
2/3 being absorbed in the colour filter.
The counterpart is the need of a much better
performing liquid crystal able to stabilize very
fast after the pixel driving to authorise the
colour light turn on corresponding to the sub
frame Blue, Green, Red.

time

time

Light
source

s

Liq.Cryst.

Stabilisation

Pixel voltage

with overdrive

Figure 1: Typical driving for sequential colour

As the sub frame duration is around 5.5ms, the
liquid crystal response time should be around 1
ms or less. The solution is to impose an erasing
step to each pixel (no light transmitted by the
pixel) at the end of each sub frame. This way
the light source may be turned on at the end of
this black-out step even if the liquid crystal is
not yet stabilized.
The time needed to select all the lines for the
erasing step may be very short because the
information is the same for the entire matrix
and so there is no need to sample a video
signal. Then the time select is defined so that
all the pixels are, during a while, at the same
voltage and in a low impedance mode. In this
way, during the erasing step the liquid crystal
may tilt much faster because the power supply
can thwart the dynamic capacitance of the
liquid crystal. We observed erasing time lower
than 1ms at room temperature as can be seen
at the (fig3), which is fast enough for the
described application.Then the liquid crystal can
relax while the next colour source is turned on
just after the erasing step.
The liquid crystal used for the test is MLC2062
from Merck .
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Figure 2: Using erasing step

Figure 3: Output light thru the display (blue curve)
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Figure 4: Voltage pixel et CE

The backplane is made with the H9SOI
technology.The allowed voltage between the
drain and source of the pixel transistor is 3V,
so the frame inversion mode for driving is
obligatory and the voltage on the counter
electrode is chosen so that the voltage applied
on the liquid crystal is varying between 1.5V
and 4.5V for respectively ON and OFF in the
writing period and 6V during the erasing step
[1]. The commutation of the counter electrode
occurs at mid time in the erasing step when all
the pixels are connected in low impedance to
the power supply.

[1] U. Rossini, « Method for writing an image in a liquid crystal display » WO2011095403
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Mixed-twisted-nematic mode for liquid-crystal
micro-display

The project of liquid crystal micro display leads
to define the liquid crystal mode. A lot of modes
are used in TV applications with the aim of
obtaining a wide view angle by dividing the
pixels into sub-domains:VA (vertical alignment),
IPS (in-plane switching), AFFS (advanced
Fringe-field switching). In micro display and
especially for projection, the view angle is not
the main problem. Liquid crystal response time
is still a problem for almost all the applications
but becomes essential in µdisplay if we project
to drive in colour sequential mode to minimise
size and power consumption..

There is no need and no place for sub domains
in pico projector application where the pixel size
may reach 5*5 µm². Frame inversion may be
preferred instead of line or column inversion to
minimize inter pixel perturbation because of the
reduced pixel size, and normally white mode
will be also preferred to benefit from the LETI
patented driving mode including an erasing step
in each sub-frame.

Black level is defined with crossed polarisers so
it is free from thickness variability, considering
liquid crystal being optically isotropic. The
erasing step (inducing black level) is needed to
be electrically activated and faster than
mechanical relaxation time. That imposes that
the display must be normally white and cross
polarised.

Figure 1: MTN mode ( mixte twist nematic) and action on the
polarised light on the POINCARE sphere with optimised cell
thickness

With this consideration, the liquid crystal
cannot be vertically aligned. Our choice will be
reduced to twist mode between 0 to 90°.
Generally this mode is called MTN because of
two optical effects on the polarisation as
described on the Poincare sphere. With the
twist of 90° and appropriate thickness of the
cell, the liquid crystal operation may be
approximated as a pure rotation.

Figure 2: These curves determine the cell thickness to obtain
the best transmission for different conditions of twist and
polariser position

The operation of the display was simulated with
DIMOS(a specific software for liquid crystal
devices: response time (On and OFF), Optical
transmission, Colorimetry, conoscope
(transmission with different input light angle).
From these parameters, we defined the best
compromise for the twist parameters[1].

Figure 3: Best compromise configuration

Research topics: micro display, MTN, liquid crystal

U.Rossini

ABSTRACT: We describe a liquid crystal modulator for a pico-projector using a standard
liquid crystal from MERK and driven in MTN colour sequential mode.with 60° twist , cross
polarisers and simple uniaxial film for compensation.

[1] Nanoproj Project, Year 2 Annual Report, LETI contribution, Minalogic, (2011)
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Optical environmental
sensors

 Mid-IR source based on a free-standing micro-hotplate for autonomous
CO2 sensing in indoor applications
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Research topics: gas sensing, mid IR source, micro-hotplate

S.Nicoletti, M.Barritault, M.Brun, S.Gidon

ABSTRACT: We designed, fabricated and tested a black-body IR source based on a
microhotplate micromachined in Si and suitable to work above 650° C. The use of state-of-
the-art MEMS technologies allows to lower the power consumption below 50 mW while
ensuring a lifetime well beyond 10 years.

For CO2 monitoring in public and domestic

buildings, commercial sensors typically include an

IR source, an IR detector and an IR filter to detect

concentrations ranging from 300 to 2000 ppm with

an accuracy of about 100 ppm and resolution of

about 20 ppm. A major constraint comes from the

limitation in power consumption, since typically a

sensor unit might need to work autonomously for

more than a year. It is worth mentioning that,

while a variety of commercial sensors can provide

the required accuracies and resolutions, they often

fail to meet the power consumption constraints.

Conversely, these goals can be reached using Si

MEMS technologies to miniaturize the source to

realize a micro-hotplate. Since in the early ’90, a

number of different device layouts were designed,

realized, tested and commercialized. In spite of

that, these devices were not used as a black body

source because of their stability when the

temperature is raised above 500 °C.

Figure 1: SEM image of the micro-hotplate

We report the realization of a IR source based on a

micro hotplate suitable to work up to 650 °C while

keeping the power consumption below 50 mW. The

goal is to provide enough power in [=4.2 ÷ 4.3

µm] range to work with RT IR detectors. To reduce

the thermal mass, the micro hotplates have been

fabricated on a freestanding Si3N4 membrane by

MEMS technologies. The design of the heater was

optimized to minimize the temperature spread.

This goal was reached by filling the interspace

between the heaters with a metal spacer

fabricated in the same stack used for the resistor

itself.

Figure2: Thermal image of the microhotplate

When the source is operated at 44 mW, the optical

power emitted in the range (C=4.26 µm, Δ=200

nm) is Pexp=0.35 µW ± 0.1 µW. Assuming that the

micro-hotplate behaves as a perfect blackbody,

this result demonstrates that it is possible to reach

an effective temperature above 650 °C while

consuming less than 50 mW.

The hotplate can reach a steady state temperature

in less than a ms and the device can be operated

with an acceptable drift for more than 10 years

with a duty cycle of 1 measurement every 2 min

(~ 6 x 105 cycles). This device is thus an ideal IR

source for autonomous NDIR detection of CO2 to

be used in conjunction with heating/venting air

conditioning systems.
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 Integrated optics for stellar interferometry
 Metallic nanophotonic structures for IR light engineering in imaging
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 Loss mechanisms of plasmons propagating on a smooth

polycrystalline Cu surface
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 Micronics scale spatially resolved localized response of topologically
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Integrated optics for stellar interferometry

Research topics: interferometry, stellar imaging, integrated optics, astronomy

P. Labeye, P. Philippe, V. Lapras (DTSI)

Abstract: Since 1996, CEA-LETI collaborates with IPAG (Institut de Planétologie et
d’Astrophysique de Grenoble) on the development of integrated optical chips for stellar
interferometry imaging. Results in laboratory and on sky demonstrate the possibility to
reconstruct images with a far greater resolution than what can be achieved on the biggest
telescopes on earth or in space.

Stellar interferometry is an astronomy observation

technique based on the coherent mixing of beams

from separate telescopes. Main advantage of the

technique is the possibility to achieve a far greater

resolution than the resolution a single telescope

can give. The main drawback is the instrumental

complexity: every optical path has to be controlled

at a fraction of the wavelength of observation.

Heavily used in radio astronomy, the technique is

obviously more difficult to be used in the optical

range.

Since its first contact in 1996 with IPAG, CEA-LETI

has been collaborating with the astronomers of

Grenoble on an original approach consisting in

using integrated optics components to realize the

interferometric instruments for astronomy. These

components bring the following decisive

advantages [1]:

• Thanks to intrinsic spatial filtering due to single

mode guided propagation, it is possible to get rid

of atmospheric turbulence. The signal to noise ratio

obtained is more than a decade better than the

one obtained with standard bulk optics.

• Integration allows for better compacity (typically

1m2 fits in a few cm2 optical chip) thus providing a

far better instrumental stability over the

observation campaign time (typically two weeks).

Moreover, the solid state nature of these

components offers a far better reliability and

maximizes observation time by minimizing

calibration time.

Figure 1: Left: optical “recombiner”chip. Right: PIONIER

instrument setup

Since October 2010, the visitor instrument

PIONIER [2] using integrated optics has been

recombining the light of all four beams of the Very

Large Telescope Interferometer (VLTI), enabling

new science at the highest angular resolution.

PIONIER is indeed able to resolve structures less

than 3 milliarcseconds across, which is the

resolution of an equivalent 130m diameter

telescope.

Figure below shows the orbit reconstruction of

SSLeporis binary star and illustrates the

performances of PIONIER.

Figure 2: LMulti-epoch image reconstruction of the symbiotic

binary SS Lep. The system is composed of a cool red giant in

orbit around a hot blue dwarf with a period of 235 days. The

stars are so close that several episodes of mass transfer occurred

in the recent past of the system. The size of the inner Solar

System is shown for reference .

Integrated optics recombiners will be at the heart

of the next interferometric instrument GRAVITY

[3][4] that aims at observing the black hole in the

center of the Milky Way. But in a more distant

future, the complexity and the chip size will

considerably increase with the number of

telescopes. The use of recent advances in silicon

photonics would be an interesting approach, would

allow a far better integration, and the use of more

integrated functions. Moreover, it would open

possibilities in the mid infrared region.
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Metallic nanophotonic structures for IR light
engineering in imaging and sensing

Research topics: Imaging, Sensing

J Le Perchec, M Brun, N Rochat, Y Désières, O Gravrand, G Badano, J Hazart, S Nicoletti,
R. Espiau de Lamaestre

ABSTRACT: For imaging and sensing applications in the infrared spectral range, use of
metal nanostructures where light is controlled at subwavelength scales is very promising to
achieve compact and efficient optical functions. Our ability to control their fabrication on a
microelectronic technological platform is enabling large scale and low cost production.

In the infrared range, limited optical losses of

metals open the way to innovative devices that will

mix the photonic modes propagating within

dielectrics and the plasmonic modes which

propagate at the surface of metals. Such dielectric

loading of metal nanostructures has been

investigated in the radiofrequency range for

decades, for example in the design of Frequency

Selective Surfaces. Nowadays, the need for

compact optical solutions for the IR applications,

such as imaging and sensing, is driving the

development of new designs and fabrication

methods. In this spectral range, the use of

plasmonic modes allows tailoring light properties at

scales smaller than by simply using dielectrics.

We recently reported the theoretical and

experimental study of a resonant bandpass filter

made of a very thin sub wavelength metal patch

array coupled to a high index dielectric waveguide

(Fig. 1). The spectral properties of those filters can

easily be tuned by playing on the lateral

dimensions of the grating. They exhibit high and

narrow transmission peaks together with very good

rejection of light out of the pass-band and low

angular dependence. To those respects, they are

an interesting alternative to some purely dielectric

structures such as planar multilayer filters.

Moreover, those filters are mechanically robust and

easy to fabricate at large scale and low cost in

CMOS foundries. They could be used in non-

dispersive IR optical sensor to filter the absorption

signal of CO2 around a wavelength of 4.25µm, in

combination with IR detector and source such as

the one presented in the chapter “Mid-IR source

based on a free-standing micro-hotplate for

autonomous CO2 sensing…” of the present report.

The spectral band pass of those filters can also be

scaled throughout the optical spectrum, and can be

integrated within focal plane arrays of various

imaging technologies, down to visible wavelengths.

Fig. 1: (a) sketch of the multi-layer stack with experimental

parameters; (b) picture of the Si wafer on which a series of

infrared filter matrix were fabricated on LETI platform; (c) SEM

image of the sub wavelength aluminum grating; (d)

Experimental FTIR transmission spectra of filters, essentially

differing by their period.

Having chosen an absorbing semiconductor as a

load for such metal nanostructures, we were also

able to design a nanophotonic quantum detector

(Fig. 2). Doing so, we expect lower noise, or

equivalently higher operating temperature, in

addition to some spectral filtering and sorting

ability. This sketches forseen improvements of IR

imaging systems brought in by plasmonics.

Fig.2 : Quantum efficiency enhancement experienced by a

semiconductor placed in the cavity formed by a plasmonic

patch antenna, as a function of the wavelength.

Références:
[1] J. Le Perchec, R. Espiau de Lamaestre, M. Brun, N. Rochat, O. Gravrand, G. Badano, J. Hazart, and S. Nicoletti,
Opt. Exp., vol. 19, pp. 15720-15731, August 2011.
[2] J. Le Perchec, Y. Desieres, and R. Espiau de Lamaestre, Appl. Phys. Lett., vol. 94, pp 181104-181107, May
2009.
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Loss mechanisms of plasmons propagating on a
smooth polycrystalline Cu surface

Research topics: Integrated CMOS Plasmonics, Optical sensing

H S Lee, S Boutami, R Espiau de Lamaestre, C Awada*, F Charra*, L Douillard*, (*CEA DSM)

ABSTRACT: We studied the propagation properties of surface plasmon polaritons on a Cu
surface by means of PhotoEmission Electron Microscopy (PEEM). Use of a CMOS process to
fabricate the Cu thin film is shown to enable very high propagation distances, which favor
an easier integration and higher performances of CMOS plasmonic devices.

The use of surface plasmon polaritons (SPP) in

metal nanostructures to control light at scales

lower than its natural wavelength has emerged in

the past few years as a promising way of

integrating optical functions in e.g. infrared

optoelectronics and biochemical sensing

applications. Both the control over the optical

losses of plasmonic modes and the compatibility of

SPP device fabrication with complementary metal-

oxide-semiconductor (CMOS) processes are

required to meet the promises of applications.

We showed that copper layers fabricated with

standard CMOS processes used for electrical

interconnections are particularly well suited to

optical purposes, owing to the huge efforts made in

microelectronics to achieve a very good copper

material quality. We fabricated Cu layers that

exhibit optical losses close to the ones of silver, a

metal very often considered for plasmonics but not

permitted in CMOS environment. From our

measurements, SPP propagation distance at a Cu

surface can be for example as much as 65 µm at a

750 nm wavelength.

In addition to that careful material choice, we

showed that nanoscale properties of the Cu

surface, namely the topology of the grain

boundaries and the oxidation of the copper

surface, are crucial to the control of the SPP losses.

This was evidenced by a PEEM imaging of the SPP

propagation at the Cu surface: in addition to the

expected interferometric oscillating feature, whose

intensity decreases as the SPP is absorbed (Fig. 1

a), we also observed electromagnetic hot spots at

the grain boundaries positions (Fig. 1b). The latter

correlation was directly shown by comparing the

PEEM image to the topographic Low Energy

Electron Microscopy (LEEM) image at the same

location (Fig. 1c).

Grain boundaries lead to absorbing

electromagnetic hot spots through grain grooving

effects that occur during deposition, annealing, or

polishing/aging. These field enhancements can

increase the SPP absorption, as already observed

in previous literature. Using a CMOS process to

fabricate the Cu thin film we were able to strongly

reduce the surface density of grain boundaries,

hence significantly limiting the amount of excess

losses. This high quality Cu material is now utilized

to demonstrate CMOS compatible plasmonic

devices, such as slot waveguides and couplers

(see next chapter “Metal-Oxide-Silicon

Nanophotonics: Integrating Plasmonics with

Silicon Photonics”)

Figure 1: For all images, the orange arrow indicates the incident

light direction. (a) PEEM image at 700 nm wavelength. The scale

bar is 4 µm. (b) higher resolution zoom of PEEM image shown in

(a). A and B indicate relatively large and small hot spots

respectively, in correlation with the surface defects observed in

AFM image. (c) LEEM and PEEM images at the same sample

location. Blue triangles highlight the positions of hot spots.The

scale bar length for (b) and (c) is 2 µm.

References:
[1] Hyun Seok Lee, C. Awada, S. Boutami, F. Charra, L. Douillard, and R. Espiau de Lamaestre, “Loss mechanisms
of surface plasmon polaritons propagating on a smooth polycrystalline Cu surface”, to be published in Opt. Exp.
2012
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Metal-Oxide-Silicon nanophotonics: integrating
plasmonics with silicon photonics

Research topics: plasmonics, silicon photonics, integrated optics

A. Tchelnokov, C. Delacour, Ph. Grosse, J. Harduin, S. Blaize*, G. Lerondel*, (*UTT Troyes), M.
Fevrier**, B. Dagens**, J.-M. Lourtioz**, (**IEF Orsay)

Abstract: Coupling plasmonics and silicon photonics is the best way to bridge the size gap
between macroscopic optics and nanodevices, especially nanoelectronic ones. We realized
key blocks for future plasmonic planar integrated optics, nano-optical couplers and
nanoslot metallic waveguides that are compatible both with the silicon photonics and the
CMOS microelectronics. Copper-based devices provide for very efficient optical coupling,
low propagation losses and a broadband sub-50 nm optical confinement. The fabrication is
performed in a standard frontline microelectronic facility of the CEA Leti.

Being very compact, plasmonic waveguides (WGs)

should provide for efficient optical coupling to truly

nanoscopic devices. They can guide both light and

electrical current. In addition, high optical

confinement can significantly decrease the

threshold of nonlinear effects for all-optical

switching applications.

Figure 1: Metal-oxide-semiconductor optical chip: a straight

metallic (copper) slotline optical waveguide is coupled both

ends to a standard monomode silicon waveguides. Each

silicon waveguide is terminated with a diffraction grating

coupler providing an interface to macroscopic optical fibers

We explored metallic slotline optical waveguides

that were simulated and then fabricated using

CMOS fab line of the CEA Leti, 200 mm wafers,

optical projection lithography and copper

damascene process. The slotline configuration is

the most promising since it requires only a single

litho step.

The mode size of the metallic waveguide (50 by 50

nm2) is much smaller than the mode size of a

monomode silicon waveguide (200 by 450 nm2). A

straightforward butt coupling would be

prohibitively inefficient.

We choosed to use directional couplers between

the two WGs placed one on top of the other.

Thanks to the close proximity, the coupling is very

efficient (we demonstrated better than 50%

efficiency) and spectrally tolerant.

Figure 2: Near-field characterization using SNOM (middle)

compared with the FDTD electromagnetic simulations (bottom)

The efficient operation of the devices was

confirmed both with statistical macroscopic

characterizations on full 200 mm wafers and with

scanning near field optical microscopy (SNOM).

Other configurations of the metallic WGs coupled

with Si photonic WGs were also successfully

experimentally tested:

Figure 3: A metallic nanoparticle chain WG coupled to a Si

photonic WG, also showing an efficient directional coupling

between two waveguides

We show that highly efficient plasmonic devices

can be made technologically compatible with both

Si photonics and with Si electronics, thus enabling

more complex integrated plasmonic devices.

References:
[1] C. Delacour et al. “Efficient Directional Coupling between Silicon and Copper Plasmonic Nanoslot Waveguides:
toward Metal-Oxide-Silicon Nanophotonics”, Nanoletters, 2010, pp. 2922-2926.
[2] M. Février et al., “Giant Coupling Effect between Metal Nanoparticle Chain and Optical Waveguide”, Nanoletters,
2012, pp. 1032-1037.
[3] (invited) A. Chelnokov et al., “Plasmonic optical waveguides on silicon and CMOS integrating issues, E-MRS
2011, Nice.
[4] (invited) A. Tchelnokov et al., “Integrating plasmonics with silicon photonics, ImagineNano (Nanomagma
session), Spain, Apr. 2011.
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Effect of nitrogen or carbon doping on global
and local order in crystalline GeTe

Research topics: Phase Change Memories, X-Ray Diffraction,
Extended X-ray Absorption Fine structure (EXAFS) spectroscopy

B. Hyot, B. André, X. Biquard* (*CEA-INAC), A. V. Kolobov** (**AIST, Japan)

ABSTRACT: Main focus of CEA-Leti’s investigations in the field of Phase Change Memories
(PCM) concerns the development of new phase change materials, aiming at the
improvement of the cell performances for the automotive market segment. CEA group has
shown that light nitrogen or carbon addition in GeTe binary alloy allows to boost the data
retention performances of the PCM. We investigate the effect of doping on both the global
and local structure of GeTe.

GeTe is of a high technological interest being an

end point of the GeTe–Sb2Te3 pseudobinary tie line

that describes the so-called phase-change materials

used in various memory applications. A large

fraction of the current rewritable DVD market as

well as the now coming-to-market next generation

of nonvolatile electrical memory devices are based

on compositions along this tie line. At the same

time, there are applications that require different

material properties. For example, in the automobile

industry, where memory chips are located in the

vicinity of a hot engine, severe thermal stability

requirements are imposed upon the material. In

particular, materials suitable for such embedded

applications should possess a higher crystallization

temperature. One of the ways to modify the

crystallization temperature of the amorphous phase

is through adding other elements. It has been

demonstrated [2] that adding nitrogen and/or

carbon to GeTe leads to a significant increase in the

crystallization temperature. Since properties of a

material depend on the structure (that can change

with doping) it is of importance to investigate the

effect of doping on both the global and local

structure of GeTe. The combination of both x-ray

diffraction (XRD) and extended x-ray absorption

fine structure (EXAFS) spectroscopies were used to

lead this study.

XRD measurements were conducted on the BM32

(IF) beamline at the European Synchrotron

Radiation Facility (Grenoble, France) and EXAFS

measurements were performed at beamline BL01B1

at SPring-8 (Hyogo, Japan).

While Bragg diffraction which probes the global

structure exhibits a clear transition upon doping

from the rhombohedral phase to the cubic

(rocksalt) phase, the local structure probed by

EXAFS remains rhombohedrally distorted across the

compositions studied (Fig.1).

The apparent inconsistency between the results of

the two techniques used is attributed to disordering

upon doping (Fig.2) and the resulting order-

disorder transition that is “seen” by site-averaging

diffraction as a displacive rhombohedral-to-cubic

transition.

Fig.1: Fourier transformed EXAFS spectra of carbon- and nitrogen-

doped GeTe measured at room temperature. The concentrations of

the dopants are shown next to each set of spectra. The dashed

line (guide for the eyes) marks the shorter Ge–Te bond.

Fig.2: Schematic presentation of the undoped (left panel) and

doped (right panel) GeTe structures. The subset of the shorter

bonds is shown by solid lines. In the undoped GeTe all Ge atoms

are displaced coherently with the resulting shorter and longer

interplane distances. Doping generates perturbation of the

ordering with the resulting randomization of the distortions

generating a structure with on an average equal interplane

spacings.

One of the most challenging aspects of exploring

the materials science of PC alloys is the complexity

of the multinary systems being explored. With the

prospect of embedded PCM applications at CEA-Léti,

the new insights gained into deeper theoretical

understanding of PC materials hold great promise

for insightful development of optimized PC alloys

and the fine-tuning of their properties.

References: [1] B. Hyot et al., “Effect of doping on global and local order in crystalline GeTe”, Appl. Phys. Lett.
98, 231907 (2011).
[2] (A. Fantini), V. Sousa et al., “N-doped GeTe as Performance Booster for Embedded Phase-Change Memories”,
IEDM conference (International Electron Devices Meeting), San Francisco, CA (2010).
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Depth estimation from a single image by multi-
scale depth of field analysis

Research topics: 3D Imaging, Depth Estimation, Depth of field, Binning, Multi-Scale

G. Papp, S. Gétin, J. Dias

ABSTRACT: Depth estimation from a single image is a challenging issue in computer vision research.

By analysing the defocus cues produced by the depth of field (DOF) of a given imaging system, the
depth information can be estimated. In order to meet this purpose, a depth from defocus algorithm
(DFD) is applied to an image pair having different emulated DOF. Thanks to an original binning
technique, from one image captured with a limited DOF (Fig.1a), we emulate two images. The first one,
has the same amount of blur as the original (Fig.1c). The second has an extended DOF (Fig.1b). Then,
with different binning patterns, we can generate several images pairs with different DOF and use them
with a DFD algorithm for processing a full depth map by an averaging process (Fig.1d).

1. Motivation and principle
Depth map can be useful for automatic scene

segmentation, post-exposure refocusing, and

spatial re-rendering. Most passive depth estimation

methods require multiple viewpoints or different

apertures. In the case of a single image, the depth

estimation can be performed by defocus analysis

(Zhuo, S. et al., CAIP ’09, 889–897, 2009) . The

DOF of an imaging system is the range of scene

depths that appears focused in an image. A limited

DOF produces blur in the captured image according

to the depth variation of the scene. In this

prospect, we propose a new algorithm for depth

estimation from a single image that uses a DFD

algorithm (Wong, E., vol. 3 of ICASSP 2006) with

two input images generated from an adapted

binning method.

2. Multi-scale DOF technique
For the first image, this binning method consists in

processing the average of a cluster of pixels to

recover an extended DOF version (Fig.2) of the

original sub-sampled image. The second image is

processed by keeping the centered pixel of each

cluster to synthesize a sub-sampled version of the

original image. The images obtained have a quite

different DOF, which also results in a little defocus

blur difference between them. By using a DFD

algorithm, a depth map is estimated from both

images. Then a multi-scale analysis is performed

to construct a full depth map. This consists in

tuning the pixels clusters widths and positions

(Fig.2). At each scale, we calculate the associated

depth map. These depth maps are then

interpolated and averaged to produce the final

depth map.

Figure 2: Binning Method

3. Conclusion
A new method to generate an image pair with

different DOF is presented and used with a DFD

algorithm for estimating a full depth map. In

future, we would like to further investigate the

influence of the acquisition parameters like the

aperture, optimized focusing area in the object

space as well as noise sensitivity.

Reference:
G.-I. PAPP, J. DIAS, S. GETIN, « Procédé et dispositif de calcul d’une carte de profondeur à partir d’une unique
image », patent application FR 1157149 filed august 4th /2011

(a) (b) (c) (d)
Figure 1: Our approach: Input High Resolution image with high textured objects (a). We apply our binning technique for generating

the EDOF (b) and non-EDOF (c) pictures. By using a DFD algorithm on several generated image pair, we process a full depth map (d).
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Micronics scale spatially resolved localized
response of topologically structured solar cells

Research topics: Light beam induced current on structured solar cells

P.Gidon

ABSTRACT: The efficiency of a solar cell is highly dependent of its anti-reflective surface.
We present a light beam induced current equipment with a resolution under 3 µm used to
characterize textured surface of solar cells. The results are the open circuit voltage map
and the short circuit current map variations inside the textured surface motifs.

Anti-reflective layers on solar cells are

optimized in order to get high power efficiency.

Several solutions are used. One of the most

common is light trapping at a finely structured

surface at the input face of the solar cell.

Many structured surfaces have been proposed and

theoretically simulated, ranging from a needles

forest to periodical motifs. The typical dimension of

a motif of the structured surface is in a range of 5

to 20 µm.

In order to verify if the light trapping works as

simulated or to reveal realization problem at the

surface of solar cell, we modified an electric test

station. We added different light sources, with

different spectra and different spots sizes.

The spot of light is moved along a grid to form an

optical excitation raster. Simultaneously the photo

generated current is measured. So a photo-

generated current image map of the solar cell is

obtained.

This modified equipment can now be understood as

an LBIC (light beam induced current equipment)

but various kind of LBIC exist. They are optimized

for speed measurement or large surface, ref.: “J.

Carstensen, and al., CELLO characterization, Solar

Energy Materials & Solar Cells 76 (2003)” or “Th.

Pernau, and al., Advanced quality control in the

PV-industry“. High resolution LBIC is not easy, ref.:

“J. Martın, and al. Prog. Photovolt: Res. Appl.

2004.”

Our equipment can use a spot size under 3µm and

we can detect and map the details in photo current

generation inside the structured surface of solar

cell. Parameters like open circuit voltage, short

circuit current, shunt resistance or current for a

specific voltage can be mapped simultaneously.

Comparing the experimental results with

simulations help to determine where the

imperfections are.

The left image is made with a SEM and shows a periodically

structured surface of a solar cell. The right image map is made

with our LBIC and show the open circuit voltage measurement

relative to its maximum.

The left image is made with an optical microscope and shows a

randomly structured surface of a solar cell. The right image map

is made with our LBIC and show the open circuit voltage

measurement relative to its maximum.
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 High speed optical modulation in silicon
 Wafer level high-speed Germanium photodiode array integration on

silicon
 Silicon photonic circuits: integration & packaging
 Demonstration of optical OFDM generation and transmission
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Hybrid Si/III-V lasers with adiabatic coupling

Research topics: CMOS Photonics, Hybrid Integration, Semiconductor Lasers

B. Ben Bakir, A. Descos, N. Olivier, J. M. Fedeli, P. Grosse

ABSTRACT: We report on hybrid Si/III–V lasers with adiabatic coupling. The proposed
architectures allow laser mode to experience maximal gain available in the III-V region
while maintaining a high coupling efficiency to Si-waveguides. Hybrid Fabry-Pérot laser and
integrated racetrack laser, photodetector and waveguide-to-fiber coupler are presented.

We report on experimental demonstrations of
electrically driven hybrid Si/III-V lasers that are
based on the supermode control of a two
coupled waveguides system. The novelty is that
the optical supermode is fashioned along the
cavity length to obtain a strong overlap with the
gain region while maintaining a high coupling
efficiency with the bottom silicon waveguide.
This results in a larger gain available for
amplification.

Figure 1: a) A schematic representation of a hybrid Si/III-V

Fabry-Pérot laser b) Infrared images of the device taken below

and above threshold

An example of hybrid laser is shown in Fig. 1-a.
The Fabry-Pérot laser cavity is formed by two
vertically superimposed waveguides separated
by a thin SiO2 layer. The top waveguide,
fabricated in an InP/InGaAsP based hetero-
structure, only serves to provide optical gain.
The bottom Si-waveguides system, which
supports all the optical functions, is constituted
by an optical cavity delimited by a pair of

distributed Bragg reflectors (DBRs) and a
waveguide-to-fiber surface grating coupler. The
mode transformers, positioned below the edges
of the active waveguide, provide an adiabatic
transition by varying the width of the Si rib-
waveguide.
The laser threshold current is 50 mA with a
maximum output power of 16.5 mW at 15 °C.
The device operates up to a stage temperature
of 60 °C with an output power exceeding 1.5
mW.

To demonstrate how this approach can be
declined in various designs, we fabricated, on
the same chip, integrated hybrid racetrack
lasers, photodetectors and waveguide-to-fiber
surface grating couplers. The III-V hetero-
structure and the coupling scheme are the
same used in the Fabry-Pérot laser cavity; the
only difference being that the pair of DBRs
defining the cavity is now replaced by a Si-
racetrack. The laser structure is shown in Fig.
2-a: it consists of a hybrid racetrack ring
resonator with a directional coupler formed at
the opposite side of the III-V waveguide. A
photodetector and a waveguide-to-fiber surface
grating coupler are located at both ends of the
directional coupler to collect light from the
clockwise and counterclockwise propagating
laser modes. Infrared images of the hybrid
Si/III-V racetrack laser taken below threshold
and well above threshold are shown in Fig. 2-b.
The laser threshold is around 15 mA with a
maximum fiber-coupled power of 2.8 mW.

Figure 2: . a) Optical microscope image of the hybrid Si/III-
V racetrack laser and photodetector. b) Infrared images of
the laser taken below and above threshold .
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[3] B. Ben Bakir et al. “Hybrid Si/III-V lasers with adiabatic mode transformers,” (Invited Talk) Asia
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High speed optical modulation in silicon

Research topics: Si Photonics, Modulation

D. J. Thomson*, F. Y. Gardes*, Y. Hu*, J-M. Fedeli, S Messaoudène, G. T. Reed*, (* Univ. of Surrey)

ABSTRACT: The call for a high speed optical interconnects can be answered by silicon
photonics. We have demonstrated that silicon optical modulators can be produced which
operate up to data rates of 50Gbit/s. Furthermore we have developed a process with which
devices can be fabricated with leading to fewer performance variations

Increasing demands on data transfer have meant

that the limits of electrical interconnects are being

stretched to the point where an optics based

solution must take over. Silicon as a material

within which to form the photonic circuits required

to realize an optical data link is a strong candidate

due to its low fabrication costs, the prospect for

electronic-photonic integration and compatibility

with CMOS fabrication processes. The key element

within a photonic device used to form such an

interconnect is that which converts the electrical

data into an optical format, the optical modulator.

To achieve modulation in silicon, plasma dispersion

effect devices where electron and hole densities

are electrically varied to cause changes in the

complex refractive index are therefore the most

attractive. Recently we have been working to push

the performance to higher levels still. Within the

European FP7 project HELIOS that started in 2008

we have been developing a novel design of

modulator, targeting not only a high performance

device but one which is simple to fabricate and

leads to fewer performance variations.

Fig.1 – Device cross section and top view

As seen in the figure 1, the silicon waveguide rib

(400nm width and 220nm height) and slab region

(100nm height) to one is doped p type. The slab

region on the other side is doped n type. These n

and p type regions extend out to p+ and n+ type

regions respectively which form the ohmic contacts

to coplanar waveguide electrodes used to drive the

device. During reverse bias conditions the

depletion region at the junction of the p and n

type regions becomes wider and by selecting

appropriate doping concentrations it is possible for

the depletion to extend mainly into the rib region

where the majority of the optical power is carried.

A key feature of our device is that a self-aligned

process can be used to form the pn junction. This

avoids any such performance variations.

Fig.2 – Optical eye diagram obtained at 50Gbit/s showing an

extinction ratio of 3dB

In order to convert between phase and intensity

modulation Mach-Zehnder interferometers (MZI)

are used. The MZI produced have reported passive

extinction ratios of around 30dB [1]. DC

characterisation has reported a phase efficiency of

2.7V.cm. The high speed performance of the

devices has been tested by observing their ability

to convert electrical data streams at different data

rates into an optical format. We have been able to

demonstrate optical modulation at 40Gbit/s [1]

with a record 10dB extinction ratio and we have

been able to demonstrate the world’s first

50Gbit/s [2] all silicon optical modulator (figure

2).

Références:
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“High contrast 40Gbit/s optical modulation in silicon,” Optics Express, vol. 19, pp. 11507 – 11516, 2011.
[2] - D. J. Thomson, F. Y. Gardes, J-M. Fedeli, S. Zlatanovic, Y. Hu, B. P. P. Kuo, E. Myslivets, N. Alic, S. Radic, G.
Z. Mashanovich and G. T Reed, “50-Gb/s Silicon Optical Modulator,” Photonics Technology Letters, vol. 24, pp.
234-236, 2011
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Wafer level high-speed Germanium
photodiode array integration on silicon

Research topics: Silicon photonics, Photodetector, Germanium

C. Kopp, A. Ferron, J.-M. Hartmann, M. Fournier, E. Augendre, P. Grosse, J.-M. Fedeli

ABSTRACT: High-density germanium photodiode arrays are integrated on top of a dummy
CMOS 200-mm Silicon wafer. Using a conventional available semiconductor fabrication line,
the target specifications are reached with a yield exceeding 99% for several thousands of
tested photodiodes with respect to bandwidth, responsivity, and dark current.

Silicon photonics aims at developing optical ICs

leading to a combination of electronic and optical

functions on the same die. This advanced

photonics integration capability is required for a

component developed by Mapper Lithography in a

maskless lithography tool for the chip industry.

This technology is based on massively parallel

electron-beam writing in combination with high-

speed optical data transport for switching the

electron beams. Of the order of 104 electron beams

are electrostatically controlled by a monolithic chip

that combines a high-speed photodiode array,

CMOS signal processing circuitry, and MEMS

deflector array.

Dedicated to surface illumination detection, the

presented photodiodes are PIN structures

connected to the very last level of metallization of

a dummy CMOS-based silicon wafer. The

photodiode array integration is based on the

processing of wafer-to-wafer [1] bonded fullsheet

PIN heterostructures. The intrinsic layer is made of

germanium because of its high absorption at the

target wavelength of 850nm.

Fig.1.Fabricated 30-μm mesa diameter photodiode array. 

Using well-controlled semiconductor fabrication

process lines, very well-defined structures have

been produced (Fig.1). Moreover, with thousands

of photodiodes to be tested per wafer, opto-

electronic wafer level automated probe stations

has been developed (Fig.2) with dedicated DC and

RF equipments.

Fig.2. Wafer-level bandwidth measurement probing.

Considering the DC performances over more than

11 000 tested photodiodes per wafer, a very low

dark current density in the range of 7mA/cm2 is

obtained. The median value is indeed around 50

nA. This very low dark current level is in good

agreement with the low bit error rate application

targeted. The responsivity median value at 850

nm is is in the range of 0.56 A/W for 650-nm thick

i-Ge layers. For the RF performances over more

than 1100 tested photodiodes per wafer, a median

bandwidth above 9 GHz is reached for 30μm 

diameter photodiodes with only 0.3-GHz standard

deviation. Then considering the application

specifications, the photodiode yield is more than

99% [2].

Références:
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D.Marris-Morini, and L. Vivien, “Incorporation of a photonic layer at the metallizations levels of a CMOS
circuit,” in Proc. 3rd IEEE Int. Conf. Group IV Photon., 2006, pp. 200–202.
[2] C. Kopp, A. Ferron, J.M. Hartmann, M. Fournier, E. Augendre, P. Grosse, J.M. Fedeli, H. Derks, “Wafer level
high speed Germanium photodiode array integration”, IEEE Journal of Selected Topics in Quantum Electronics, Vol.
17, n°3, pp. 526-530 (2011)
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Silicon photonic circuits: integration &
packaging

Research topics: Silicon photonics, Packaging

C. Kopp, S. Bernabe, B. Ben Bakir, J.-M. Fedeli

ABSTRACT: Silicon photonics is a new technology that should enable electronics and optics
to be integrated on the same optoelectronic circuit chip, leading to the production of low-
cost devices on silicon wafers by using standard processes from the microelectronics
industry. However, this highly integrated technology required innovative packaging
developments.

Silicon photonics, using submicron scale silicon

waveguide circuits, appears as a unique

opportunity to cope with the high volume

manufacturing challenge of optical components. It

opens the door to manufacturing of optical

functions using CMOS fabrication lines and

standard well-mastered microelectronics

fabrication process. However, new packaging

challenges are raised in order to deal mainly with

optical coupling and thermal cooling [1].

The insertion loss between an optical fiber and a

nanophotonic circuit is definitively a big issue as it

directly determines the link performances. We

have developed a fiber grating coupler that takes

benefit of the CMOS integration of the photonic

circuit. Indeed, in our approach the a-Si layer

above the last metal layer of the CMOS circuit acts

as a reflective mirror below the grating structure

(Fig.1) in order to increase the coupling efficiency

up to 69% between a highly confined silicon

waveguide and a standard glass single-mode fiber.

Fig.1.Picture of a flipped grating coupler with its bottom mirror

above several metallic layers.

Beyond the pure performance, such a fiber coupler

is also advantageous regarding the costs, thanks to

its wafer-level testing capability, a compatibility

with fiber assemblies. Indeed, surface grating

couplers lead to a vertical or quasi-vertical optical

coupling of the light between a fiber and a

nanophotonic circuit. This way, they can be

located anywhere over the chip which makes high

speed automated wafer-scale testing of

nanophotonic circuits possible. Moreover they are

also compatible with standard microelectronic

packages. Considering the cost of the optical

components, the package itself has to shift from

expensive Kovar hermetic packages used for

telecom laser diode modules to microelectronic

Joint Electron Devices Engineering Council

(JEDEC)-style packages. We have then

demonstrated the implementation of a quad flat

no leads air cavity package (Fig.2) for a 10Gbps

SOI-based Ge-on-Si high-speed photodetector [2].

Such development should allow reducing the cost

of the packaging from 80% (optic model) down to

20% (microelectronic model) of the total device

costs.

Fig.2. Pigtailed optical high-speed receiver in a QFN package

multichip module.
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Demonstration of optical OFDM generation and
transmission

Research topics: High bit rate Optical transmissions

S. Menezo, G. Beninca de Farias

ABSTRACT: our team develops next generation optical transmission links, making use of
advanced photonic devices based on the components developed within the DOPT.

Currently, CEA Leti DOPT develops a broad range

of optical functions based on CMOS technology.

These are laser sources, light modulators,

waveguides, photo-detectors, wavelength (de-

)multiplexors [1]. To build highly integrated

circuits, one needs to develop reliable models of

the elementary functions (components) based both

on physical equations and on measured

characteristics. The models further allow to

perform electro/optical co-simulation (for ex.,

predict power consumption and speed

performances), and then continue with

transmission-link level simulation (bit error rate

(BER) prediction).

Here we report the development of a “transmission

link” simulation and test platform, allowing

advanced signaling formats, such as Orthogonal

Frequency Division Multiplexing (OFDM), to be

evaluated together with the components’ models.

The simulation platform makes use of MatlabTM in

co-simulation with Rsoft Optsim TM [2]. It is

successfully assessed with the help of an

experimental set up, involving the OFDM direct

modulation of a commercial laser.

OFDM is a well-known modulation technique widely

used in RF communications and digital subscriber

lines. Its resilience to inter-symbol interference,

digital dispersion compensation and low complexity

digital implementation make it attractive for long

reach optical transmission links. Since 2005,

several optical OFDM demonstrations have been

made, showing an increased interest in

applications such as long haul transmissions and

optical access networks.

The experimental set up was set using low-cost

commercially available electronic evaluation

boards. It is shown in Figure 1. The digital OFDM

signal is generated off-line using MatlabTM and

then loaded into an 8Gs/s Arbitrary Waveform

Generator (AWG).

Signal
demodulation

(off-line)

Filter +
Amplifier

Filter +
Ampli

Bias
Tee

Electrical Current
Source

0-50km
Single Mode Fibre

Optical
Attenuator

OFDM signal
generation

Laser

Figure 1: experimental set-up

The OFDM signal bandwidth is 2GHz. The output of

the AWG is amplified prior to being applied to the

laser. The laser light is coupled into a Single Mode

Fiber (SMF) followed by an optical attenuator and

a photo-receiver, converting the light modulation

into a voltage modulation. The signal is then

digitized and stored by a digital oscilloscope.

Figure 2 shows the achieved bit-rate as a function

of the SMF fiber length (transmission distance):

from 7,8Gbps in a Back To Back configuration, to

7,2Gbps with 50km SMF. The constellation of the

best SNR subcarrier is also given as an example

(32 QAM modulation).
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Figure 2: Achieved bit rate and received constellation

This work (made with off-the-shelf discrete

components) paves the way for the development

of integrated photonic circuits in silicon photonics,

enabling advanced signalling formats.

Références:
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Solid state lighting (LED)

 Bulk zinc oxide crystal growth by a vapour phase process
 Coexistence of deep and shallow donor levels in hydrothermal ZnO

crystals
 Ion implantation doping of ZnO: compared recovery of bulk and

nanowire materials
 High optical efficiency ZnO/ZnMgO Core-Shell Nanowires
 Effect of the Doping Level on the Radiative Life Time in ZnO

Nanowires
 GaN nanowire growth (1/2 and 2/2)
 GaN nanowire integration into light emitting devices (1/2 and 2/2)
 Thermal engineering for LED based modules and lamps
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Bulk zinc oxide crystal growth by a vapour
phase process

Research topics: ZnO, Bulk crystal Growth, Solid state lighting

J-L Santailler, R Obrecht, C Granier, S Brochen, G Feuillet, A Million

ABSTRACT: A Chemically assisted Vapour phase Transport (CVT) method is proposed for the
growth of bulk ZnO crystals. Thermodynamic computations have confirmed the possibility
to use CO as a sublimation activator for enhancing the sublimation rate of the feed material
in a large range of pressure (10-1 to 1 atm) and temperature (800 to 1200°C). Growth runs
in a specific and patented design yielded single ZnO crystals up to 53 mm in diameter.

Zincite single crystal ZnO, is an AII-BVI direct wide

band gap semiconductor (Eg=3.37 eV @ 300K)

that is of great interest for optoelectronic

applications [1]. Thanks to its large exciton binding

energy reaching 60 meV, ZnO provides an efficient

emission (~385 nm) at room temperature enabling

this compound to compete with GaN for

optoelectronic applications. New opportunities may

occur for ZnO compounds in solid state lighting, if

the major lock, namely the achievement of stable

p-type doping, is overcome. A full LED technology

based on Zn1-xMgxO epilayers and ZnO substrate is

under demonstration in the framework of an ANR

project DéFiZnO (2009-2012). Our first objective is

to develop a bulk crystal growth method which can

compete efficiently with the well established

HydroThermal method (HT) for ZnO. Up to now,

only small 20*20 mm² pieces are available at high

prices (50 to 200€/cm²). From thermodynamics

computations, we could demonstrate and develop a

proprietary LETI CVT method based on an

industrial crystal growth set-up from Cyberstar

company (Cf.Fig. 1)

Fig. 1 industrial ZnO crystal growth set-up from Cyberstar (Fr)

This process, a vapour phase crystal growth

method based on CO as a chemical activator, has

been patented in 2009 [2].

Increasing the ZnO substrate size is an issue, both

for industrial compatibility and for cost effective

LEDs mass production. In this view, we developed

specific seeds (1 µm OMVPE grown ZnO epilayer

on 2” Al2O3 ) and used them as templates for CVT

growth runs. The CVT method enables ZnO crystal

growth rate up to 250 µm/h and works in a wide

range of temperatures (800–1200°C) and

pressures (10-1 to 1 atm). We have demonstrated

that excellent crystalline quality can be reached

((0002) Rocking Curve down to 50 arc.sec) with a

low dislocation density (< 104 cm-2), Cf. Fig. 2.

Fig. 2: ZnO Crystal 10 mm height grown by LETI CVT method

(left) and ZnO 2” wafer cut from the ingot (right)

These values are close to state of the art HT

sample. One of the most interesting properties

derived from the CVT method (High temperature

and oxidative growth atmosphere) is the material

purity. CVT ZnO crystals show a 10 to 30 times

better purity compared to HT crystals, and have

particularly interesting electrical properties:

residual carrier density in the range 5 1015 cm-3

and high mobility > 200 cm²/(V.s).

Apart from the proper field of LEDs, these ZnO

crystals open the way to a flurry of new

applications such as new varistors, non linear

optic, piezotronic, etc…The CVT method for ZnO is

still under development, but industrial contacts

were initiated in 2011 with French industrial

crystal producers.

References:
[1] Jean-Louis Santailler et al, Chemically assisted vapour transport for bulk ZnO crystal growth. Journal of Crystal
Growth 312 (2010) 3417–3424.
[2]. J-L. Santailler, G. Chichignoud, M. Couchaud. Brevet N° WO 2009/125009 A1 dated 15/10/2009.
Procédé de préparation de polycristaux et de monocristaux d’oxyde de Zinc (ZnO) sur un germe par sublimation
activée chimiquement à haute température.
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Coexistence of deep and shallow donor levels
in hydrothermal ZnO crystals

Research topics: Zinc Oxide Doping, Solid State Lighting

S. Brochen, C. Granier, G. Feuillet, and J. Pernot

ABSTRACT: The residual n-type conductivity of ZnO crystals and the role of annealing on the
transport properties are assessed by temperature dependent Hall measurements on a wide
20–800 K temperature range. A deep level (250 meV below the conduction band) is at the
origin of the n-type conductivity of un-annealed samples. After annealing, a shallow donor
level (25 meV ionization energy) becomes responsible for the sample conductivity in the
room temperature range but coexists with the previous deeper level.

ZnO is a wide band-gap II-VI semiconductor (3.4
eV) that is considered as an attractive material
for future optoelectronic applications in the
ultraviolet range. Nevertheless, it is well known
that the development of these applications is
hampered by the difficulty to dope the material
p-type. A prerequisite is clearly to understand
the origin of the residual n-type doping and of
the compensation mechanisms at stake.
For this purpose, Hall carrier density and mobility
were measured on a wide temperature range of
20-800K on bulk ZnO commercial samples. A
preliminary study on the effect of different
surface preparations was carried out in order to
reduce the influence of surface or sub-surface
conductivity channels. This wide temperature
range made it possible to follow the evolution
with temperature of several donor levels and
their contribution to the n-type conductivity.
To have more quantitative information about the
transport mechanisms, the experimental data
have been compared with calculations. We used
the charge balance equation (CBE) within a two
donor model (one shallow and one deep) to
describe the free carrier density temperature
dependence n(T) and to obtain values of
ionization energy and concentration of each
level. The mobility temperature dependence µ(T)
has been also calculated using a model based on
relaxation time approximation and considering
the main scattering mechanisms which is a
powerful way to obtain an accurate value of the
compensation NA (> 1017 cm-3 for our
commercial ZnO). Using a parallel description of
n(T) and µ(T), the coexistence of a deep (250
meV) and a shallow level (25 meV) in ZnO single
crystals is demonstrated unambiguously before
and after annealing (1200°C;5h;O2) [1].
In the case of as-cut sample (sample #1), the
n(T) curve clearly reveals an ionization process
involving mainly a deep donor level (250 meV)
(Fig. 2(a)). However, in order to obtain a good
agreement between experimental data and
calculation in the whole temperature range, a
shallow donor level (<100 meV) must be
introduced in addition to the deep level.
After polishing an as-cut substrate (sample #2),
the n(T) and µ(T) measurements reveal a
degenerate conductive (DC) channel which

conceals the bulk channel at low temperature
(Fig. 1(a) and 1(b)). However, this polishing
induced DC channel could be removed after a
smooth oxygen plasma treatment during 10min
(sample #3) (Fig. 1(a) and 1(b)).
After annealing (1200°C;5h;O2), a shallow donor
level (25 meV) can be clearly observed on the
n(T) measurement in addition to the previous
deeper level (250 meV) (Fig. 1(a) and 3(a)) and
induces a significant decrease in the sample
resistivity. A degenerate conduction channel can
be seen as well at low temperature after this
annealing treatment and is responsible for the
collapse of the mobility at low temperature (Fig.
1(b) and 3 (b)).
In conclusion, investigating the Hall effect on a
wide T° range [20-800 K], we have demonstrated
the coexistence of a deep and a shallow donor
level thanks to a parallel description of n(T) and
µ(T). This opens the way to a better
understanding of the doping issues in difficult to
dope wide band gap materials, as used for solid
state lighting and UV LEDs.

FIG. 1. (Color online) (a) Free carrier Hall density versus inverse
temperature and (b) Free carrier mobility versus temperature of

hydrothermal ZnO.

FIG.2. Hall effect measurement n(T) (a) and µ(T) (b) from
unannealed as-cut sample (#1): experimental data (blue

circles) and theoretical fit (solid line)

FIG.3. Hall effect measurement n(T) (a) and µ(T) (b) from
annealed as-cut sample (#1): experimental data (blue circles)
and theoretical fit (solid line)
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Ion implantation doping of ZnO: compared
recovery of bulk and nanowire materials

Materials for Solid State Lighting

G. Perillat-Merceroz, P. Gergaud, P.H. Jouneau, P. Ferret, R. Thierry, G. Feuillet

ABSTRACT: ZnO being difficult to dope p type, ion implantation may be suited, as long as
implantation induced defects can be easily suppressed upon annealing. We have compared
the type of extended defects , such as dislocation loops, created upon nitrogen
implantation and the material recovery in ZnO bulk materials and in ZnO nanowires. The
proximity of the free surfaces helps eliminating dislocations, resulting in nanowires free of
any extended defect after annealing.

ZnO is a II-VI semiconductor suitable for LED
applications, in particular because of its very
strong exciton. But ZnO is still plagued by the
difficulty to being doped p type under
equilibrium conditions. Ion implantation being
a non equilibrium method, we implemented it
for bulk materials. But ion implantation
introduces point and extended defects that
have to be annealed to recover good optical
and electrical properties.
This is schematized in fig.1 which represents
X-ray scans of nitrogen implanted samples
before and after annealing. Clearly the
implantation induced deformation almost
vanishes after annealing. To gain a better
view of the recovery processes at stake, the
samples were analysed by Transmission
Electron Microscopy (Cf. fig.2). The type of
defect was found to depend closely on the
distance from the surface, revealing a clear
correlation between the type of loops and the
local nitrogen concentration. TEM diffraction
contrast micrographs of a cross-section of a
nitrogen implanted sample after annealing
under O2 at 900°C clearly reveal that all
defects have not been eliminated upon
annealing, but their type and distribution
have evolved. No p type doping could be
measured in these samples.
Because of point defect diffusion towards the
surface, most defects have been eliminated
below the surface on a depth of about 100 nm
(Cf.fig 2 a). That propped us to try and
implant nitrogen into ZnO nanowires. As
expected, in NWs with small enough
diameters, dislocations can be eliminated
completely from within the nanowire, leaving
a structurally perfect material (Fig.3),
stressing another of the potential interests of
low dimensional nanostructures.
Nevertheless, the optical properties of the
implanted and annealing nanowires are
degraded relative to un-implanted nanowires.
This was attributed to oxygen induced surface
pinning effects which kills excitonic emission,
indicating that other types of annealings
should be carried out to take advantage of
this easy recovery process in nanowires.

Figure 2: Weak-beam
images of N implanted
ZnO after annealing at
900°C under O2 for 2
hours, with different
diffraction conditions, for
analysis of the Burgers
vectors of the created

dislocations .

Figure 3: g = (0002) weak-
beam TEM images of
implanted nanowires after
annealing at 900°C for 2 h,
for two different
magnifications

Figure1: a)  / 2 X -ray
diffraction scans on the
symmetrical_0002_
reflection for ZnO
substrates before
implantation, after N
implantation, and after
implantation and
annealing.
b) Reciprocal space map
on an asymmetric peak
for the as-implanted
sample.
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Figure 1b and 1c STEM micrograph of a core-shell ZnO/
Zn1-x MgxO nanowire heterostructure viewed along it axis
and in cross-section

Figure 2 a) and b) , Photoluminescence (PL) spectra for
core-shell ZnO/ Zn1-x MgxO nanowire heterostructures
with respectively 15% Mg and 30% Mg in the barriers. c)
and d) temperature variation of radial quantum well PL
intensity for corresponding Mg concentrations.

High optical efficiency ZnO/ZnMgO
Core-Shell Nanowires

Research topics: Nanostructures for Solid State Lighting

R. Thierry, G. Perillat-Merceroz, P. Ferret, G. Feuillet

ABSTRACT: MOVPE grown ZnO/Zn1-x/MgxO core–shell quantum well heterostructures
were found to have a high internal quantum efficiency of more than 50%. This is true only
if the lattice misfit between the radial Zn1-x MgxO barrier and ZnO quantum well remains
low enough: for the larger Mg concentrations, misfit induced dislocations act as non
radiative recombination centers. A detailed TEM investigation was carried out for
determining the nature of the dislocation introduced in these radial heterostructures

Semiconductor Nanowires present a number of

advantages for Light Emitting Devices (LEDs).

Especially, quantum well heterostructures grown

radially around a nanowire (so-called core-shell)

allow increasing the emitting surface, hence the

optical power of the envisaged LED device .

An example of such a dimensional heterostructure

is given in figure 1 that represents a ZnO/ Zn1-x

MgxO structure with 3 ZnO quantum wells grown

radially around a ZnO nanowire, viewed along the

growth axis (Fig 1 b) and in a cross-section (Fig 1c)

The Photoluminescence spectra of this type of

sample includes three main contributions

associated respectively to the ZnO core itself

(labeled 2 in figure 2), the radial well (labeled 3)

and the axial well at the top of the wire (labeled 1).

This was clearly evidenced by using spatial

cathodoluminescence mapping on single nanowires.

The temperature dependant photoluminescence

(from 4K to 300K) reveals different behaviors

depending on the Mg concentration in the Zn1-x

MgxO barriers (15% or 30%). The luminescence of

the radial quantum wells decreases very rapidly

with temperature for the higher Mg concentration,

while it only decreases by a factor of less than 2 for

the lower concentration. TEM investigations were

undertaken on these two types of core-shell

structures, unambiguously revealing the presence

of dislocations in the side walls of the nanowires,

but only in the case of the higher Mg concentration

(Cf Figure 3). Clearly, dislocations which are

created because of the lattice misfit between well

and barriers act as non radiative recombination

centers, killing the room temperature optical

efficiency.

These investigations open the way to a better

control of radial nanowire heterostructures.

Incidentally, they clearly show that nanowires are

also subject to strain relaxation effects, despite

their high aspect ratio.
.

References:
[1] “Core-shell multi quantum wells in ZnO/ZnMgO with high optical efficiency at room temperature”, R. Thierry, G.
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Fig. 3 : g = {1100} diffraction
TEM images of core-shell
nanowires for a) 30% Mg , b)
15% magnesium in the ZnMgO
barriers. Dislocations are only
seen in te higher Mg
concentration wires
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Effect of the Doping Level on the Radiative Life
Time in ZnO Nanowires

Research topics: Nanostructures for Solid State Lighting

I.-C.Robin, P. Ferret, G. Feuillet

ABSTRACT: Time resolved photoluminescence measurements showed drastic change of the
radiative lifetime in ZnO NWs depending on the residual doping level. The delocalization of
excitons in a 3D density of states could be evidenced for highly doped NWs whereas the
increase of the radiative lifetime could be explained by a band bending effect at the surface
for ZnO NWs grown on GaN in which the residual doping level is much lower.

With a direct band gap of 3.37 eV and a large
exciton binding energy of 60meV, ZnO could be
used as a material for efficient near UV light
sources. One-dimensional ZnO structures such
as nanowires (NWs) are expected to have a
high crystalline quality and to be compatible
with a large range of substrates. In order to
fabricate electroluminescent devices made from
ZnO NWs, one has first to master doping issues
in these structures. Since p doping of ZnO has
not been achieved yet in a reproducible
manner, a possible way to circumvent this
problem is to resort to heterojunctions for which
the p type material is for instance GaN, for
which p-type doping is already mastered.
In this contribution, the emission properties of
ZnO nanowires (NWs) grown by metal organic
vapor phase epitaxy on sapphire and p-type
GaN were compared using temperature
dependent time resolved photoluminescence.
The temperature dependence of the radiative
decay time is well accounted for by considering
exciton thermalization in a 3D density for the
NWs grown on sapphire.
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Figure1: Fit of radiative decay times for ZnO NWs grown on
sapphire. A T3/2 dependence is found at high temperature
characteristic of a thermalization in a 3D excitonic band. The
low temperature evolution corresponds to a donor
concentration of 1020cm-3.

In the case of growth on GaN, a great increase

of the radiative decay time is observed
compared to nanowires grown on sapphire.
This increase of the radiative decay time could
be due to a band bending effect that separates
the electron and the hole. This band bending
effect depends on the residual doping level and
is not seen in the case of NWs grown on
sapphire probably because of a very high
residual doping level due to aluminum diffusion
from the sapphire substrate. Note that the
radiative evolution could be precisely studied
because of a very low density of non radiative
defects in ZnO NWs grown on sapphire or on p-
type GaN [1]. This study stresses the great
impact of the doping level on the band
structure and emission properties of NWs.

Figure 2: Cross-view SEM image of ZnO NWs on p-type GaN.

Figure 3: (a) Comparison of the temperature dependent
radiative life time (b) electron-hole separation in a ZnO NW
due to a band-bending effect at the surface
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GaN nanowire growth (1/2)

AL Bavencove; A. Dussaigne, P Ferret, P Gilet, M Lafossas, S. Landis, F. Levy, B Martin, G. Perillat-
Merceroz, D Salomon, G Tourbot, D Cooper,
C Bougerol*, B Gayral*, B Daudin*, R.Koester*, Xiaojun Chen*, J. Eymery*, C. Durand *
(*CEA/INAC or CNRS Institut Néel.)

Among Solid State Lighting activities in the

Department in 2011, one of the main

developments concerned nanowire LEDs. Even

though nanowires (NWs) offer significant

advantages for lighting application, there are a few

important issues to be solved, particularly in term

of growth control: nucleation, shape and

morphology control, Indium incorporation, axial

versus core-shell heterostrutures, p-type doping,

selective-area growth (SAG), growth on Silicon…

Two different growth techniques are currently

being developed:

• The first technique is MBE, which is developed in

CEA/INAC with financial and contractual support of

Leti/DOPT.

• The second technique is MOCVD, which was

initiated in CEA/INAC and is now developed jointly

by CEA/INAC and Leti/DOPT teams.

MBE Growth of NW axial heterostructures

In a paper on structural and optical properties of

InGaN/GaN nanowire heterostructures [1], we

have demonstrated that, depending on the In

content, strain relaxation of InGaN insertions in

GaN NWs may be elastic or plastic. Plastic strain

relaxation has been observed in the case of In-rich

InGaN and is associated with the formation of a

relatively homogeneous alloy, with limited thermal

delocalization of carriers. By contrast, In-poor

alloys have been found to exhibit elastic strain

relaxation, partly assigned to strain-induced Ga

and In segregation

Depending on their thickness and In content, it is

speculated that InGaN quantum wells embedded in

GaN barriers should also exhibit the clustering

effect. This emphasizes the need to accurately

control the In content in view of practical

applications, and furthermore suggests that in-

plane ordered growth is a requirement to limit the

In content variability from one NW to another.

Figure 1: Electron tomography of single InGaN/GaN nanowires

((a) nominally low and (b) nominally high-In content

Core Shell MOCVD nanowire LED

Contrary to MBE growth where axial

heterostructures are usually obtained, it is

possible to grow core-shell radial heterostructures

using MOCVD. Figure 2 gives an example of such a

structure by representing a scanning transmission

electron microscopy (STEM) cross-section of an

InGaN/GaN multiple quantum well heterostructure

formed radially on the sidewall {1100}-facets (m-

plane) of c-axis GaN wires on sapphire substrates.

STEM allowed measuring the thickness of the wells

and barriers, and to characterize possible

extended defects, following lattice misfit

relaxation.

Research topics : nanostructures for Solid State Lighting, LED

ABSTRACT: Important issues have to be adressed in order to control the growth of nanowire
(NW) heterostuctures for devising LEDs: what are the NW nucleation mechanisms, how to
control their shape and morphology, the indium incorporation mechanisms, the p-type
doping the NW selective-area growth (SAG), how to move from axial to core-shell
heterostrutures,...
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Time of flight-secondary ion mass spectrometry (ToF-

SIMS) performed on single wires provided an accurate

estimation of In composition in the core_shell MQWs,

through the use of a planar MQW reference. The core-

shell MQW sidewall emission (around 400 nm at 5 K)

as estimated from cathodo- and photo-luminescence,

showed non measurable quantum Stark effect, a

definite advantage of these NW geometries due to the

non polar lateral growth direction. One application of

this radial coating that takes advantage of sidewall

emission along the wire length has been illustrated by

a room temperature single-wire electro-luminescent

devices emitting at 400 nm, which is promising for

high-efficiency nanowire-based LED devices.

We have also grown core/shell GaN-based wire-LEDs

on Si substrate by MOVPE.[2] Basically, this

configuration allows a simple integration process, since

carrier injection across the p-n core/shell

heterojunction is achieved thanks to the electrical

continuity between the nanowire core and the

conductive Si substrate. Blue electroluminescence

coming from the core/shell structure has been

obtained on both as-grown single-wires and vertical

wire-arrays integrated in macroscopic devices (See the

next chapter on the "GaN nanowire integration into

light emitting devices").

Figure 2: SEM image and STEM cross section image of InGaN/GaN

multiple quantum well core shell wire

Selective Area Growth

Selective area growth (SAG) of GaN

nanostructures has been performed on full 2’’ c-

sapphire substrates using a hard mask patterned

by nano-imprint lithography (NIL) [3]. [Fig. 3].

The temperature influence on the nanostructure

shape has been studied: for lower temperatures,

a pyramidal shape is observed whereas a

prismatic one is favored at higher temperatures.

In parallel, the SAG nucleation homogeneity is

significantly degraded at high temperature due

to a combination of several temperature-

dependent effects, such as desorption, precursor

migration length on the mask and the ‘sink’

effect due to the non-uniform GaN seed

nucleation. Based on these results, SAG of

hexagonal prismatic GaN nanostructures with

high nucleation homogeneity has been achieved

using a specific growth sequence.

Figure 3: 45°-tilted SEM images of the two-step temperature

process for GaN SAG on c-sapphire:

In conclusion, many developments have been

carried out at different levels in order to achieve

efficient nanowire based LEDs. Most of them

were successful, allowing us to grow full LED

structures (GaN nanowires, InGaN/GaN core-

shell quantum wells, p-doped core-shell

contacts) on Silicon. The following chapter,

entitled "GaN nanowire integration into light

emitting devices", will describe the properties of

the devices made out of these structures.
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GaN nanowire integration into light emitting
devices (1/2)
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Gilet, G. Tourbot, J. Garcia, Y. Désières, C. Durand*, J. Eymery*, B. Gayral*, B. Daudin* and Le Si
Dang* (*CEA/INAC or CNRS Institut Néel.)

Nanowires are promising building blocks for the

next generation of LEDs. They present several

advantages: nanowires grow defect-free, can grow

on large area, can grow low cost substrates such

as Si wafers. The growth of nitride based

heterostructure has been detailed in the previous

chapter , here we want to focus on the electro-

optical properties nanowire LEDs. Two cases will be

dealt with: MBE grown axial structures and core-

shell MOCVD grown radial structures.

MBE grown Axial Nanowire LED on Silicon

Axial one dimensional heterostructures grown by

Plasma Assisted Molecular Beam Epitaxy (PA-MBE)

directly on a (111) silicon substrate consist in

sequentially deposited layers of GaN barriers and

InGaN multiple quantum wells on a GaN buffer

(Fig.1). The Electro Luminescent (EL) properties of

the InGaN/GaN nanowire light emitting diodes

(LEDs) were studied at different resolution scales.

From the macroscopic point of view, the devices

emit light in the green spectral range (around 550

nm) under electrical injection. However, the

emission of the nanowire-based LED is spotty and

polychromatic. In order to assess the electro-

optical properties of single nanowires, we used the

submicrometer resolution of a confocal microscope.

Detailed µ-electro luminescent characterization

over a representative number of single nanowires

provides new insights into the vertically-integrated

nanowire LED operation. We combined µ-electro

luminescence and µ-photo luminescence and

found out that, under laser excitation many more

NWs emit light than under electrical injection,

indicating that electrical injection failure is the

major source of losses in these nanowire-based

LEDs.

The output power emitted by a single EL spot

increases as a function of the macroscopic current,

indicating that the current through this NW

increases accordingly. However, the single wire

output power saturates: it may simply be due to a

sub-linear increase of the supplied current at the

microscopic scale because of non homogeneous

electrical injection among the integrated NW-

based LEDs.

Fig. 1: SEM picture of GaN-based NW-LEDs before ((a) cross

section and (b) top view) and after p-type contact deposition ((c)

cross section). Schematic view (d)

It could be shown that, depending on the indium

content in the wells, the emission could be varied

from the blue to the red part of the visible

spectrum. We estimated the external quantum

efficiency (EQE) of green emitting (566 nm)

nanowires around 1.3% for a current density of

the order of 50kA/cm2. This value is comparable

to the best EQEs reported for single InGaN/GaN

NWs at 540 nm by Qian et al .(Nano Lett. 5 2287,

2005).

These first quantitative results about the emission

properties of a single InGaN/GaN NW integrated

into a macroscopic device provide good hopes of

achieving high efficiency devices. These results are

all the more promising that the current densities

considered here are much higher than typical

current densities used in standard LED operation.

Best EQE values reported for high-power LEDs

emitting in the green spectral range (~520 nm)

are monotonously decreasing from 36% for low

current densities (~ 2,5 A/cm2) to less than 20%

for current densities in the order of 100 A/cm2 (M.

R. Krames et al., J. Disp. Technol. 3 160, 2007).

Research topics : nanostructures for Solid State Lighting, LED

ABSTRACT: A novel LED architecture, the nanowire LEDs, present two key novelties for Solid
State Lighting : First it is a GaN-on-silicon technology introducing Moore’s law in this field.
And second it is a 3D technology providing a larger active area than conventional planar
technologies
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Laubsch et al (IEEE Trans. Electron Devices 57 79, 2010)

reported 2.7% EQE at 510nm for a LED current density

reaching 1kA/cm2 under pulsed operation. Further

experiments are presently carried out in order to

estimate the EL spot density obtained while applying

low macroscopic current into the Nanowire LED.

Considering the efficiency droop phenomenon present

in planar devices, we believe the EQE could be

improved by decreasing the current densities. To do

so, and as described below, we resorted to a novel

architecture which enables a larger developed junction

area for the same component footprint. This

architecture is a radial junction, also called core shell

structure. In addition, this structure is achievable using

MOCVD, a more industrially compatible growth

method.

Core Shell nanowire LED on Silicon

As reported in the previous chapter, core/shell

configurations allow simple integration processes, due

to electrical continuity between the Si substrate and

the p-n core/shell heterojunction. Blue electro

luminescence (EL) coming from the core/shell

structure has been obtained on both as-grown single-

wires and vertical wire-arrays integrated in

macroscopic devices. [fig 2]

Fig. 2: (a) EL spectrum of vertical wire-array integrated LED under 14

V operating voltage, and (b)corresponding microscopic image taken

with CCD camera

Electro luminescent (EL) macroscopic spectrum and its

associated optical microscopy image recorded over an

integrated wire-array LED under 20 mA CW-current

are shown in figure 2. A strong emission band centred

in the blue spectral range is observed with a main peak

at 449 nm (2.76 eV) and a full width at half maximum

(FWHM) of 54 nm (333 meV). Figure 2b indicates that

the visible light observed under macroscopic electrical

injection is coming from µm-scale EL spots. To

experimentally demonstrate that this EL

emission is actually coming from core/shell

heterostructures, several as-grown single wire-

LEDs have been individually connected using a

metallic tip (of about 2 µm radius) to directly

inject carriers within the p-type shell. For all

nanowires contacted this way, electro

luminescence has been observed. A spectrum

recorded on a representative single wire-LED

under 40 mA CW-current shows an emission

peak centred at 415 nm. The observed blue shift

compared to the macroscopic wire-LED device

could be explained by wire-to-wire In content

fluctuations, as already reported in the literature

in the case of InGaN/GaN axial NW-based LEDs

grown by MBE (H.W. Lin et al., Appl. Phys. Lett.,

97, pp. 073101-1–073101-3, 2010). In

particular, diameter and local density dispersions

during spontaneous growth are probably

responsible for such non-uniformities.

Diameter fluctuations between the wires are

probably partially responsible for diode

characteristic distribution from one core/shell

nanowire LED to another and consequently

explain both the spatial dispersion of output

power intensity and the large FWHM recorded on

the cm2-area device. The EL spot density

estimated through optical microscopy (about 104

EL spot/cm2) is lower than the wire density (106

wires/cm2). Nevertheless, although a little

proportion of the core/shell nanowire-LEDs are

active under electrical injection, the observed

macroscopic EL is strong enough to be clearly

visible under standard room light conditions.

In conclusion, GaN nanowire LEDs were

fabricated on silicon substrates using both MBE

grown axial p-i-n heterostructures and MOCVD

grown core/shell InGaN/GaN heterostructures.

In both cases, electrical continuity is achievable

between the substrate and the heterostructure,

simplifying the technological steps. A full wafer

scale and efficient integration process that does

not require additional and complex technological

steps has been implemented. Blue Electro-

Luminescence obtained with these proof-of-

concept devices is promising to achieve high

efficiency LEDs on low cost and large area silicon

substrates.
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Thermal engineering for LED based modules and
lamps

Research topics: LED Packaging, Thermal engineering, Injection Molding

LED lighting systems are much more
efficient and reliable than most other lighting
technologies but today about 70% is still lost into
heat. Of course, the internal efficiency of
semiconductors improves continuously but for
now, packaging and system engineers still have
to design solutions that can dissipate large
amounts of heat out of the device junction to
ensure products performances (LEDs’ efficiency,
reliability, color variations ...). Any module or
lamp can be described as a network of thermal
resistances in series or in parallel, as shown
below:

Figure 1: From chip to ambient, network of thermal resistances
in a typical LED lamp

Within Consumerizing Solid State Lighting
program, sponsored by the European
commission, the consortium goal is to design and
fabricate a cost effective LED based lamp as a
retrofit for the 60W incandescent bulb [1]. LETI
main focus was to reduce the junction to slug
thermal resistance of the LED package [(Tj-Ts)/P,
with notations of Fig. 1]. We designed and
fabricated with the partner Boschman, a new
leadframe package shown below.
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Figure 2: Novel leadframe package on star PCB and schematic
showing cross section of complete assembly.

This package is based on a thin Cu layer (to
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ABSTRACT: Thermal design optimization is mandatory to enable mass deployment of LED
technology in the general lighting industry. The first optimization presented here, led to a
novel leadframe package, that made it possible to obtain a junction to slug thermal
resistance as low as 5.5 K/W. Second optimization resulted in a highly efficient heatsink
based on a cost effective patented molding process. It was used to produce retrofit lamps
as replacement of 35W MR16 halogens.

improve thermal dissipation) embedded into a white
reflective polymer (to enhance light extraction).
Thermal resistances inside the package have been
measured experimentally using the T3Ster®

equipment With in parallel numerical simulations. A
relatively good agreement between simulation and
measurement has been found and is discussed in
ref. [1-2]. A thermal resistance as low as 5.5 K/W
has been obtained, almost twice as low as
commercially available ceramic submounts.

Within ADEME sponsored Pacteled project
[3], our challenge was to reduce thermal resistance
from slug to ambient (Ts-Ta/P on Fig. 1), and
develop a cost effective, high efficiency heatsink for
thermal management of a LED based lamp, used as
a retrofit for a 35W MR16 halogen lamp. To achieve
this, we designed a novel heatsink made of
stamped aluminum fins that were mechanically and
thermally attached together and to the copper PCB
with a thermally conductive polymer, in a simple
patented injection molding process[4].

Figure 3: Novel heatsink based on patented molding process

With improved heat sink thermal resistance (Rthh-a)
as low as 8.5 K/W, LED junction temperature could
be kept below 100°C, and 60 lamp prototypes were
fully assembled and tested with an average optical
power of 380 lumen. No fan was needed in this
prototype, which makes this design extremely cost
effective. Also, the reliability of the product would
be increased due to the fact that fans have a large
contribution in the failure rate of commercially
available LED lamps using fans. Other works are
currently in progress at LETI, to better control and
enhance blue to white conversion in LED modules
and better understand their failure modes.

A. Gasse, J. Routin, B. Pardo, P. Revirand
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