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GLOBAL REPORT

Head of laboratory : Jean-Yves DUBOZ
Contact: jyd@crhea.cnrs.fr

Mission and activity of the laboratory

CRHEA is a CNRS (Centre National de la Recherche Scientifique) research
laboratory which also works in relation with the University of Nice-Sophia
Antipolis. The staff amounts to about 55 including permanent, non permanent,
PhD students.

CRHEA is highly specialized in the epitaxy of semiconductors. The core
activity is to develop the heteroepitaxy and also the homoepitaxy of thin films,
heterostructures, and nanostructures. Although there is still some activity related
to arsenides with the InGaAsN materials, the lab really focuses on wide band
gap materials. GaN and related alloys are the major research topic. ZnO and
alloys is gaining importance, while SiC remains a specialty of the lab. All epitaxy
techniques from MBE (6 reactors) to CVD (3 reactors), MOCVD (3 reactors) and
HVPE (1 reactor) are developed at CRHEA. Material grown at CRHEA is mainly
characterized on site, which allows a fast and efficient feedback. Hence, CRHEA
has also developed a strong expertise in wide band gap semiconductor
characterization such as X-ray diffraction (2 diffactometers), scanning electron
microscopy (2 microscopes), atomic force microscopy (2 systems) ), scanning
tunneling microscopy under UHV (1 system coupled to a MBE reactor) and TEM
(1  microcope). Optical characterization relies on  UV-visivble-IR
photoluminescence, reflectivity, micro-photoluminescence and excitation
/selective photoluminescence. Cathodoluminescence and XPS surface analysis
will be available soon.

Finally, CRHEA has its own clean room in order to process test devices
which allow us to assess the optoelectronic properties of the heterostuctures
grown in the lab. Optical and electronic lithography, metal and dielectric
deposition systems, and reactive ion etching enable us to fabricate all the test
devices that are needed to validate the material properties.

A particularity of the lab is to provide material for a large French and
European community, either for further characterization, for fundamental physics
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experiments or for sophisticated devices processing. For that reason, CRHEA is
widely open to collaboration and has a large number of partners to works with,
either on informal bases or in the frame of national or international contracts.
CRHEAOGS mo del is sfforts on tlieoepitaxy and collaborate with
external | aboratories for further st
clearly shows the importance of these collaborations.

Given the importance of semiconductors for industrial application, CRHEA
has numerous relations with industrial partners. It has a common research lab
with RIBER and with NOVASIC, and closely works with many others. The
collaboration with RIBER aims at developing the MBE equipment for the epitaxy
of GaN, both by the ammonia and the plasma approaches. NOVASIC in
collaboration with CRHEA works on the CVD epitaxy of SiC and develops the
equipment and the process for producing 4H-SiC epilayers on an industrial
scale.

Education is also one of the goals of the laboratory. Every year, in average,
three students are starting a PhD, and three are defending it. As the thesis
duration is three years (in France), there are about 10 PhD students in the lab. A
special agreement has been established with the University of Bochum which
allows some students from CRHEA to spend a part of their time in Bochum, and
vice versa. These PhD students at the end become Doctors of both the Bochum
and Nice-Sophia Antipolis universities.

CRHEA is an active member of local and national research networks. For
instance, for transmission electron microscopy, CRHEA contributes to a national
program which allows to use various facilities in France (practically Grenoble
and Marseille) and to a regional program which promotes the exchange of know
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how, the openaccess of various facilities (incl uc

the nanoscience, CRHEA is a member of
promotes the collaboration between local partners working in nanoscience (from
physics to biology, and chemistry). CRHEA is also coordinating the development
of the nanotechnology tools and processes at the regional scale and organizes
the investment for new equipments in three clean rooms (2 in Marseille and the
third one at CRHEA).

Research labs are evaluated in general every fourth years. For some pratical
reasons, CRHEA is going to be evaluated in 2011 over a five year period that
goes from 2006 to 2010. The present report thus cannot present all the results
obtained during this period, but rather shows some representative highlights.

t
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Organisation
CRHEA is organized around four teams :

-ELECTRO works on the epitaxy of GaN and SiC for electronics applications

-OPTO deals with the epitaxy of GaN and InGaAsN for optoelectronics
applications

-OXTRO develops the epitaxy of ZnO for optics and spintronics

-NANO explores the nanosciences and nanotechnologies in epitaxy

These teams were created in 2007 in order to better cover the research
topics in terms of physics and applications, while the laboratory was previously
organized along the epitaxy techniques. With the growing maturity of wide band
gap semiconductors, the growth technique was not a differentiating parameter
anymore. The new organization allows for a better comparison of different
technical approaches for a given application. This is particularly true for the
OPTO team where many epitaxial techniques can be compared or even
combined in order to fabricated complex devices such as lasers, white LEDs,
etcé

Obviously, there is a large overlap between these teams, and this overlap is
highly positive and encouraged. There is no clear frontier between teams and
many subjects are explored by more than one team. These teams get a strong
support in characterization from a common group of structural and optical
analyses.

Finally, administrative and technical services provide the necessary support
for the laboratory daily tasks.

The main research axes of each team are presented in a dedicated
section starting on page 12, without entering into details. Key results are
presented in the next section as scientific highlights. In agreement with the
overlap between team activities mentioned above, many highlights have
been obtained by more than one team.



CRHEAb6s staff and groups

Head of CRHEA
Jean-Yves DUBOZ

Technica | services:

Isabelle CERUTTI, Marjorie TOLMONT, Michéle PEFFERKORN, Anne
Marie GALIANA, Eric DREZET, Patrick CHALBET, Gérard MOLINO,
Noureddine SLAMA

Analysis group:
Mathieu LEROUX, [\/Ionigue TEISSEIRE, Maud NEMOZ, Sébastien
CHENOT, Philippe VENNEGUES, Olivier TOTTEREAU, Luan NGUYEN

Team ELECTRO:

Yvon CORDIER (HEAD), Adrien MICHON, Marc PORTAIL, Marcin
ZIELINSKI (NovaSic), Thierry CHASSAGNE (NovaSic), Thierry BOURGOIN
(NovasSic), Marc BUSSEL (NovasSic), Magdalena CHMIELOWSKA (post doc), M.
Reda RAMDANI (Post Doc), Eric FRAYSSINET (Post Doc), Martin JOUK (Doc),
Zhi CAO (Doc), Sai JIAO (Doc), Tashia Hossain (Doc).

Team OPTO

Jean MASSIES (Head), Philippe DE MIERRY, Benjamin DAMILANO, Julien
BRAULT, Mohamed AL KHALFIOUI, Gilles NATAF, Denis LEFEBVRE, Aimeric
COURVILLE, Hyonju CHAUVEAU (Post doc), Thomas HUAULT (Doc),
Abdelkarim Kahouli (Doc), Nasser Kriouche (Doc)

Team NANO

Jesls Zuhiga-PEREZ (Head), Jean-Yves DUBOZ, Marc DE MICHELI,
Fabrice SEMOND, Blandine ALLOING, Stéphane VEZIAN, Emmanuel
BERAUDO, Boris POULET, Sylvain SERGENT (Doc), M. J. RASHID (Doc)

Team OXTRO
Christian MORHAIN (Head), Christiane DEPARIS, Borge VINTER, Jean-
Michel CHAUVEAU, Dimitri TAINOFF (Post Doc)



Scientific production

The list of publications is given at the end of this document. Note that not all
publications of the year 2010 are included. As already said, CRHEA relies on
collaborations to fully exploit the samples grown in the lab. As a consequence, a
large number (about 70% of the total) of papers are co-published with external
groups.

The following figures show the number of publications per year for CRHEA
and per year and per researcher, as a function of time. The annual publication
per researcher is increasing and reaches a very satisfactory value of about 5.
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Research teams



ELECTRO

Head: Yvon CORDIER Contact: yc@crhea.cnrs.fr

Research topics

The ELECTRO team develops the epitaxy of semiconductors for electronics
applications, including high power electronics, high frequency electronics and
also sensors and micro-nanosystems. As GaN substrate remain small and
expensive, the substrate of choice for the epitaxy of GaN is the Si in one
considers the perspective of large volume/ low price applications. This, however,
is at the expense of technical difficulties due to the large lattice and thermal
expansion coefficent mismatches between nitrides and silicon. This is a central
issue in our research activity. Another point that we focus our attention to is the
control of residual doping levels as electronics devices often require both
conductive channels and insulating layers.

The ELECTRO team activities are distributed along 6 main lines:

1-Heteroepitaxy of 3C -SiC on silicon

For a few years, the epitaxy of 4H-SiC is mainly the goal of NOVASIC for
industrial pruposes and our research activity in SiC focuses on cubic 3C-SiC
grown on Si. SiC is mainly grown on Si (100) et (111) for fabricating devices
such as diodes, but also microsystems in collaboration avec NOVASIC and the
LMP laboratory in Tours (high power electronics lab). The emphasize is put on
undestanding the physical mechanisms which occur during the nucleation and
the subsequent growth along the (100) direction, but also along the (111), (211)
et (110) orientations. These thin 3C-SiC layers on Si can then be used for the
epitaxy of GaN/AlGan structures (H1, H3).

2-Doping of 3C -SiC :

It is of paramount importance to control the level of doping in 3C-SiC films in
order to fabricate structures with a precise electrical conductivity which can go
from resistive to very conductive depending on applications. We study the
incorporation of donors such as N as a function of the cristalline orientation. We
closely collaborate with the LMP lab (Tours) in order to develop ohmic and
Schottky contacts on 3C-SiC/Si. We also started to work on the p doping (Al
acceptor) in 2010.
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3- Graphene :

Since 2008, we have been working on the synthesis of graphene by
annealing SIiC surfaces in ultra high vacuum (collaboration with LPN lab in
Marcoussis) and in an argon atmosphere in a SiC CVD reactor. Interestingly, we
obtained similar behaviors on 3C-SiC / Si(111) to those reported on hexagonal
SiC surfaces. More recently, we demonstrated the epitaxy of graphene by
directly sending propane on a SiC surface (H2).

4-Heteroepitaxy of thick GaN on silicon:

High power electronic devices such as GaN rectifying Schottky diodes or
transistors require the growth of thick (>5um) GaN layers. This is very
challenging on Si substrates due to the mechanical tensile strain which induces
cracking in thick layers. New strategies have to be developed in order to avoid
the formation of cracks and go beyond the usual 3um thick GaN layers on Si
reported by many groups. As an additional constrain, this thick GaN layer should
not contain any AIN interlayer (H3).

5-Developement of AIGaN/GaN HEMTSs:

AlGaN/GaN heterostructures with high electron mobility (HEMTSs) are
developed both for low frequency power applications and for high frequency
applications. Due to the large volume market envisioned, the substrate of choice
is Si. Si (111) is the most commonly used due to its hexagonal symmetry, but
Si(100) and Si(110) have a larger potential in terms of processing and
integration with the C-MOS technology (H5). Piezoelectric resonators on Si have
also been fabricated based on these structures. Finally, the growth of similar
AlGaN/GaNheterostructures on different substrates (3C-SiC / Si(111), 4H-SiC,
GaN/saphir, AlIN/saphir, GaN) allows to compare the optimisation and
benchmark the performance (H4).

6-Vertical transport in AIGaN/GaN heterostructures

Understanding the vertical transport in AlGaN/GaN heterostructures is
mandatory for the development of GaN based infrared or THz emitters and
quantum cascade laser. Vertical transport is investigated in structures with
AlGaN barriers as thin as a few nm. While non linearities have been measured in
simple and double tunnel barriers, obtaining reproducible results requires to
reduce the device dimensions by processing or to measure the current by AFM
in conductive mode.
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OPTO

Responsable: Jean MASSIES Contact: jm@crhea.cnrs.fr

Research topics

The OPTO team develops the epitaxy of semiconductors for optoelectronic
applications. This applies in the near infrared with InGaAsN compounds but also
and mostly in the visible and near UV with the nitride family. In this later material
system, the OPTO team can take advantage of having access to all epitaxial
techniques (MBE, MOCVD, HVPE) for growing the GaN based heterostructures.
This unigue and very favorable peculiarity allows us to compare and combine
different growth techniques for fabricating original structures and related
optoelectronic devices.

The OPTO team activities are distributed along 5 main lines:

1- Semi and non polar nitrides for LEDs  : Nitrides have so far been mostly
grown along their (0001) orientation (z axis of the wurzite structure). In this case,
heterostructures are submitted to an intense piezoelectric field which reduces
the radiative efficiency, in particular for LEDs based on QWSs. One solution
consists in growing the heterostructures along other directions, either
perpendicular to the z axis (hon polar material) or oblique to it (semipolar). The
growth is however more difficult and lead to a poorer quality than along the (001)
direction. Hence, new strategies must be implemented in order to improve the
cristalline quality to a level that allows for the fabrication of devices such as
LEDs or lasers. We have developed different epitaxy processes on full wafers as
these solutions can be transfered to production (H6).

2- Monolithic white LEDs :  The initial concept proposed by CRHEA was to
directly emit different wavelengths from different QWs of the same LED, thus
creating a white LED by color mixing. However these devices suffer from an
inhomogenous carrier injection in all QWs and a color mixing that was difficult to
control and optimize. The new concept patented by CRHEA in 2006 combines a
QW based blue LED and a light converter based on QWs or QDs grown below
the blue LED. The converter absorbs part of the blue light coming from the LED
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and emits at longer wavelengths (typically yellow), thus replacing the fluorescent
material usually deposited during the LED processing. This monolithic approach
could thus simplify the white LED fabrication process and reduce its cost, which
is the main limitation to the massive spreading out of LEDs for general lighting
(H7 and H8).

3- Green laser based on nitrides :  In the frame of an european project we
are developing the epitaxy of nitride laser structures with the aim of pushing the
wavelength up to the green region. Compared to other groups, the originality of
our project consists in replacing the usual AlGaN bottom cladding layer by an
AlInN one. The advantage is a better light confinement at large wavelength, and
a better lattice matching on GaN substrates. The difficulty is to grow thick high
quality AllInN layers which can be conductive enough to serve as electrical
bottom contact. Some success has been obtained at wavelengths up to 436 nm
with lasers fabricated by Tyndall Institute, one of our partner in the project,
based on structures grown at CRHEA (H9).

4- Ultraviolet detectors based on AlGaN : AlGaN alloys have a direct band
gap which can be adjusted from 200 to 365 nm by varying the Al content. They
are thus ideal material for UV detectors, in particular for solar blind detectors
(null response for wavelengths above 300 nm). These materials can be also
used for extreme UV detectors. With our partner, Thales Research &
Technology, we have demonstrated state of the art detectors, 2D detector arrays
and integrated cameras based on structures grown at CRHEA (H10).

5- Diluted nitrides (Ga,In)(N,As) : GalnNAs alloys are used for growing
laser structures on GaAs substrates aiming at an emission between 1.31 and
1.55 um. Unfortunately, for reaching a laser wavelength above 1.3 um, one must
increase the In and N contents to a level where many defects are created during
the epitaxy, which severely degrades the laser performance. The material quality
can in large part recover after a annealing step. We have studied in detail the
effect of such annealing on GalnNAs QWs and on InAs QDs encapsulated in
GalnNAs layers. Physical mechanisms related to the annealing have been
elucidated (H11). Structures based on InAs QDs with GalnNAs barriers are
currently under study in order to reach a lasing wavelength at 1,5 pm.
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NANO

Responsable: Jesls ZUNIGA-PEREZ  Contact: jzp@crhea.cnrs.fr

Research topics

The NANO team explores the epitaxy of nano-objects. It also works on larger
objects such as microcavities. The materials involved in these studies are GaN
and ZnO. As these nano-objects can be applied to any domain, the activity of the
NANO team is feeding the activity of other teams. Inversely, there is also
nanoscience in all other teams as epitaxy is by nature a hanoscience. This is the
case for instance for quantum dots which are mainly investigated in the OPTO
team. Hence, there is large overlap between the activities of this team and the
one of the others.

The activities of the NANO spread in three main directions:
1-Nanophotonics

We have been working on microcavities for a few years, starting with GaN
based cavities. This has been extended more recently to ZnO cavities. We were
even able to combine ZnO and GaN in the same structure. After the
demonstration of strong coupling at room temperature in both materials (H12),
the aim is now to demonstrate polariton lasing and/or Bose Einstein
condensation. We also work on photonic crystal with an original approach based
on conformal epitaxy (H13). Microdisks are also studied and encouraging results
have been obtained already (H13).

2-Nanowires

We explore the epitaxy of GaN nanowires. The appoach is essentially bottom
up. There are many issues to explore such as the growth mechanisms, the strain
relaxation by the free surfaces of the wire, the dislocation recombination. As we
are able to use both MBE and MOCVD, we can play with the differences in
growth modes between both techniques to grow axial or core shell
heterostructures, finally leading to real 3D nano-objects. In order to grow the
nanowires at a precise location, some top down preparation of the substrate is
introduced (H15). Nanowires will be used for optical applications (axial optical
cavity, whispering gallery modes, strong
for electronics (resonant tunnel diode, 1
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3- Micro -nano -resonators

Acoustic resonators are needed for filtering high frequency signals such as in
a cell phone at a few GHz or can be used as sensors that are very sensitive to
pressure, temperature, accelerationéWe
in the growth of AIN/Si to demonstrate bulk acoustic wave resonators (H14).
Electromechanical resonators were also fabricated in collaboration with external
groups (IEMN in Lille , CNM in Barcelona) (H14).
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OXTRO

Responsable: Christian MORHAIN Contact: cm@crhea.cnrs.fr

Research topics

The research of the OXTRO team is focused on ZnO and its alloys such as
non-magnetic (Zn,Mg)O or magnetic (Zn,Co)O. The scientific interests and the
potential applications lie in the fields of optoelectronics and spintronics. Epitaxy
is done by MBE.

Very high quality material and heterostructures have been obtained and have
led to some state-of-the-art results:

- 2005 : First observation and measurements of very high piezoelectric
fields (~MV/cm) in polar QWs based on (Zn,Mg)O/ZnO

- 2006 : First demonstration of the magnetic anisotropy of the Co ion in
(Zn,Co)0, establishing a criterion for intrinsic ferromagnetism in these alloys
(H16)

- 2007 : First demonstration of the antiferromagnetic coupling between Co
ions and demonstration that a high density of free electrons (n>10"°cm™) does
not induce any ferromagnetic transition in ZnCoO (H16)

- 2007 : First observation that the piezoelectric fields do not exist in non-
polar (Zn,Mg)0/Zn0O QWs (H17)

The OXTRO team activities follow 4 main lines:
1- Magnetic alloys

Diluted magnetic semiconductors (DMS) based on ZnO were theoretically
predicted to be good candidates for ferromagnetism at room temperature,
opening the way to spintronic devices based on semiconductors. We first
investigated (Zn,Co)O alloys and we optimized its growth so that a high
crystallographic quality was achieved. This has led to scientific results of prime
importance (H16). It turned out, in fine, that undoped and n-type doped ZnCoO
and ZnMnO show no intrinsic ferromagnetism. As the latter alloy has the
advantage that its optical properties for emission are much better than those of
ZnCoO, we finally chose to further investigate the ZnMnO family. We are
convinced that ZnMnO cannot be ferromagnetic without a strong coupling
between ions mediated by holes. Efforts are now dedicated to magnify and
control the magnetic properties of ZnMnO in sophisticated heterostructures. In
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parallel we had also started investigating the ZnGdO alloys. First results were
not convincing and the study has been stopped.

2- (Zn,Mg)0O/Zn0O quantum wells

We have grown polar and non-polar ZnMgO/ZnO QWs with a state-of-the-art
crystalline quality. This has been obtained thanks to an important effort
dedicated to investigating the growth mechanisms and understanding the
relationship between structural and electronic properties of quantum wells. Our
ability to master the material quality has enabled us to demonstrate the presence
of piezoelectric fields in polar heterostructures and their absence in non-polar
ones (H17).

3- Homoepitaxy:

As ZnO substrates were initially very rare and expensive, the epitaxy of ZnO
thin films and heterostructures was first carried out on foreign substrates, the
physical properties of which (crystallographic symmetry, lattice parameter,
thermal expansion coefficient ) are different from those of ZnO. This
heteroepitaxy leads to the generation of a high density of structural defects
(dislocations, stacking faults, twins, grainboundar i es é) . We ha
sapphire substrates with various orientations (H17)) but also polar AIN and GaN
templates, and have obtained good results. Nevertheless, the optimum situation
remains the homoepitaxy. Since ZnO substrates have become available and
affordable, we could start homoepitaxy of ZnO in 2009. This effort was
subsequently intensified through a national collaboration with several partners.
In particular, we have first worked on the surface preparation of these substrates
(not epiready) before starting the epitaxy. Homoepitaxy has already yielded
excellent results, for instance for ZnO/ZnMgO QW structures (H18).

4- Residual doping and intentional p doping:

Efforts have been done to reduce the residual n type doping of ZnO films
grown on sapphire first and more recently on ZnO substrates. A world record
value of 1x10**cm™ has recently been measured for the residual doping N¢-N, in
homoepitaxially qrown ZnO films, while the minimum value in ZnO grown on
sapphire was 10 ®cm™. Then we have incorporated p type impurities, focusing
our efforts on nitrogen activated in an rf plasma source, as nitrogen forms a
relatively shallow acceptor level (165 meV). We discovered that the N
incorporation is limited when ZnO is grown along the c-axis in O-polarity.
Therefore we now investigate N incorporation in ZnO grown along various
orientations in collaboration with Léti-CEA-Grenoble.
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HO1: 3C-SiC Heteroepitaxy on Silicon substrates

Thierry Bourgoin, Thierry Chassagne, Jean Michel Chauveau, Yvon Cordier, Sai Jiao, Maxim
Korytov, Adrien Michon, Maud Nemoz, Marc Portail, Philippe Vennégués, Marcin Zielinski

The cubic polytype of silicon carbide (3C-SiC) is the only one which can be grown on
a host substrate, offering the possibility to dispose of the interesting electrical and
mechanical properties of SIC at a low cost. The group activity is mainly focused on the
elaboration of a high quality material reliable for the realization of pseudo substrates for
group llI-nitrides growth, the development of SiC based components (Schottky rectifiers)
and micromechanical systems (MEMS). The achievement of such a material requires to
address important issues: nucleation, doping and strain engineering.

During the period 2002-2006, many major technological advances have been
achieved in close collaboration with the NOVASIC company. Originally designed
resistively heated hot wall CVD reactors devoted to SiC epitaxy have been developed and
optimized. That allowed demonstrating the growth of 3C-Si C | ayer s bot
silicon substrates. Based on these advances, the 2006-2010 activity has been centered
on the development of comprehensive analysis dedicated to highlight the major issues
hindering the delivery of high quality epilayers suitable for electronic applications and for
group lll-nitrides regrowth.

The first issue concerns the understanding of SiC nucleation on silicon. The various
applications to which the 3C-SiC epilayers are dedicated require to control the growth on
differently oriented silicon substrates: (111) for polar and (100) or (211) for non or semi
polar group llI-nitrides regrowth. The influence of the carbonization step of the CVD
process, used to nucleate SiC on Si, has been explored. It has been demonstrated that
the carbon content during this step plays a major role conditioning the final crystalline
quality of the epilayer with a significant reduction of the structural defects density,
evidenced by X-ray Diffraction (XRD), as well as a better quality of the interface. In
particular, both XRD and Transmission Electron Microscopy analysis revealed how the
formation of stacking faults and twinned domains depends on the nucleation conditions
The carbon enrichment of the gas phase during nucleation limits the formation of
interfacial voids and Double Positioning Domains (Fig. 1). This work allowed to grow
untwined 3C-SiC(111) films with thickness up to 3um without any cracks [125;108]. These
developments have been exploited for the growth of GaN/3C-SiC(111) based HEMTSs [91]
and 5um thick crack-free GaN films (see H3). Furthermore, for certain applications, a
reduced number of stress mitigating layers required to elaborate group lll-nitride
structures is one of the advantage of using the 3C-SiC(111) pseudo substrate.

The control of intentional doping being of prime importance regarding electronic
applications, efforts were carried out to investigate the properties of doped epilayers. Our
CVD reactors being initially designed for realizing n-type doping, we investigated the
doping efficiency of nitrogen both on 3C-SiC(111) and 3C-SiC(100) epilayers. The
influence of various growth parameters on dopant incorporation has been examined in
details. The site competition effect of nitrogen with carbon atoms has been demonstrated
and a more efficient doping incorporation has been evidenced for (100)
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orientation [82]. The elaboration of highly doped/undoped 3C-SiC(100) epilayers for
rectifier devices benefits from these investigations. In close collaboration with the LMP
Lab (Université Frangois Rabelais - Tours), within the scope of A. E. Bazin PhD thesis
(2006-2009), both horizontal and vertical simple (non isolated) Schottky diodes have
shown an ideality factor close to 1.2. The recent upgrade (2010) of the 2inches CVD
reactor for realizing p type doping (TMAI) opens the way for the future development of p/n
junctions but requires to overcome the problems related to this kind of doping, especially
the memory effect that degrades the abruptness of p/n junctions.

Finally, in the past few years, the 3C-SiC epilayers grown on Si have become very
attractive for the realization of surface machined Micro Electro Mechanical Systems
(MEMS) owing to its high Young Modulus, as well as its chemical inertness which make it
very suitable for resonators operating at high frequency (>20MHz) in harsh environment.
The important problem of residual strain is well illustrated by upwards or downwards
bendings of micrometer sized cantilevers designed either in 3C-SiC(111) or 3C-SiC(100)
epilayers, related to the presence of a stress gradient within the film (Fig. 2). We have
shown that the modification of the classical CVD process can be helpful for tuning the
final deformation of the cantilevers [5].

DPDs

Fig. 1: (a) Stacking faults and twins in 3C-SiC(111) imaged by HRTEM; Reduction of
Double Positioning Domains (DPDs) at the SiC/Si interface with optimized (b) and
degraded (c) nucleation conditions.

3C-5iC(100)

Fig. 2: 3C-SiC/Si cantilevers fabricated at LMP
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HO2: Graphene growth on 3C -SiC/Si and 6H -SiC

Thierry Chassagne, Yvon Cordier, Adrien Michon, Marc Portail, Stéphane Vézian, Marcin
Zielinski

We have started in 2008 a new activity on the growth of graphene on SiC. Using
ultra-high vacuum annealing, we have demonstrated that graphene can be obtained on
3C-SiC heteroepitaxially grown on Si(111) or Si(100). We have also developed a new
approach based on the direct epitaxy of graphene via propane chemical vapor deposition.
This method succeeds in growing graphene films on 6H and 3C-SiC/Si(111) with
thicknesses lying between 1 and 7 monolayers.

Graphene is a promising material for both fundamental and applied physics.
Following first works on graphene sheets obtained using the laborious exfoliation of few
monolayers from graphite, some groups have worked on more determinist methods to
obtain graphene. One of the more interesting methods is SiC annealing, which allows to
obtain graphene films on entire substrates. The challenge is now to understand in details
graphene formation to get a better control of its morphology and of its electron transport
properties.

On the basis of its experience in SiC heteroepitaxy and homoepitaxy, CRHEA has
naturally started a new research activity on graphene growth on SiC in 2008. But costs
and relatively small available diameters of hexagonal SiC substrates compromise the
realization of graphene-based devices at industrial scale. A possible way to circumvent
this limitation is to use 3C-SiC films heteroepitaxially grown on silicon as low-cost and
large-area substrate. The original feature of our activity is to use 3C-SiC pseudo
substrates elaborated on silicon by chemical vapor deposition (CVD) and CRHEA is one
of the pioneers in this field. We have shown, in collaboration with the Laboratoire de
Photonique et de Nanostructures (LPN), that we can obtain graphene by ultra-high
vacuum annealing on 3C-SiC(111) [151]. Surprisingly, we have also shown that we can
obtain graphene (6-fold symmetry) on 3C-SiC(100) in spite of the 4-fold symmetry of the
substrate surface. Furthermore, graphene obtained on (100) surfaces presents structural
properties similar to what is observed on (000-1) hexagonal SiC substrates (C-face).

Pioneering works consisting in vapor phase annealing of hexagonal SiC substrates
have shown that this method leads to the formation of graphene with good structural
properties and an improved thickness homogeneity [K.V. Emstev et al, Nat. Mat. 8 (2009)
203]. In addition, vapor phase processes are more adapted to scale-up the fabrication of
graphene. Nevertheless, graphene formation under vapor phase generally requires
temperatures of about 1600°C, which is not compatible with 3C-SiC/Si substrates (silicon
fusion temperature is 1420°C).

In order to address this issue, we have explored an alternative original solution
consisting in feeding directly the surface with carbon via a propane flow for graphene
formation. This method has allowed us to obtain graphene on 6H-SIiC at a reduced
temperature of 1350°C in our CVD reactor [167a)]. Graphene grown using propane CVD
on 6H-SiC(0001) presents structural and morphological properties similar to that
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observed on (000-1) face (Fig. 1). This is attributed to the presence of hydrogen (vector
gas) during growth that saturates the SiC dangling bonds. When increasing temperature,
the expected 6083 6(8 R30° interface reconstruction appears.

Fig. 1: AFM view (z-scale = 2.5 nm)
of graphene grown on SiC by
propane CVD. This morphology,
commonly observed on (000-1) face
is surprisingly observed on our
sample grown on (0001) face. We
can observe domains of 2 or
3 graphene monolayer, few A tall
walls, and atomic steps on both sides
of the image.

Our first growth study shows that graphene thickness depends directly on propane
flow and growth time. This confirms that graphene growth is fed by the propane flow, and
not by the substrate as in classical annealing recipe. Direct control of the thickness by the
growth parameters have allowed us to obtain samples containing graphene domains of 1
or 2 monolayers (Fig. 2). Finally, thanks to a reduced growth temperature, we have also
succeeded in growing graphene/3C-SiC on 2 inches Si(111) substrates in a single growth
sequence.

Direct epitaxy of graphene on SiC is still an unexplored domain (only 2 papers using
MBE and 1 using CVD) but expected to grow. Our first growth study already revealed
amazing features such as the possibility to control interface reconstruction and thickness.
In addition, the reduced growth temperature allows to grow graphene on low-cost and
large area 3C-SiC/Si pseudo-substrates. These promising results open the way to the
potential integration of graphene material within Si technology.

Intensité normalisée

ABE (ev)

Fig. 2: XPS spectrum of graphene on 6H-SiC grown by propane CVD. The fit allows
estimating thickness to 1.5 graphene monolayer.
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HO3: Strain engineering in GaN structures

N. Baron, T. Chassagne, J-M. Chauveau, M. Chmielowska, Y. Cordier, E. Frayssinet,
T.Hossain, S. Joblot, M. Korytov, J-C. Moreno, F. Natali, M. Nemoz, M. Portail, J. Rashid, S. Roy, F.
Semond, P. Vennegues, M.Zielinski

Applications such as GaN power electronics on silicon require the growth of several
micron thick layers and strain engineering is necessary for avoiding layer cracking.
Furthermore, optimizations in this field benefit to other applications using thinner
structures

The lack of large size cost competitive GaN substrates makes necessary the growth
on foreign substrates. Among these substrates, silicon appears as the most competitive in
terms of size and cost. Efforts have then been done for growing good quality GaN based
structures in spite of the large lattice and thermal expansion coefficient (TEC) mismatch,
responsible for huge residual stress and risk of cracking of the epilayers. The most
efficient way to achieve good quality structures is to grow GaN layers on top of a strain
relaxed AIN nucleation layer. Indeed, thanks to the 2.5% lattice mismatch between both
materials, GaN can be grown compressively strained. This strain, even progressively
relaxed, is useful to compensate for the 0.2-0.23% tensile strain generated during the
cooling down after the growth, and responsible for cracking. The main two growth
techniques (metal organic vapor phase epitaxy (MOVPE) and molecular beam epitaxy
(MBE)) are studied. MOVPE presents the advantage of higher growth rates, easy
monitoring of three-dimensional to two-dimensional growth modes, which is very useful
for eliminating crystal defects. On the other hand, MBE proceeds at lower temperature
which is an advantage for slowing the strain relaxation of GaN growth on AIN and smaller
thermal strain. Without strain engineering, the MBE growth of a GaN layer on silicon is
limited to about 1 um to avoid cracking. The use of a 3C-SiC buffer (H1) has been shown
to reduce the resulting tensile stress in the GaN layers, allowing the growth of 2 um thick
crack free GaN. The same tendency but with thinner crack-free layers is observed with
MOVPE. During the last years, intense efforts have been devoted to understand the
mechanisms involved in the strain relaxation of GaN. Indeed, limiting the strain relaxation
rate in GaN grown on AIN is one key point for obtaining thick crack free structures.

We discovered several years ago that the insertion of an AIN interlayer into the GaN
buffer was very efficient to enable the growth of thicker crack free GaN (up to 3 pm with
MBE, up to 2 pm with MOVPE). Since 2004, the patented MBE growth process to
produce crack-free GaN HEMTSs on silicon is licensed to Picogiga International (SOITEC
group). During the last years, we studied more deeply how the strain was relaxed into
these structures. Using X-ray diffraction, transmission electron microscopy,
photoluminescence and in-situ curvature measurements, we have been able to
understand the primary role of growth temperature and of the dislocation density on the
GaN strain relaxation rate [122,262]. We studied the role played by AIN interlayers and by
3D growth enhanced with the insertion of silicon nitride layers in the lowering of the
dislocation density [D.Schenk et al, J. Crystal Growth 2010]. Various optimizations have
allowed us to establish the state of the art for GaN on silicon in terms of thickness of
crack free layers. For example, 4.5 um crack-free GaN can be grown by MBE and about 4
pm by MOVPE [E.Frayssinet et al, submitted to Physica Status Solidi c]. For applications
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such as high power Schottky diodes (project G2REC leaded by STMicroelectronics) the
growth of a silicon doped GaN bottom contact electrode layer is necessary. The strain
relaxation being even more efficient in silicon doped layer, this makes the growth even
more difficult. Again, the use of new strategies is necessary. For instance, the use of 3C-
SiC/Si(111) substrates has presently resulted in the growth of a 4 um undoped on 1pm Si
doped crack-free GaN continuous layers [Y.Cordier et al, ISGN3 July 2010]. The results
of these works do not apply only for high power devices on thick buffer layers such as
Schottky rectifiers, MOSFETs and HEMTs. With less constrains on the residual strain,
high quality layers for light emitting diodes, high frequency transistors and micro-systems
can also be grown, not only on the {111} orientation of silicon, but also on C-MOS
compatible orientations such as {100} and {110} (see H4).
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Fig.1: In situ curvature measurement performed during the growth of a thick GaN
layer on silicon; the growth of the final GaN layer generates a convex curvature that
compensates for the effect observed during cooling.

Fig.2: SEM cross-sectional view of 4 um thick GaN grown crack-free on 1 um thick
GaN layer doped with 2x10™® atoms/cm? of silicon on a 3C-SiC/Si(111).

Optimizations on the epitaxial structures are underway, but other ways are explored such
as local area growth that can lead to 8 um thick crack-free GaN on areas up to 200 pm x
200 pm [M. J. Rashid et al, IWN 2010, Tampa, September 2010 ].
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HO4: AlGaN/GaN High Electron Mobility
Transistors

M. Azize, N. Baron, S. Chenot, M. Chmielowska, Y. Cordier, E. Frayssinet, S. Joblot, M. Portail,
F. Semond, M. Ramdani

We develop the epitaxy of nitride based High Electron Mobility Transistors for
applications in the field of microwaves, power eletronics, micro-systems and sensors.
AlGaN/GaN heterostructures are grown on various substrates such as silicon, silicon
carbide, GaN or AIN templates and free standing GaN.

An intense effort is devoted to the growth of the AlGaN/GaN material system,
considered as the most mature for future mass production in the field of
telecommunications, radars, power switching and sensors. Nevertheless, the lack of large
size cost competitive GaN substrates implies the growth on foreign substrates. Among
these substrates, silicon appears as the most competitive in terms of size and cost.
Efforts have then been done for growing good quality GaN based structures in spite of the
large lattice and thermal expansion coefficient mismatch, responsible for huge residual
stress and risk of cracking of the epilayers (see H3). HEMT device active layers require
good crystal quality and sharp interfaces for reliability and for high electron mobility.
Furthermore, the electrical behavior of the polar surface, as well as the need for high
electrical resistivity buffer layers, are critical for these applications.

Substrate | Si(111) | 3c-sic | MOCVD-| MOCVD- Tab.l: Material and
GaN AIN device  properties  of
GaN thickness 1.7 ym 1.7 ym 4-7 um 2 um AlGaN/GaN HEMTs grown

Dislocation 9 9 9 9 L. )
density (/om?) 3-6x10 <5x10 <1x10 2-3x10 on Silicon, 3C-SiC and

. 12
o™ | Sags | 0| w0 | eaor | O O canprire.
RT electron 1800 2030- '
2050 2085
mobility (cm?/V.s) 2000 2150 )
LT electron 8500 26500 HEMT epilayers have
mobility (cm>?/V.s) 13700 31000 been grown by molecular

Residual doping
level n (cm®)

2-4x10" | 1-2x10" | <3x10" | <3x10 | beam epitaxy on silicon
substrates  with  various
orientations: the <111> orientation well known to be compatible with hexagonal lattice of
nitrides, but also the <100> and <110> orientations which are C-MOS compatible but
present different surface symmetries (see H5). Optimizations led to structures with state
of the art quality on Si(111) [122]. The use of a 3C-SiC buffer was shown to reduce the
residual stress in the layers (H1, H3), and HEMT structures with a quality at least as good
as on bare silicon have been obtained [91]. Concerning micro-system applications, 1 MHz
MEMS resonators with fully integrated HEMT transducers have been developed at the
IEMN in Lille on Si(111) [92].

HEMT structures are developed on other substrates such as 4H silicon carbide, GaN
or AIN templates on sapphire with various resulting dislocation densities, strain states and
thermal dissipation coefficients of the substrate. The regrowth on GaN based substrates
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has necessitated the development of new strategies based on the use of acceptors (Fe,
Mg, C) to avoid any electrical conduction at the regrowth interface. An enhancement of
the resistive properties of the buffer layers at high temperature has been achieved, which
is a benefit for HEMT power devices, but also for less temperature dependant Hall
sensors [148] as shown in Fig.1. Furthermore, in the frame of a project with IES (ANR
AITHER), enhanced transmission of radiations at 300 GHz has been obtained with such
structures grown on sapphire; this is the first step in the demonstration of THz
amplification.

Fig.1: Evolution of the Hall carrier density and mobility with the temperature in
AlGaN/HEMTs with different buffer layers.

Another result is that in DC conditions, the drain current collapse of HEMTs on
Si(111) is noticeably smaller than on GaN on sapphire templates (Fig.2). However, pulsed
I-V measurements with (Vds=0V, Vgs=0V) quiescent bias show the same reduced current
collapse for both kinds of devices, whereas relatively small gate lag and drain lag effects
appear on silicon in spite of the absence of any passivation of the devices. This attests
the quality of these devices.

Fig.2: DC and pulsed
output characteristics of
HEMT devices on
GaN/Sapphire and
Si(111).
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