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Introduction
Our strength is based on the 16 PhD students working on PVSiXT topics, supported by post-docs,
TOTAL engineers, CNRS researchers and École polytechnique professors.
The pluridisciplinary research on plasma processes, thin
film deposition and characterization, nanophotonics,
new solar cell architectures, modeling at all levels of
the value chain (plasmas, materials, and devices) has
resulted in 27 publications in peer-reviewed journals
(Nature Communications, Phys. Rev. Lett., Solar Energy
Mat. and Solar Cells, Advanced Optical Materials, J.
Chem. Physics…), 7 invited talks at international conferences, 12 conference proceedings, and two patents.

Pere Roca i Cabarrocas
LPICM director

I am really happy to introduce the 2014 PVSiXT report.
Our joint research team has experienced a strong
evolution since its launching in November 2009.
Indeed, we have been growing from an initial group of
about 20 people to 40 today.
This also came with the change from the initial
NanoPV name to the present one. Such evolution is
also reflected by the covered scientific topics, which
have shifted from materials and processes for amorphous and microcrystalline silicon solar cells to thin
films and processes on crystalline silicon wafers for
high efficiency crystalline solar cells.
The achievement of a Silicon heterojunction solar cell
with an efficiency of 20% clearly shows the high standards of the research conducted at PVSiXT 2014 has
been a very rich year as demonstrated by the present
booklet.

The workshop on “Above 25% solar cells via low cost
approaches” on July 10 and 11 was certainly a landmark of 2014 with many high level and exciting talks
from invited speakers.
From the administrative side, 2014 has also been the
year of the renewal.
The new contract will take us to the end of 2016 and
the inauguration of IPVF (Institut Photovoltaïque d’Ilede-France) building.
In the meantime, IPVF projects have started, in particular project A on “Thin materials and processes for
high efficiency silicon based PV” to which PVSiXT has
a strong contribution.
Beyond formal projects, I like to think that the strength of our joint research team lies on the regular
meetings and group discussions where new challenges and opportunities are discussed.
So let me say THANK YOU to all PVSiXT members,
thank you for making it so successful and thanks to
Erik for taking the scientific leadership.
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In this context, it is with great pleasure that I have
the chance to introduce this first Annual Report that
highlights our collaborative work on a number of projects and demonstrates our academic excellence
through high-level publications and conference contributions.
2014 was rich of changes, both challenges and successes: Several PhD students successfully graduated,
strongly contributing to the scientific output of the
team. Our common equipment platform was significantly enlarged, enabling the team to make broader
and more in-depth investigations. Also, in the frame
of the Chair polytechnique, we successfully organized
a first workshop with renowned European experts on
very high efficiency solar cells.
Lars OBERBECK,
Head of Solar, R&D Department,
TOTAL New Energies

Our collaboration with LPICM has significantly evolved over the last years from initial joint work within
a publicly funded project to the formation of a first
joint team called “NanoPV” to the current phase of
collaboration within the “PVSiXT” team, which was
announced in 2014.
Following TOTAL’s investment in SunPower in 2011, our
joint work experienced a major transformation from a
focus on thin-film solar cells towards the application
of thin films to crystalline silicon solar cells incl. future
architectures using epitaxy or tandem structures, building upon LPICM’s core expertise of plasma deposition
of silicon films and advanced characterization.
Together with IMEC, LPICM has become the core pillar in
TOTAL’s Open Innovation Network for PV R&D, and it will
remain core to our activities in the upcoming changes
that will occur through the ongoing start of IPVF.

2015 will be a year of significant challenges for the
team: we need to find the laboratory and office space
for our larger team as well as for tools and colleagues
who will be based within LPICM through the IPVF common project collaboration, and we need to improve
our facilities to meet enhanced demands for cleanliness and climate control. The activities within IPVF
will be further growing and it is now that we need to
plan in more detail our future collaboration in the IPVF
context.
I would like to thank all PVSiXT team members for
their excellent work and in particular Fabrice, Pere and
Erik for making our collaboration successful and providing the scientific guidance to the team that constitutes the basis for our academic excellence.
I am very optimistic that 2015 will be another successful year for the PVSiXT team with significant
scientific achievements and I am very happy to be
part of the TOTAL – LPICM collaboration.
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I. Public projects

A. PhotoNVoltaics
(EU-FP7, November 2012 to October
2015)
Partners: LPICM, TOTAL, IMEC, INL, UNamur, Obducat,
and Chalmers
The ambition of PhotoNVoltaics is to enable the
development of a new and disruptive solar cell generation resulting from the marriage of crystalline-silicon photovoltaics (PV) with advanced light-trapping
schemes from the field of nanophotonics.
These two technologies will be allied through a third
one, nanoimprint, an emerging lithography technique from the field of microelectronics.
The outcome of this alliance will be a nano-textured
thin-film crystalline silicon (c-Si) cell featuring a drastic reduction in silicon consumption and a greater cell
and module process simplicity. It will thus ally the
sustainability and efficiency of crystalline silicon PV
with the simplicity and low cost of the current thinfilm solar cells.
The challenge behind PhotoNvoltaics lies in the
successful identification and integration of these

nano-textures into thin c-Si-based cells, which aim
is a record boost of the light-absorption efficiency of
these cells, without harming their charge-collection
efficiency.
The goals of this project are scientific and technological. The scientific goal is two-fold: (1) to demonstrate
that the so-called Yablonovitch limit of light trapping
can be overcome, with specific nanoscale surface
structures, periodic, random or pseudo-periodic, and
(2) to answer the old question whether random or
periodic patterns are best.
The technological goal is also two-fold: (1) to fabricate
thin c-Si solar cells with the highest current enhancement ever reached and (2) to demonstrate the
up-scalability of this concept by fabricating patterns
over industrially relevant areas.
To reach these goals, PhotoNVoltaics gathers seven
partners, experts in all the required fields to produce
thin c-Si films (epifree, epifoil and epi-PECVD), model
and identify the optimal structures, fabricate them
with a large span of techniques, integrate them into
solar cells and, finally, assess the conditions of transferability of these novel concepts that bring nanophotonics into PV, further towards industry.
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B. NATHISOL
(ANR, October 2012 to March 2016)

C. CANASTA
(ANR, Ended October 31 2014)

Partners: INL, Ecole Centrale Lyon, LPICM, LPN, Marcoussis, and TOTAL.

Partners: LPICM, LGEP, and LPP

The Nathisol Project focuses on bringing enhanced
light trapping properties of optimized nanostructures
to thin film solar cells.
Goals of the project include identifying an advantageous nanostructure geometries and fabrication of
thin crystalline silicon devices with optimal surface
structuring.
Thin crystalline silicon films are epitaxially grown
at LPICM on wafers at low temperature in plasma
enhanced chemical vapor deposition reactors. Epitaxial films are then transferred to a foreign substrate
(glass), e.g. by anodic bonding at LPN after which
they are patterned by either using laser holography
or nanoimprint techniques in INL or LPN, respectively.
Subsequently, samples are etched by using either
wet chemical or dry physical methods. Afterwards,
samples are passivated and doped silicon films are
deposited at LPICM and devices are either finished
there or at LPN.
A strong focus is on bringing the high light trapping
efficiency into the field of thin film devices, while
keeping all technological steps at the lowest possible
cost with processes compatible with industrial thin
film technology.
Recent success has been achieved in terms of
devices on transferred epitaxial thin film with efficiencies over 6% and short circuit current densities over
18 mA/cm2.

Project Goals: The goals of the CANASTA project were
two-fold: (1) explore the advantages of depositing
hydrogenated microcrystaline silicon (µc-Si:H) using
Tailored Voltage Waveforms, and (2) develop a new,
stable material with an effective bandgap approaching
hydrogenated amorphous silicon (a-Si:H) by alloying
this material with carbon, thus forming µc-SixC1-x:H.
These goals were framed in the context of making
thin-film silicon tandem or triple devices, and replacing the a-Si:H or a-SiGe:H with a more stable alloy.
The work on µc-SixC1-x:H was mainly led by Sofia
Gaiaschi, and she identified many key elements of
the growth of such material using different plasma
sources. Notably, that C was responsible for interfering with the nucleation of crystallites in the material,
but this could be easily overcome by using a seed
layer. As well, she showed that the crystallinity of
the layer is determined by the final carbon content
(impossible to maintain crystalline growth above
10%), but that the morphological and electronic properties are highly dependent on growth conditions.
Cells with efficiencies of 4% were produced, but the
information gained on the material could be useful
in many contexts. The developments in TVW technology for the deposition of films was also a very
successful part of this project. It was determined that
high-quality µc-Si:H could be grown by TVW-PECVD,
and the decoupling between power and ion bombardment that this technique provides allowed us to
isolate causal relationships.
This gave us new insight into the physical processes
that determine epitaxial growth and nucleation on
amorphous substrates.
The project led to 17 publications in peer-reviewed
journals and 19 presentations at international conferences (of which 7 were invited).
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D. IMPETUS
(ANR, November 2013 to October 2017)
Partners: LPICM, III-V Lab, LGEP.
Project goals: III-V multijunction solar cells hold by far
the highest conversion efficiency for any photovoltaic cell, with a 46% efficiency record under concentration, and offer a viable solution for photovoltaic
power plants in high irradiation countries.
The belief in the high potential of III-V multijunction cells has led many leading PV players, such as
Panasonic, Sharp, Spectrolab, to put considerable
resources in R&D in the past years. But new players
have also gained an important role in bringing innovation from laboratories to production; one can mention the outstanding 28.8% of Alta Devices GaAs
cells, or the 46% for bonded III-V 4 junction Soitec/
Fraunhofer/CEA device.
However the cost of present multijunction cell technology still represents a major hurdle to large deployment; thus a breakthrough is still to be done in the
field of high efficiency multijunction solar cells.

Partners have a very complementary role in IMPETUS: the III-V Lab and LPICM are responsible for the
two building blocks – III-V and IV respectively – of
the tandem cell, and in addition, the project benefits
from LGEP’s expertise in advanced characterizations
and modelling.
Progress: Important milestones have already been
demonstrated during this project:
–G
 rowth of monocrystalline Si and SiGe layers, as
well as single junction solar cells based on such
device (recently published in SEMSC)
–H
 eteroepitaxial growth of Si on GaAs at low temperature by PECVD
–S
 ingle junction GaAs solar cell reaching more
than 20% efficiency
– High peak tunneling current for III-V tunnel diodes.

Within this context, the IMPETUS project introduces
two major innovations: i) First, a low-temperature (<
250°C) and low-cost epitaxy using plasma enhanced
chemical vapor deposition (PECVD) technique for
thin film single crystal Si, Ge and Si1-xGex, combined
with metalorganic vapour phase epitaxy deposition
(MOVPE) for the III-V top cell and ii) a new architecture of tandem cell, based on an inverted thin-film
stack of low-temperature epitaxial Si1-xGex on top of
an MOVPE grown AlGaAs cell.
The choice of AlyGa1-yAs as the top material is justified because it provides the optimum bandgap combination with Si1-xGex,1.63 eV/0.96 eV, able to reach
conversion efficiencies in excess of 47% in a tandem
configuration.

– Improvement of tunneling properties by exposure to hydrogen plasma.
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II. S
 elf introduction of PhD work
Graduated in 2014
A. Jean-Christophe DORNSTETTER
We found that a H2-limited process is associated to
amorphous growth and all H2 is used to form HF.

Defended November 19
	Supervisor: P. Roca i Cabarrocas
Funded by TOTAL CIFRE

Microcrystalline silicon deposited from SiF4/H2/Ar
plasmas: applications to photovoltaics.

On the contrary an excess of H2 leads to microcrystalline growth. A simple yet accurate model, strongly
based on experimental data, has been developed to
explain the amorphous-to-microcrystalline transition
and enables a controlled tuning of plasma parameters leading to an increase of deposition rate.
Moreover, the contribution of plasma generated
nanoparticles. They have been clarified, in particular
their crystallization in the plasma phase.

Silicon tetrafluoride is a good candidate to replace
silane as silicon precursor in plasmas used to deposit
thin films.

The microcrystalline silicon, fabricated from SiF4/H2/
Ar, is a high quality material: a density of defects as
low as 3x10-3cm-1 has been deduced from absorption below the bandgap (at 0.8eV).

It has been demonstrated by previous Ph.D. thesis at
LPICM that microcrystalline silicon, grown from SiF4/
H2/Ar gas mixtures, leads to excellent thin film transistors. My thesis is dedicated to another application:
photovoltaic devices.

By using the fluorinated chemistry for the deposition
of the intrinsic absorber layers in thin film PIN solar
cells, open-circuit voltage as high as 536mV has
been obtained for highly crystallized layers, leading
to 9.2% efficiency.

A new challenge arises because several micron thick
layers are required in microcrystalline silicon thin film
PIN solar cells. Therefore a better and deeper understanding of SiF4/H2/Ar plasmas is necessary to optimize the deposition rate of microcrystalline silicon.

Over the course of my PhD, I have published: 3
peer-reviewed articles as leading author, 3 peer-reviewed articles as co-author, 3 oral presentations at
international conferences, 2 poster presentations at
national and European conferences.

SiF4/H2/Ar plasmas have been studied thanks to
mass spectrometry and the specificity of such gas
mixtures is demonstrated to be the formation HF
molecules via the recombination of atomic F and
molecular H2.
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B. Igor SOBKOWICZ
This allowed us to continue towards our main goal:
improve a-Si:H/c-Si heterojunction solar cell efficiencies by depositing intrinsic and doped a-Si:H layers
on textured c-Si n-type wafers.

Defended December 9,
	Supervisor: P. Roca i Cabarrocas
Funded by TOTAL CIFRE

Study and optimization of the growth of a-Si:H on wet
chemically-textured c-Si substrates for the enhancement of a-Si:H/c-Si heterojunction solar cells.
My thesis describes results of work on the passivation of textured c-Si by hydrogenated amorphous silicon deposited by RF PECVD.
First, we addressed the impact of chemical wet texturation on the definition of the c-Si wafer surface.
Indeed, the orientation that arises affects the growth
of a-Si:H. To our surprise, randomly distributed pyramid landscapes were not perfectly defined in a natural
111 crystallographic orientation but rather contained
a distribution of surface orientation as observed by
SEM.
As a result, we studied the a-Si:H growth on the 100
and 111 orientations to finally achieve an effective
lifetime as high as 6.3 ms with an implied Voc of 732
mV on a symmetrical i/i stack on an n-type textured
wafer.
In order to monitor the growth of a-Si:H on textured
c-Si, classical characterization methods do not work
since the surface is no longer flat. However, spectroscopic ellipsometry measurements were carried
out and proved to be useful while they quite accurately matched our HR-TEM and STEM analyses.

This could be done by choosing an adequate texturing recipe, a proper cleaning routine, optimize the
cleanliness of the whole fabrication chain processes
despite no clean-room environment and by developing adequate layer stacks to enhance the HJ solar
cell parameters.
As a consequence, a 2x2 cm² (n)c-Si HJ solar cell
was fabricated with a conversion efficiency as high as
20.1% with a Voc of 701 mV, a Jsc of 37.5 mA/cm²
and a fill factor of 76.3%.
This cell contains the two main improvements we
have introduced in the classical HJ solar cell architecture: a thin buffer layer at the interface to compensate the imperfections related to texturation processes and a p-layer gradient to enhance the level of
passivation.
Their implementation required a thorough study of
their impact on the HJ solar cell resilience to TCO
deposition and final J(V) characteristics.
On the way to this efficiency, a new semi-industrial
PECVD cluster tool was installed and new PECVD
recipes were defined. As a result, we obtained a very
nice 11.3 ms lifetime with an implied Voc of 734 mV
on a symmetrical i/i stacks.
This PhD resulted in one publication in an international journal (one in preparation), three conference
proceedings, and one patent.
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C. Sofia GAIASCHI
Material properties were extensively characterized
both on the structural side and also from an electrical point of view.

Defended December 10
Supervisor: Erik Johnson
	Funded by ANR Project CANASTA

Fabrication, Characterization and Modeling of Microcrystalline Silicon-Carbon Alloy Thin Films.
The goal of my PhD thesis is to develop a new class of
materials stable under light soaking and with electrical properties similar to those of a-Si:H (or a-SiGe:H),
by alloying carbon and silicon.
Hydrogenated microcrystalline silicon-carbon alloys
(µc-Si1−xCx:H) are promising candidates for expanding
the toolbox of useful materials for thin-film photovoltaics, as it is possible to easily vary their effective
band gap by changing the amount of carbon in their
composition.
Using thin-film growth techniques at low temperatures (175 − 300° C), the range in which such electronically useful materials can be grown has been
explored, to learn the most about the growth conditions required to produce a high quality µc-Si1−xCx:H
material.
Even in the condition of small crystallites, no stable
sub-stoichiometric Si-C crystalline phase exists.
Materials are composed of submicron-size Si crystallites embedded in an amorphous silicon-carbon
(a-Si1–xCx:H) matrix. The presence of the crystallites
assures a higher conductivity compared to a-Si1−
C :H, the carbon incorporation leads to an effective
x x
energy gap larger than that of microcrystalline silicon, supporting our investigation of these materials
as promising optoelectronic layers.

A correlation between the deposition parameters and
the microstructural, transport and defect-related properties was established.
This extensive set of results has allowed the proposal
of a coherent growth model. PV devices using these
alloys as active layers were also made.
Although the absolute levels of efficiency (around
3.5%) are not as high as state-of-the-art microcrystalline silicon, this work showed that it is possible to
obtain variations in the open circuit voltage by varying
the amount of carbon incorporated in the µc-Si1−xCx:H
alloys.
This important result shows that a process parameter
other than silane dilution can be used to control this
aspect of device performance.
This PhD thesis resulted in 6 oral presentations at
international conferences, 4 posters and 3 peer-reviewed articles in international journals as first author.
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II. S
 elf introduction of PhD work
PhD Candidates
D. Bastien BRUNEAU

ciation…) can be determined by the rise-to-fall ratio
of the waveform, independently of all other parameters (reactor geometry, pressure…).

E. Soumyadeep MISRA
Started September 2012
Supervisor: Erik Johnson
	Funding: École polytechnique
Doctoral School Scholarship (EDX)

During the year 2014, I have explored two main
areas in the field of Tailored Voltage Waveforms
(TVWs).
Firstly, I studied the effect of ion energy on the
growth of silicon thin films, using TVWs as a tool to
continuously vary the ion energy, while keeping the
ion flux constant.
It has been shown that, even at pressures as high
as 1 Torr, ions impinging on a surface with sufficient
energy can break a silicon crystal, leading to epitaxy
breakdown when grown on a silicon wafer, or decreasing the number of nucleation sites in the case of
microcrystalline growth.
Secondly, a new field of TVWs has been opened, by
exploiting the so far unexplored temporal asymmetric waveforms.
Sawtooth waveform approximations have been shown
to generate different ion fluxes on the electrodes of
a geometrically symmetric reactor, opening the path
for a new control in capacitively coupled plasma. The
location of the main plasma events (ionization, disso-

Started October 2012,
	Supervisor: P. Roca i Cabarrocas
	Funding: École polytechnique
Doctoral School Scholarship (EDX)

Radial junction thin film silicon solar cells based on
PECVD grown silicon nanowires.
Owing to their enhanced light trapping and anti-reflection properties, silicon nanowires (SiNWs) provide
an effective research platform for developing a new
generation of low-cost and high efficiency solar cells.
By decoupling light absorption and carrier collection
directions, SiNWs facilitate the use of very thin intrinsic layers for PIN radial junction solar cells.
In my thesis, by optimizing the density of radial junctions (number of radial junctions per unit area), we
have managed to achieve an initial efficiency over 8%
with only 100 nm thick intrinsic hydrogenated amorphous silicon (a-Si:H) absorber, which is far less than
the 250 nm typically used for a-Si:H cells deposited
on textured substrates.
Moreover, replacing the top layer by a more transparent n-type hydrogenated microcrystalline silicon
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oxide (µc-SiOx:H) enhances the response of the cell
in the blue spectral region and improves the efficiency up to 9.2% with an open circuit voltage (Voc)
of 0.82 V.
In a separate approach, by modifying the SiNW/
intrinsic-aSi:H interface a Voc as high as 0.9 V has
been achieved.
We have also demonstrated the device performance
for radial junctions incorporating lower band gap
intrinsic layers (µc-Si:H and a-SiGe:H) to take the
advantage of the broader solar spectrum.
Finally, we have successfully applied them for the
realization of tandem radial junction solar cells, which
to our knowledge is the first demonstration of such
kind of devices.

nique Metal-Assisted Chemical Etching (MACE) and
to implement these SiNWs into standard solar cells
technology.
Random and ordered SiNWs arrays have been fabricated using the standard MACE process and the
MACE process assisted by nanosphere lithography
(which gives control over the pitch, diameter and length) respectively.
We report on HIT devices based on SiNW core-shell
structures. Solar cells show good performances with
an excellent fill factor of 82.5%, a Voc of 0.524V and a
Jsc of 28.89 mA/cm2 for an efficiency of 12.5%

G. Zheng FAN

F. Alienor TOGONAL
Started September 2012,
	Supervisor: P. Roca i Cabarrocas
Co-supervisor: Linwei Yu
Funding: CSC
Started September 2011,
	Supervisors: P.Roca i Cabarrocas,
Rusli (NTU)
Funding: NTU

Silicon Nanowires Fabricated by Metal Assisted Chemical Etching for PV.
Reducing the cost of crystalline silicon solar cells
involves the systematic use of thinner wafers which
inevitably leads to a drastic loss in optical absorption.
This loss needs to be compensated through light
trapping techniques.
The aim of my PhD project is to use silicon nanowires
(SiNWs) fabricated by the low-cost wet-etching tech-

In-plane silicon nanowires and their self-assembly
for FET applications.
We synthesize in-plane silicon nanowires (SiNWs) via
a low temperature (350°C) solid-liquid-solid method,
where liquid metal catalyst (indium) nanoparticles
absorb a solid a-Si:H layer at the front interface, to
form a Si-In eutectic alloy and precipitate crystalline
SiNWs behind.
By doping the a-Si:H layer, doped SiNWs could be
realized.
To study the electrical transport in the SiNWs, their
resistivity and the field effect transfer characteristics
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of randomly grown SiNWs have been measured, from
which the carrier mobility could be extracted.
To implement the in-plane SiNW in large scale electronics, it is of prime importance to efficiently control
the size and position of SiNWs. Guided epitaxial
growth of in-plane SiNWs on nano-faceted miscut
sapphire substrate or crystalline Si(100) have been
the most successful efforts on the self-assembly of
semiconductor nanowires or nanotubes.
Here we propose a new strategy for achieving an efficient guided growth of the in-plane SiNWs, by embedding ITO thin film segments under guiding steps.
In this way, the indium catalyst nanoparticles could
be formed exactly on the exposed sidewalls of buried
ITO stripes and then move along the step edges.
Furthermore, we found that it is also possible to
control the diameter of SiNWs by tuning the thickness
of embedded ITO. Several key controlling processing
parameters have a strong impact on the guided
growth of SiNWs along guiding steps.

H. Paul NARCHI

Started December 2013,
	Supervisor: P. Roca i Cabarrocas
Co-supervisor: Martin Foldyna
Funding: TOTAL CIFRE

Local Characterization of silicon solar cells using
scanning probe microscopy techniques.
During the year 2014, the main focus of my PhD project was set on the understanding and application to
solar cells of two scanning microscopy techniques:
Kelvin Probe Force Microscopy which enables local
surface potential measurements and Resiscope,
which enables local resitivity measurements.
Measurements on the surface and the cross-section
of silicon solar cells have been carried out.
In the last months, the development of a specific
cross-section sample holder enabled KPFM and Resiscope measurements on the PIN region of the cell.
Light with different intensities and different wavelengths can be applied during the scans. Forward and
reverse voltage biases can also be applied.
Besides the work carried out on scanning microscopy
techniques, a focus was also set on characterization,
simulation and process of nanostructured epi-Si solar
cells through two projects: PhotoNvoltaics and Nathisol.
In particular, optical simulation on nanostructured
surfaces was carried out through the software Lumerical. Reflection, transmission and absorption measurements were done on nanostructured solar cells
through the spectrophotometer.
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I. Jean-Maxime ORLACH

Started October 2013
	Supervisors: P. Roca i Cabarrocas,
Vincent Giovangigli
	Co-supervisor: Tatiana Novikova
Funding: DIM NanoK IdF

Modelling silicon nanocrystal dynamics in silane
discharges: Relationship with nanostructured and
epitaxial growth for thin film photovoltaics.
The goal of my thesis is the development of selfconsistent numerical axisymmetrical fluid plasma
model required for the understanding and control of
the formation and transport of small nanoparticles
(1-10nm) generated in silane/hydrogen plasmas,
which are typically used for thin film deposition in
PECVD (Plasma Enhanced Chemical Vapour Deposition) reactor for photovoltaic applications.
In the first year we derived a complete fluid model for
nonthermal polyatomic partially ionized chemically
reactive plasmas from kinetic theory. In parallel, we
developed a 1D CVD (Chemical Vapour Deposition)
reactor model.

J. Farah HADDAD

Started October 2013
Supervisor: Jean-Luc Maurice
Funding: École polytechnique
Doctoral School Scholarship (EDX)

Transmission electron microscopy analysis of crystallization mechanisms of silicon deposited by PECVD.
My thesis topic aims at understanding crystallization
mechanisms of silicon during plasma-enhanced chemical vapor deposition (PECVD) of thin films for photovoltaic applications, by using transmission electron
microscopy (TEM) as the main experimental tool.
Samples to be observed in TEM should be electron
transparent.
The preparation method I am using is mechanical
polishing with abrasive discs followed by argon ion
bombardment.
I have observed microcrystalline silicon elaborated
by Jean-Christophe Dornstetter using SiF4, in order
to characterize the structural differences between
the layers obtained when silicon crystallizes at the
substrate surface and those made by the accumulation of nanoparticles crystallized in the plasma.
Since high resolution TEM (HRTEM) images indicated
very similar atomic structures, I am starting now to
record dark filed images which enable us to see the
grain shape and size.
Moreover, I have made TEM observations of the epitaxial silicon obtained by Ronan Léal with the same
SiF4 chemistry.
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They showed monocrystalline-to-microcrystalline
transition induced by ion bombardment. In addition, as in situ ellipsometry of the early (transitional) stages of this type of growth develops a surface
roughness, I began studying very short deposition
times (few seconds) in order to understand the establishment of epitaxy in these depositions.

K. Jian TANG

For experimental part, processes of plasma-assisted
VLS Si and Ge nanowire growth catalyzed by Sn have
been studied.
The evolution of catalyst morphology – as well as
those of nanowire morphology, density, growth rate,
and crystallinity during growth - has been studied.
The influence of initial deposited Sn layer thickness
on Sn droplets size and density has been studied.
Si-Ge alloy nanowires have also been synthesized
and characterized.
Si-Ge nanowire morphology variation with the change
of growth temperature, catalyst size, and H2/SiH4/
GeH4 partial pressure has been studied.

	
Started: September 2013,
	Supervisor: P. Roca i Cabarrocas
Funding: École polytechnique
DRE Scholarship

L. Dennis LANGE

Optoelectrical modeling of photovoltaic devices
from nanostructured silicon with different degree of
crystallinity from nanocrystalline to monocrystalline
During the first year of my PhD study, theoretical and
experimental studies have been carried out simultaneously.
For the theoretical part, an electrical model for radial
PN junction solar cell has been developed and implemented.
Problems at equilibrium and at steady state can be
solved.
A simple optical model has been used for the calculation. In this model, light trapping properties of
nanowire and reflection are considered. Together with
optical model, external and internal quantum efficiency of the solar cell can be calculated.

Started Sept 2013
	Supervisors: Nicolas Triantafyllidis (LMS), P. Roca i Cabarrocas
(LPICM)
Funding: École polytechnique
Monge Scholarship

Piezoresistivity of thin film semiconductors under
mechanical strain with application to solar cells
The use of elastic (meaning reversible and no or
minimal defects after the deformation) strain into
semiconductor structures is a mature technique for
strain sensing, to enhance the transport properties
of MOSFET devices and to improve the optoelectronic properties of GaAs quantum-well lasers. These
techniques are known as strain engineering.
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As this field is both new to LMS and LPICM, we continued setting up experiments to examine the influence
of mechanical stress on PECVD thin film layers (300
to 400 nm) of hydrogenated amorphous and microcrystalline silicon (a-Si:H and μ-Si:H, both intrinsic, pand n-doped) as well as indium tin oxide (ITO, 300
nm) and aluminum doped zinc oxide (ZnO:Al, 1000
nm) via uniaxial tension and compression tests and
a simultaneous measurement of the resistivity both
parallel and perpendicular to the applied stress (piezoresistivity).
The goal of my PhD thesis is to evaluate if strain
engineering would be a valuable way to improve the
properties of photovoltaic devices.
The relative change of resistivity versus strain clearly
proves that there is a strong and reversible impact of
strain on silicon layers. The effect for ITO and ZnO:Al
(≅+100% for ε=0.5%) is even bigger.

M. Zuzana MRAZKOVA

Due to enhanced light trapping properties, pyramidal
textured samples are suitable for photovoltaic applications, but impose practical challenges for ellipsometric measurements.
I have studied pyramidal textured silicon wafers using
the SEM, laser scanning confocal microscopy, and
ellipsometry using special sample holder developed
for that purpose.
I did the ray-tracing analysis to determine how the
light diffuses through pyramids. Based on obtained
ellipsometric data, I was able to determine the
thickness of amorphous silicon layers deposited on
textured wafers.
I have also studied the dependence of the modeled
parameters on the angle of incidence as well as on
the deposition time.
I have proven the suitability of the ellipsometric tool
for the characterization of thin films on pyramids
through a correlation between the thicknesses of
amorphous silicon films determined by the ellipsometry and TEM.
I used the laser scanning confocal microscopy to
obtain the height profile of the particular pyramidal
textures for future advanced optical modeling.

Started October 2013
	Supervisors: P. Roca i Cabarrocas,
Kamil Postava,
Co-supervisor: Martin Foldyna
Funding: French Government
Scholarship

Modeling and characterization of materials and
nanostructures for photovoltaic applications
My PhD study is being done under the framework
of joint supervision between the Nanotechnology
Centre at VSB - Technical University of Ostrava in the
Czech Republic and LPICM.
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N. Ronan LEAL

Thus epitaxy is possible if process conditions respect
these two conditions and this way we have been able
to define a process window for epitaxial growth.
We are currently transferring this process to a
semi-industrial PECVD reactor.
Epitaxy has already been achieved but it is limited
to 100nm so far. Moreover recurrent homogeneity
problems occur.

Started February 2014
	Supervisor: P. Roca i Cabarrocas
Funding: TOTAL CIFRE

Low temperature silicon epitaxy by RF-PECVD using
SiF4/H2/Ar gas mixtures for emitter formation in crystalline solar cells
My project consists in performing low temperature
(around 200°C) doped epitaxy to make the emitter
and the back surface field of a crystalline solar cell.
During this year we obtained a thick (2.5µm) and
high-quality epitaxy by RF-PECVD using SiF4/H2/Ar
gas mixtures at temperature as low as 200°C.
A high quality interface between these layers and the
wafer has been shown by HR-TEM, which is crucial to
have good electronic properties.

Further investigations are needed to understand and
resolve these issues. Once uniformity problems will
be resolved, phosphorous doping of epitaxial layers
will be possible and as soon as possible these layers
will be used as emitter of solar cells.

O. Rasha KHOURY

Diffraction patterns have also been done at different
area of the epitaxial layers and in the substrate.

Started October 2014
Supervisor: Erik Johnson
Funding: École polytechnique
	Doctoral School Scholarship (EDX)

Their identical patterns reveal the good structural
quality of the sample over the 2.5µm.

Application of monocrystalline silicon photovoltaics
concepts to thin-films

We have also identified crucial (and easy to measure) factors to perform epitaxy. First, a very high H2
depletion, which corresponds to the percentage of
H2 consumed in reactions which occur in the plasma,
has been identified to be necessary to perform epitaxy. Then low ion bombardment energy, estimated
by the plasma potential, is mandatory to expect performing epitaxy.

My PhD thesis topic focuses on the study of the
concepts that are usually applied on crystalline silicon solar cells to thin film ones.
These concepts are mainly the passivation of plasma-deposited large grain microcrystalline silicon thin
films, and the use of localized contacts on thin-films
cells.
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These concepts will be applied with the goal of improving the efficiency of thin films cells by using less
expensive techniques.

In LPICM, SiF4/H2/Ar chemistry was introduced to
deposit µc-Si:H and more specifically for the application of TFT in 1990s.

Once those less expensive techniques work, they
will be applied again on crystalline silicon cells.

Later on, several Ph.D. thesis were carried out on
photovoltaic application with PECVD technique like:
synthesis of nanoparticles, deposition of µc-Si:H and
epitaxial silicon materials.

For the first year, the main task is to do a literature review
and training. Then to work on the development of nanoscale contacting by using a first technique which consist
of using nanoparticles of polystyrene as a mask.
The work done till now, is the deposition, by spin-coating, of those nanoparticles on three different substrates: crystalline silicon, glass and amorphous silicon deposited on glass.
These depositions will show the influence of the substrate used on the dispersion of the nanoparticles.

P. Junkang WANG

More recently, excellent performance single junction
µc-Si:H solar cells were fabricated with SiF4/H2/Ar
chemistry by the LPICM team.
Meanwhile, a “phenomenological model” was proposed to understand the SiF4/H2/Ar plasmas for
µc-Si:H growth.
Compared to CCP plasmas, Matrix Distributed Electron Cyclotron Resonance (MDECR) plasmas, belonging to the category of low pressure, high density
plasmas, has several advantages such as: confinement of hot electrons, manipulation of IBE by changing Vbias, easily scaled up to large area substrates
and non-flat surfaces.
So for µc-Si:H deposition, the choice of MDECR-PECVD
technique would possibly enable us to realize high
deposition rate, and less concerns about powder formation.

Started October 2014
Supervisor: Erik Johnson
Funding: CSC

Microcrystalline Silicon thin films and PV devices by
MDECR-PECVD
My PhD focuses on the use of fluorinated precursors,
as first proposed as an alternative method for the
fabrication of a-Si:H in 1978.
They showed a potential for improved photo-conductivity, charge-carrier mobility and diffusion length,
together with an increased light-soaking stability.

The idea of combing the SiF4/H2/Ar chemistry and
MDECR-PECVD technique is proposed to achieve
high deposition rate µc-Si:H materials as well as PV
devices.
With help of the “phenomenological model”, comprehensive studies will be carried out to find the suitable
deposition window for µc-Si:H materials, and finally
good performance µc-Si:H thin film solar cells with
high deposition rate.
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III. Independent, pre-defined and collaborative projects
The second collaboration contract between LPICM
and TOTAL (2014-2016) has been augmented by the
addition of several project types. Beyond the common collaboration framework, three possibilities
were planned.
First, independent projects could be carried out by
TOTAL using the PVSiXT common platform. Three
projects have been defined on silicon, cells, and
modules, respectively P012014, P022014 and
P032014.

Second, collaborative projects have been designed
to allow a close and direct cooperation between
TOTAL’s affiliate SunPower and LPICM experts to solve
key technical issues in a confidential and trustworthy
environment. Unfortunately none of those projects
have been requested in 2014. Hopefully opportunities will arise in 2015.
Finally pre-defined projects allow to structure services to support research. Such a project has been
started to allow the design of an innovative characterization technique.
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IV. Update on personnel

PVSiXT’s greatest asset is the researchers and staff that maintain a high-level research environment in all
aspects. Below is a list of personnel that contributed to the daily operation of PVSiXT in 2014.

Pere Roca i Cabarrocas (CNRS DR)
Fabrice Devaux (Total Researcher)
Erik Johnson (CNRS CR)
Jean Luc Maurice (CNRS DR)
Martin Foldyna (CNRS CR)
Pavel Bulkin (CNRS IR)
Dmitri Daineka (CNRS IR)
Holger Vach (CNRS DR)
Tatiana Novikova (CNRS IR)
Joaquim Nassar (X ICA)
Ludovic Hudanski (Total IR)
Patricia Prod’homme (Total IR)
Nada Habka (Total Engineer)
Gilles Poulain (Total IR)
Jean Francois Besnier (Total TC)
Ileana Florea (CNRS IR)

Cyril Jadaud (X IR)
Jean Luc Moncel (CNRS IR)
Jerome Charliac (CNRS TCN)
Frederic Farci (CNRS TCN)
Garry K. Rose (X TSEF)
Jean Charles Vanel (CNRS IR)
Frederic Liege (CNRS AI)
Eric Paillassa (CNRS TCE)
Jacqueline Tran (X IE)
Laurence Corbel (X IE)
Gabriela Medina (X IE)
Carine Roger Rolling (CNRS TCS)
Gennaro Picardi (Post-Doc Chair Total)
Rym Boukhicha (Post Doc CNRS)
Wanghua Chen (Post Doc CNRS)
Bernard Drevillon (CNRS DR)
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PVSiXT has experienced a pronounced turnover with a global increase in headcount in 2014.
People leaving PVSiXT or changing position:

People joining PVSiXT:

– Igor Sobkowicz (CIFRE), PhD degree obtained
– Jean-Christophe Dornstetter (CIFRE), PhD degree
obtained
– Sofia Gaiaschi (ANR Project), PhD degree obtained
–
Sergey Abolmasov, Post-Doc, Left for industrial
position in Russia
– Ismael Cosme-Bolanos, Post-Doc, Left for academic position in Mexico
– Antoine Salomon, TOTAL engineer, left for another
position in TOTAL group
– Marc Chaigneau, engineer employed by École polytechnique, left for Horiba

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–

Paul Narchi, PhD candidate(CIFRE)
Ronan Leal, PhD candidate (CIFRE)
Fabien Lebreton, PhD candidate (CIFRE)
Junkang WANG, PhD candidate (CSC)
Rasha KHOURY, PhD candidate (EDX)
Farah Haddad, PhD candidate (EDX)
François Silva, CNRS engineer
Julie Dion, EP Administrative Assistant (1/2 time
on PVSiXT)
Sergej Filonovich, TOTAL engineer
Jara Fernandez, TOTAL engineer
Celine Richard, TOTAL post-doc
Martin Sander, TOTAL post-doc
Ahmed Ben Slimane, TOTAL post-doc
Federico Ventosinos, Post-Doc (ANR)
Nacib Benmammar, CNRS maintenance engineer
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V. Update of equipment platform

The PVSiXT technology platform has been improved
and increased significantly in 2014.
Several light soaking units have been acquired to test
the stability of PV materials. A second lifetime tester
(Sinton) allows everyone easy access to high-quality,
routine measurements.
A new wet bench with laminar flow has been installed
in 406 for surface preparation; this wet bench is now
located close to the MVS cluster tool and the future
position of ARCAM plasma reactor to decrease variability due to delays between wafer cleaning, etching,
and processing.

In module technology, the old laminator has been
replaced by a new, state-of-the-art model and a climatic chamber that allows ageing studies of mini-modules has been acquired.
The capacity to measure the individual current-voltage curves of sub-cells in a tandem structure has
been developed and added to the LPICM EQE setup.
The commissioning of the CHIMORGA chemistry
room has increased the capacity for chemical synthesis and is available for use by PVSiXT researchers.
The gas security system for building 406 has been
fully commissioned.
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VI. Outlook
Following what was started in the first TOTAL-LPICM
collaboration contract (2010-2013), several PhD students have successfully obtained their degree.
Igor Sobkowicz has contributed to better control of
passivation and has demonstrated conversion efficiency higher than 20%, a record value for the lab.
Jean-Christophe Dornstetter studies on SiF4 based
µc-Si deposition through modeling and experiments
have fundamentally changed our understanding of
the process.

Erik Johnson

Fabrice Devaux

Several projects launched in 2012 or 2013 have
been successfully carried out in 2014, such as PhotonVoltaics or Nathisol on advanced technologies to
improve light capture in photovoltaic cells.
As well, new projects launched in 2014 (SOLARIUM
and PLATOFIL) further explore novel and exploratory
PV concepts.
The large number of publications by the group shows
the extent of the collaboration ranging from material
deposition and characterization for photovoltaics to
cell fabrication.
Several patents (2) have been filed in 2014. International visibility for the PVSiXT collaboration was
further increased through the successful hosting of
the Workshop on “Above 25% Efficiency PV Devices”,
with high-profile speakers from other institutes and
industry participating.

The number of PhD students significantly increases
in 2015. For the first time, new PhD students supported by TOTAL CIFRE grants were present with a
few month overlap to allow a better transition and a
build-up of knowledge.
Notable is that the work of all three new PhD students
will be performed in the context of the IPVF (Institut
Photovoltaïque d’Ile de France) and will entail closer
relations with other partners such as Air Liquide or
LGEP.
As for the year before, PhD students have played a
key role in the PVSiXT collaboration. Strong support
for them has been given in 2014 in terms of TOTAL
engineers (+3 persons) and post-docs (+3), in addition to their official academic supervisors and co-supervisors from the LPICM.
Although a majority of the time of the TOTAL
engineers and post-docs is allocated to TOTAL independent projects, most of them spend at least part
of their time supporting the students, public projects
and/or the common equipment platform. The latter
was has been increased significantly with new equipment bought by TOTAL : light soaking apparatus, Sinton tester, climatic chamber, new chemical hood for
HF, PL mapping, etc.
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TOTAL should also contribute to the improvement of
the 406 clean room through the installation of climate-testing unit upgradable for better air control.
Conversely, LPICM has contributed to the platform
maintenance with a skilled engineer with industrial
experience, as well as upgrades to existing characterization equipment and infrastructure.
In 2015, PVSiXT will thus benefit from a larger team.
Additionally TOTAL and the IPVF should contribute
with many new pieces of equipment for the platform.
A high-temperature bake oven and a PL cartography

instrument have already arrived. In the coming months are expected a µPCD semilab instruments, a new
exo-diffusion tool. Later on in the year are expected
a new PECVD cluster tool (IPVF), an ALD equipment
and a new climatic chamber. To accommodate such
an increase the temporary 404 building will extend
with another floor. With such resources, PVSiXT
should contribute in 2015 even more significantly
by high-quality, pioneering work for PV technology,
and thus prepare a smooth transition towards a large,
world class IPVF.
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