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FORMATION MECHANISMS OF ZNO NANOWIRES ON

POLYCRYSTALLINE AU SEED LAYERS FOR PIEZOELECTRIC
DEVICES
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Bassani,2 Estelle Apper‘[,l Sébastien Labau,2 and Vincent Consonni'

"'Univ. Grenoble Alpes, CNRS, Grenoble INP, LMGP, 38000 Grenoble, France
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Topic : ZnO nanowires, formation mechanisms

Abstract— The formation mechanisms of ZnO
nanowires by chemical bath deposition on Au
seed layers were investigated. We show the
presence of two different populations of ZnO
nanowires with a given morphology and
formation mechanism. These findings should
be taken into account for their more efficient
integration into piezoelectric devices. [1]

FULL ABSTRACT

ZnO nanowires (NWSs) are considered as attractive
building blocks for piezoelectric devices, as they combine
strong piezoelectric properties and the possibility to be
grown at low temperature by chemical bath deposition
(CBD) [2-4]. However, their integration requires the use of
metallic Au seed layers, on top of which the formation
mechanisms of ZnO NWs by CBD are still largely open. In
this context, the nucleation and growth mechanisms of ZnO
NWs on top of Au seed layers are thoroughly investigated
by preparing several samples with varying Au
thicknesses - ranging from 5 to 100 nm, on which ZnO
NWs are grown by CBD under identical standard
conditions using zinc nitrate and
hexamethylenetetramine in aqueous solution [5]. We
reveal the presence of two populations of ZnO NWs with a
given morphology. The majority primary population is
composed of vertically aligned ZnO NWSs, which are
heteroepitaxially formed on top of the Au (111) grains. The
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Au seed layer
Ti adhesion layer

Primary
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resulting epitaxial strain is found to be completely relieved
at the Au / ZnO interface. In contrast, the minority
secondary population is made of ZnO NWs with a
significant mean tilt angle around 20 ° with respect to the
normal to the substrate surface, which are presumably
formed on the (211) facets of the Au (111) grains. By
further implementing the selective area growth using
electron beam lithography, we achieve a good control over
the position of ZnO NWs, although the two populations still
co-exist in the ensemble. These findings provide an in-depth
understanding of the formation mechanisms of ZnO NWs
on metallic Au seed layers, which should be taken into
account for their more efficient integration into
piezoelectric devices.
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Topic : Spintronics, MRAMs

Abstract— In this paper, we present an integration
flow of Indium Tin Oxide (ITO) as transparent
conductive electrode for the realization of
magnetic tunnel junctions (MTJ) with optical
access. Electrical measurements validate that the
developed process steps lead to properties
equivalent to the reference process flow.

. INTRODUCTION

Magnetic random access memories (MRAM) are based
on magnetic tunnel junction (MTJ) devices, corresponding
to two ferromagnetic layers, a free layer and a reference
layer, separated by a tunnel barrier thin enough for the
quantum tunneling of the electrons to occur [1]. MRAM is
known for its non-volatility, low energy dissipation, high
endurance, compatibility and scalability to advanced Si
complementary  metal-oxide-semiconductor ~ (CMOS)
processing and technology nodes. Conventional cells are
based on spin transfer torque (STT) switching. Recent
advances have shown the possibility of manipulating the
magnetization in magnetic systems having two magnetic
sub-lattices coupled antiferromagnetically [2,3]. Based on
these systems, laser pulses in the ps and fs range allow for
the reversal of the magnetization even in the absence of
applied magnetic field. To test these magnetic systems in a
magnetic tunnel junction requires the realization of junction
pillars having an optical access, using a transparent
conductive electrode (TCE). It should be easy to process
and robust to be used as a hard mask during a critical step of
defining the tunnel junction pillar by ion beam etching
(IBE). Possible transparent conductive oxides (TCO) (e.g.
Sn0O, In0O3 and ZnO) have been heavily studied [4].
Indium Tin Oxide (ITO) (In203-SnOy) is the most used
TCO material, having the lowest electrical resistivity, is
highly transparent [5], easy to process using by dry etching
[6] and more robust compared to ZnO [7]. In this paper, we
will introduce the process of integration of TCE based on
ITO ina MTJ device in order to realize all optical switching
magnetic tunnel junction (AOS-MTJ) devices and compare
the electrical performances with MTJ devices based on our
standard process.

Il.  FABRICATION

A. Standard MTJ process — Process A

The objective of this study is to compare the standard
process, named Process A with the new process based on

ITO named process B using the same conventional
magnetic stack [8]. Both process flows are schematically
described in Fig. 1. For the process A, the magnetic stack is
deposited by physical vapor deposition (PVD) Fig.1 (top
left). It is followed by annealing at 350°C during 15 min. A
Ta layer used as a hard mask is deposited by PVD
afterwards. The MTJ diameter is defined by e-beam
lithography followed by Cr deposition and lift-off. The Cr
layer is used as a mask to etch the Ta layer by inductively
coupled plasma (ICP) to define a hard mask to etch the
stack by multiple angle ion beam etching (IBE).
Photolithography and Pt dry etch by reactive ion etching
(RIE) are then performed to realize the bottom electrode
and the top electrode accesses. In order to get electrical
access to the MTJ top contact, a spacer based on Accuflo™
resist is spincoated, patterned by photolithography, dry
etched and thinned down by RIE. The top electrode itself is
based on Cr/Al, patterned by photolithography, e-beam
evaporation and lift-off.

ProcessA ProcessB

Pt50A o ‘ MTJ stack & HM by PVD
Ta 30A t
. /510,
—

E-beam lithography & Cr
deposition

x3{ Pt2.5A
x6
{ Pt 2.5A HM etching by ICP & MTJ
| | etching IBE
I Bottom electrode by
n photolithography & RIE

Spacer by photolithography &
RIE

Top electrode:
« Process A: photolithography &
ebeam evaporation Cr/Al
* Process B: ITO by PVD,
photlithography & ICP efching

Figure 1. Process flows of Ta hard mask (HM) based MTJ with Cr/Al
metallic electrode (Process A) and a proposed ITO based HM and top

electrode (Process B). The magnetic stack is detailed on the top left. In
bottom left, optical microscopy image of an MTJ (scale bar: 100um)

B. ITO based MTJ process —Process B

The process B flow is similar to process A flow except
for the top electrode where after the spacer realization an
ITO layer is deposited by PVD and patterned as the top
electrode by photolithography and ICP etching. The ITO
properties and its possible used as hard mask were
investigated.
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To evaluate the morphology after deposmon We
deposi
at different power, O, flow and chamber pressure Fig.2
shows that power influences surface morphology. Fig. 2(a-
c) exhibit crystal growth at the surfaces, while higher
power results in smoother surfaces, with some pyramid-
like features still visible. The sample at 300W/O,=1
sccm/p=8.10"mbar (Fig. 2(c)) shows the best compromise
between crystallinity and smoothness. Changing the O,
flow and chamber pressure degrades the surface and results
in a more granular surface not suitable for process (Fig.
2(d-e)). ITO was successfully deposited on magnetic stack
(Fig. 2(f)) without impact to its magnetic properties.

We measured the sheet resistance of the samples by
four-point method for different deposition power

conditions. The deposition at 300W/O,=1sccm/p=8.10
3mbar gives the lowest sheet resistance, 32 Q/o ie. a
resistivity of 2.3x10* Q.cm, higher than reference values
[5] but suitable for our MTJ device. We have also
investigated the transmittance of the ITO achieving 75%
for 150 nm of ITO at 1.55 um wavelength.

Figure 2. Top view SEM images of the deposition of 150 nm of ITO by
PVD on Quartz substrates with different PVD deposition conditions
(green color): (a) 200W/O,=1 sccm/p=8.10"*mbar, (b) 200W/O,=1
scem/p=8.10"mbar, (c) 300W/O,=1 sccm/p=8.10"°mbar, (d)
300W/0,=0sccm/p=8.10"mbar, (€) 300W/O,=1 sccm/p=2.10"mbar; ()
The ITO is deposited on magnetic stack described in Fig. 1. (g-j) Tilted
(45°) view SEM images of the etching by ICP of the ITO (blue) and their
ITO pillars robustness through IBE process (red) for small and large
diameter. Scale bar: 100nm.

In terms of process, we also investigated the patterning
of ITO by using a Cr mask and ICP etching with Ha/CHa4
gases [6]. 150 nm ITO is deposited by PVD on
Si/SiO2/Ta(5nm)/Pt(5nm) substrates, Pt used as a etch stop
layer. We obtained I1TO pillars with steep vertical sidewalls
from 50 up to 500 nm diameter (Fig. 2(g-h)). ITO pillars
have been shown to be robust during the IBE etch step
(Fig. 2(i-j)) to pattern the magnetic stack. The ITO top
electrode was patterned using the same ICP conditions and
a resist mask, while using the spacer material as an etch
stop.

I1l.  ELECTRICAL RESULTS

Both processes are compared electrically to show
feasibility of ITO patterned MTJ devices. Electrical results
are shown in Fig. 5. We obtained a high squareness
hysteresis loop as is desirable for perpendicular anisotropy
magnetic tunnel junctions, as shown in Fig. 5(a). Tunnel
magnetoresistance (TMR) up to 67% is achieved for MTJ
having 20nm diameter as shown for both processes A and
B. The observed higher TMR values for smaller diameters

is due to the hlgher reS|stance of smaller p|llars A ser|es

of the measured TMR signal and |mproved etch cleaning
prior to the ITO electrode deposition should eliminate this
issue. The results show that the ITO process flow is
equivalent to our reference MTJ process flow.
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Figure 3. (&) R(H) hysteresis loop of a 80 nm diameter MTJ device. (b)

TMR plot with Ry, for different MTJ diameters comparison between
standard MTJ devices process (Process A ) and ITO based devices process
(Process B).

CONCLUSION

Using incremental process developments, we
successfully proposed, realized a fully processed magnetic
tunnel junctions patterned with ITO hard mask and
electrode. This developed process provides an optically
accessible top electrode, without damage to the magnetic
tunnel junction stack.
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Controlling InGaAs/InAlAs interfaces in MOCVD at the level of the atomic

monolayer
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Topic: Synthese, intégration et assemblage de nouveaux
matériaux

Abstract — Organo-metallic chemical vapor
epitaxy is a well-established technique used for the
growth of highly complex heterostructures
combining a variety of semiconductor alloys with a
multitude of applications in photonics. Research in
MOVPE at the C2N focuses at pushing the limits
of what is feasible with this technique, tackling the
growth of advanced heterostructures, such as
guantum cascade devices, challenging to the
complexity of their structure that consists of
hundreds of layers that are only a few monolayers
thick.

A particularly ripe market for such applications is the
field of biological and chemical sensing in the mid-infrared.
The 3 to 5 um and 8 to 13um bands contain the signatures
of the roto-vibrational modes of a large number of
molecules, allowing one to unambiguously identify and
quantify trace amounts of these molecules in gas or liquid
mixtures [1]. Detecting these signatures in on-chip
spectroscopy systems that can be integrated on smart
devices can, therefore, open these devices up to a slew of
applications in biomedical and environmental sensing and
ensure continued growth in the industry. Developing a
platform for mid-infrared photonic integrated circuits that
combine emitters, modulators, and detectors is, thus, highly
desirable [2].

The key difficulty with emission and detection in the
infrared spectrum is the small separation in energy of the
involved transitions — typically a few hundreds to a few tens
of meV. Semiconductors with the appropriate band gap are
scarce and their gap can only be tuned over a narrow
portion of the infrared spectrum. This limitation is lifted in
devices that rely on intersubband transitions: quantum
cascade lasers, quantum cascade detectors, and quantum-
well infrared photodetectors. In these devices, the
wavelength of optical transitions is determined by the
energy separation of sub-band states in the conduction band
of a coupled quantum-well structure. For a given material
system, this separation in energy depends on the thickness
of wells and barriers in the structure and can, through
careful design, be tuned almost continuously over a wide
range of the infrared spectrum.

Typical designs are comprised of several tens of stages,
each stage containing around 20 wells and barriers, some of
which are no thicker than a few angstrom. Therein lies the
core challenge with intersubband devices: maintaining
precise control over alloy composition, layer thickness, and
heterointerface quality over several hundreds of ultra-thin
epilayers to produce high-performance intersubband devices
with predictable optical-transition wavelengths. To address
this challenge, we recently used advanced scanning
transmission electron microscopy techniques to precisely
map the concentration of each individual layer in
InAlAs/InGaAs on InP quantum cascade lasers with sub-
nanometer resolution [3]. Using this information, we were
not only able to precisely identify and remedy deviations
from the ideal design in grown structures, but also to
precisely model the effects these deviations have on the
end-device by feeding the acquired information back into
numerical simulations.

HAADF-STEM Composition ] 10 2 » “ bl

................................................

Original Optimized

Figure: (a,b) HAADF-STEM images of two quantum-cascade laser active
regions and (c,d) corresponding, sub-nanometrically resolved chemical
mappings obtained using the algorithm desirved in Reference [3]. The
graph on the right plots the composition versus the thickness of the
InAlAs barriers for the orginal structure and the one that was optimized.
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A focus on the key advantages of using pARXPS versus conventional ARXPS for
ultra thin films characterisation

The IMPACT project and platform: merging academic research and industrial
applications in microelectronic

Bernard Pelissier!, S. Labau®, JH Tortait, J. Moeyaert®, T Baron!

LUGA, CNRS, LTM, MINATEC Campus, Grenoble, France

Topic : Surface characterisation, XPS

Abstract

Among the few physico-chemical characterisations techniques allowing to access to a near surface
chemical depht profile information, ARXPS (Angle Resolved XPS) rises the advantage of non destructive

analyses.

The improvement brought by pARXPS (parallel ARXPS), with the collection of a large number of angle
in only one acquisition and without any sample tilt, leads to several key advantages that will be

highlighted in this contribution

The IMPACT Platform is a large multitechnique
characterisation setup that we monted at lab in the scope
of the EQUIPEX funding, in collaboration with LETI.

The overall idea of this innovative setup is to combine
the benefits of the quasi insitu transfer concept (keeping
the vacuum between tools) with advanced best in class
characterization tool.

Thus, the purpose of such a platform is dual:

- For all processes dealing with materials sensitive to
the atmosphere, the preservation of the vacuum
chain between different process tools and
characterization chambers allows a fine
understanding and development of industrial
processes [1,2,3,4,5].

- The advanced and upfront nature of the
characterization techniques implemented on the
platform allows extensive academic studies [6,7,8].

This second requirement, relating to upstream studies
capabilities, lead us to choose “academic” tool makers
for building our platform. This results in best in class
characterisations modules with broad range of
specifications (Fig. 1). Moreover, a specific sample
loading capability allows to analyse a large variety of
samples from small ones up to 300mm wafers.

Among those advanced characterisation techniques
implemented on the platform, pARXPS (parallel Angle

Resolved XPS) allows to access systematicaly to the
angle information in only one acquisition, and without
any sample tilt.

Thus, after a brief description of the IMPACT project’s
concept and platform structure, the presentation will
highlight some key advantages brought by the systematic
use of pARXPS instead of conventional ARXPS.

Two main axes will be developped :

- One about chemical depht profile reconstruction and
thickness measurements, considering a metrological
approach and using reference industrial samples
(CIFRE ST Thesis). Comparisons / validations
with MEIS analyses (INAC collaboration) will be
detailed too.

(Fig. 2, Fig. 3).

- Another one highlighting the benefit of a systematic
access to the depht information for clear
environment determination during fitting. Several
examples will be given where pARXPS allowed a
direct and unambiguous correct spectrum
interpretation.
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* XPS (Thermo Fisher)
v 5 )

Réferences

v Angles from 20° to 80° without sample tilt
v' Spot size 20 to 400pm
v" lon beam Ar etching for abrasion

* Ellipsometry (Horiba Jobin Yvon)
v IR to V-UV : 12 pm (0,1 eV) to 145 nm (8,55 eV)
v IR Polarimetry
v Azimutal rotation
v Sample heating (up to 450°C)

’ \ ‘; |

& ’
200mm / 300 mm / small sample
= Photolum / Raman (Horiba Jobin Yvon) loading capability
v Based on Labram HR (best in class Raman system)

v IR to UV (3 lasers : 355nm / 532nm / 1064 nm)

v' Confocal measurements (depth resolution)
v

’ Spatial resolution < 3um

Fig. 1 : Advanced specifications of the IMPACT
platform characterisations modules
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+ The germanium gradients are visible
with MEIS.

+ The stoichiometries found are
really close to the expected ones
and to the pARXPS ones.

« Validation of the chemical profile
reconstruction for the SiGe layers

Fig. 2 : SiGe pARXPS profile reconstruction validation
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Fig. 3 : pARXPS profile reconstruction : range of use ?
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Abstract— High-k dielectric nanocomposites are
promising materials to miniaturize integrated
capacitors. In this work, we investigate core-shell
Metal Polymer Composites (MPC) having
nanoparticles (carbon-coated nickel, Ni@C)
dispersed in a polymer matrix (Polystyrene). A
three-step formulation (desagglomeration, surface
functionalization and dispersion in a polymeric
matrix) was used with simple sonochemical
methods. The original core-shell structure of the
MPC results of the grafting of a thin second
polymer layer on the carbon coating. Finally, films
of MPC were deposited on silicon wafers by
spincoating and Metal-Insulator-Metal (MIM)
capacitors were fabricated. The dielectric response
was investigated by using broadband dielectric
spectroscopy.

Preliminary results show that below the percolation
threshold, MPC with a core-shell structure exhibits
twice the dielectric constant of the polymer with
similar losses that is encouraging for the future
(higher dielectric constant, similar loss).

. INTRODUCTION

High-k polymer nanocomposites, which includes
metallic nanoparticles dispersed in a polymeric matrix, are
key new dielectrics for ultra-small capacitors in a number of
electrical and electronic applications @), Nowadays there is
currently a fast growing interest in polymer based
nanodielectrics because of their flexibility, low cost, easily
tunable properties and versatile processing ).

Dielectric polymers nanocomposites made of ceramic or
metallic particles embedded into an insulating polymer
matrix are among the most promising systems. This approach
allows to obtain a new class of materials in which its possible
to exploit the electrical features of the fillers materials in
combination with the easy processing of polymers ©. These
materials exhibit a large increase of the dielectric permittivity
in the proximity of the percolation threshold. The enhanced
polarizability of the nanocomposite can be explained as the
formation of locally large micro-capacitors effect, which
contribute to increase the dielectric constant of material -,
Currently, this technology suffers from a weakness due to the
substantial increase of dissipation factors around percolation
threshold. In practice, a lack of control on the dispersion
order of the nanoparticles in the polymeric matrix generates
resistive contacts between the metallic nanoparticles.

Most significant challenge in the field consists in
obtaining a high permittivity value related to a low
dissipation factor in the frequency ranges of interest. In this
view, only a refined structural control of the nanoparticles
within the polymeric matrix guarantees the achievement of
the desired electrical properties.

The aim of this work is to establish a wafer-scale film
fabrication process of metal polymer nanocomposites (MPC)
based on commercial carbon coated nickel nanoparticles
Ni@C. This work focuses the desagglomeration of the
nanopowder, the surface functionalization of the
nanoparticles with the aim to create a core-shell structure by
grafting a thin polymer layer (few nm) on the carbon coating
and the dispersion in a polymeric matrix. This three-step
formulation is based on simple sonochemical methods. The
core-shell structure of the MPC is intended to get greater
control of interparticulate spacing distribution and to finely
adjust the filling factor below the critical electrical
percolation threshold where the dielectric constant be
substantially enhanced with limited electrical dissipation.

Il.  EXPERIMENTAL PART

A. Materials

Commercial Carbon-coated nickel nanoparticles (Ni@C)
are supplied by Nanostructured & Amorphous Materials, Inc.
(20 nm). The polymer shell Pyr-PS; is a pyrene-terminated
polystyrene (2.8 kg/mol) from Polymer Source, and the
matrix PS; is a polystyrene (280k Mw) from Sigma-Adrich.
The solvent used is Propylene glycol methyl ether acetate
(PGMEA) from Microdeposit™ EC Solvent and used as
received.

B. Preparation

The objective is to produce processable films of

nanocomposite, from raw powder materials. Directly mixing
the nanoparticles (NI@C) and the polystyrene matrix PS;
fails, as inhomogeneous dispersion and large dewetting
zones form. Hence, functionalization of the nanoparticles is
required. A soft stacking of pyrene-terminated polystyrene
Pyr-PS; was used to coat the nanoparticles surface.
The flow chart to obtain the casting solution of Ni@C/Pyr-
PS1/PS; blend is discussed. The high power ultra-sonication
of the suspension of nanoparticles in PGMEA breaks the big
agglomerates of the nanopowders. The dispersion is
sonicated in 3 different steps of 10 minutes at 100 W
(VCX500 ultrasonic processor Sonics). Afterwards the
Ni@C nanoparticles are functionalized by the Pyr- PS;. This
step requires a further step of 10 min at the same power by
adding 20 mg of polymer. Finally, PS,, previously dissolved
in PGMEA at a concentration of 0.3 g/ml, is added. The
stabilized suspensions of Ni@C/Pyr-PSi/PS, in PGMEA is
used for spin-coating within the 5 minutes after the last
sonication.

sciencesconf.org:jnte2019:291291



C. Ni@C film deposition

that the nanoparticles dispersion is stable. In Figure 2, the

Nanocomposites films are spincoated on 4-inches
wafers. The targeted thickness of the film is in the range of
10 um. This was achieved by successive spincoting
processes. The first coating is set at 1000 rpm with an
acceleration of 5000 rpms* then the successive steps are set
at 500 rpm with an acceleration of 500 rpms™. For each
deposition step, 2 mL of the formulated nanocomposite
resist is dropwise spread on the wafer surface After each
spincoating, the films are annealed at 150 °C for 30 min on
a hot plate for solvent evaporation. Films deposited onto
silicon wafers with a 500 nm thick layer of thermal oxide
were used for characterization purpose while films
deposited on metallized wafers Si/SiO2 (500nm) /Cr (5-
10nm)/Au (200nm) are dedicated for MIM capacitors
measurements.

(a) (b)

Figure 1 — (a) Pictures of Ni@C/Pyr-PS;-PS, dielectric composite film, (b),
Optical surface analysis (b).

For these last samples, the 30 nm top electrode is
achieved by sputtering Gold through a shadow mask on the

film surface. All deposited films are macroscopically
uniform with a thickness in the 10 pm range. (Figure 1 (b)).

Ill.  RESULTS AND DISCUSSION

A. Nanocomposites resist characterization

The stability of the Ni@C dispersions was investigated
using the variation of the mean size distribution of the
suspension measured using Dynamic Light Scattering
(Zetasizer Ultra, Malvern Panalytical).

20

Intensity % (a.u.)
)

1 10 100 1000 10000
Size (nm)

Figure- 2 DLS measurements of suspension of Ni@C nanoparticles in
PGMEA at 0.0875 mg/ml after ultrasonication.

Dilution was set at 0.0875 mg/ml in order to ensure precise
DLS measurements. A total of 5 successive measurements of
the Scattered light was planned that covers a total
sedimentation duration of 20 minutes in backscatter mode.
No significant differences in the correlation curves was
obtained for the first and the last scan are detected. It means

. H Aottt {3 H='S HITEA Y £ 4l A
measured—Sstzeéatstrotton (i ntensity)—orthe uwpersed
nanoparticles is centered at 100 nm. No significant variation
in the NP size is reported so negligible sedimentation occurs.

B. MIM capacitors performances

The dielectric properties of the nanocomposite at a 0.025
g/ml loading of Ni nanoparticles was determined by
measuring the impedance of the MIM capacitor with an
impedance analyzer (Novocontrol Alpha-A Analyzer). The
AC voltage was set at 3 V and the scan recorded in a
frequency range of 100 Hz-108 Hz. The diameter of the top
electrodes is 2.5 mm and the thickness of the deposited film
was measured at 13 um by profilometry. Raw impedance
measurements were conversely post processed in order to
obtain the dielectric permittivity.
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Figure- 3 (@): Frequency | Figure- 3 (b):  Frequency
dependence of the permittivity of | dependence of the loss tangent of
Ni@C MPC and relative | Ni@C MPC and relative
polymeric matrix polymeric matrix

Figure 3 (a) presents obtained dielectric constant for this
film. One can see that the dielectric constant at 1 kHz
increases from 2.5 to 4.7 when this low filler contents is
added to the PS, film (90 times higher). Meanwhile the
recorded values of the loss angle, in this frequency range,
remain relatively low (0.02 at 1k Hz). The high-k material
developed in this study exhibits low losses, making it suitable
for realistic applications.

IV.CONCLUSION

We report a wafer-scale film fabrication process of core-
shell MPC film for MIM capacitors based on functionalized
carbon-coated nickel nanoparticles Ni@C using simple
sonochemical methods and spincoating. MIM capacitors on
silicon wafers were fabricated using this process.

Particles size, filling ratio and dielectric properties have
been investigated. Below the electrical percolation threshold,
MPC with the core-shell structure exhibits twice the
dielectric constant of the polymer with similar losses that is
encouraging for the future in order to rich high dielectric
constant with controlled loss closer to this limit.
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Abstract— Radicals generated within an Atmospheric
Plasma Head are capable of reducing, nitridizing, or
oxidizing surfaces without a vacuum chamber.
Metastable Helium (~20eV) activates surface reactions
without bombardment. Treatment leaves surfaces
highly activated for subsequent processes such as
functionalization, deposition or adhesives.
Environmentally friendly alternative to chemical
treatments. Apparatus is described.

I. INTRODUCTION

Surfaces exposed to room air environment are typically
contaminated with hydrocarbons, oxygen, nitrous
compounds, OH, water, and much more. Atmospheric
Plasma with reducing, oxidizing, or nitridizing gas
chemistry provides controlled, pristine, highly activated
surfaces for subsequent process steps in micro or nano
fabrication, including complex surface functionalization.
An uniquely-designed Atmospheric Plasma treatment
system provides this capability without the need for a
vacuum system. This enables continuous-feed surface
preparation. We describe the Atmospheric Plasma
apparatus and processes used in to prepare the surfaces for
subsequent processing.

Il. DESCRIPTION OF THE ATMOSPHERIC PLASMA

Figure 1 shows a schematic cross-section of the Ontos
Atmospheric Plasma Head. Process gas enters at the top of
the head, passes through a plasma zone created by an RF
field between two electrodes, and exits the head
immediately above the target substrate.

Contained
Plasma
Zone N

All-Quartz Internal
™ Contact Surfaces

RF power
. 13.56 MHz
~80 Watts

Downstream active radicals

Typical gap: 1Imm

* Cool gas (<100°C).
¢ Noions, no hot electrons.
* Qutward flow excludes

atmosphere from process zone. (Cross-sectional View)

Figure 1. Atmospheric plasma head cross-section

Highly-energetic species of the plasma (ions, hot
electrons) are confined within the plasma head due to their
short lifetime (microseconds) at atmospheric pressure. This
absence of high-energy species enables modification of
delicate surfaces without bombardment such as one would
encounter in a conventional vacuum plasma system.

Chemical radicals created in the plasma zone, however, 10

have much longer lifetimes (milliseconds) and are still
active when they contact the substrate below. These
chemical radicals may include hydrogen atoms (H*),
oxygen atoms (O*), nitrogen atoms (N*), or others. These
are highly reactive species ready to chemically react with
the substrate surface. Additionally, the downstream gas
flow contains metastable helium atoms; which provide
approximately 20eV of quantum energy directly to the
substrate surface. This energy helps to activate chemical
reactions, for example, two H* atoms reacting with an
oxygen atom attached to the surface (i.e. a metal oxide) to
remove the oxygen from the metal atom.

Similar reactions are used to remove carbon, OH, and
other contaminants from the substrate surface.
Additionally, N* from the upstream plasma can occupy the
dangling bonds created by the loss of contaminants, and
thereby protect the surface against re-accumulation of
contaminants.

The flow of downstream gas from the atmospheric
plasma head sweeps all room air from the reaction region
at the substrate surface. This serves a similar purpose as a
vacuum system without the need for vacuum chamber,
pumping equipment and long pump down times.
Therefore, Atmospheric Plasma is very fast and efficient,
at a lower cost than vacuum plasma systems. In addition,
the Atmospheric Plasma head can be positioned above
moving conveyors to support continuous feed of
substrates, thus eliminating “batch” processing required by
vacuum plasma systems.

A

® @
o ©
v Surface
&l

H* radicals volatilize surface
contaminants.

Surface
Atom

* Dense O* available for: = Epi Growth, ALD

* Photoresist descum. = Thin film deposition, metals
* Leaves surface bonds + Photoresist adhesion. dielectrics, SC.
Hydrogen terminated. * Dielectric adhesion. = Adhesive Assembly
« Highly activated surface. + Dielectric wetting. * Passivation
* Ready for engineered + Passivation. = Direct Bonding (SC, SisNy)
termination. + AR coating adhesion. * Wire, Bump Bonding
+ Oxide direct Bonding. * Wet etch metals

Figure 2. Three types of Activated Surfaces achieved with Ontos

Different types of Surface functionalization can be
obtained with the standard Ontos processes, as shown in
Figure 2. Such surfaces also provide an excellent interface
for more complex functionalization with larger molecules.

I1l. SURFACE PREPARATION

A. Removal of oxidation on metallic surfaces

Copper has become a popular metallurgy for
interconnect by solder joining or direct bonding [1-2].

When exposed to the atmosphere, copper oxidizes,
growing a layer of oxides on the exposed surface [3] which
inhibit either the bond quality of the initial joint or the long-
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reducmg chemlstry (i.e. Hydrogen based excned speues)

a marked change in contact angle typlcally decreasmg

With the addition of Nitrogen Atoms (N*) in the
downstream from the atmospheric plasma, the de-oxidized
copper surface can be passivated to inhibit re-oxidation of
the copper with exposure to air.

The surface preparation with atmospheric plasma has
been successfully tested for direct bonding with the
following configurations:

— Semiconductor-to-semiconductor (at RT)

— Oxide to Oxide, Nitride, semiconductor (at RT)
— Gold to Gold (as low as 100°C)

— Intolin, Ag (at RT)

— SnAg - Cu (at 175°C)

— SAC to Cu, SAC (at 175°C)

B. Activation of the surface for good wetting

Atmospheric Plasma treatment activates the material
surface leading to very low contact angle and excellent
surface wetting for adhesion or aqueous processing.

Figure 3. Medical device
(left, untreated - Right, with atmospheric plasma treatment

Biocompatible polymers (Figure 3), that are used in the
manufacturing of medical devices (i.e. “Tecothane”), are
naturally extremely low in surface energy, as evidenced by
a very high contact angle with a water droplet. This low
surface activity leads to poor adhesion of encapsulation
material, and eventual assembly failure. After treatment
with atmospheric plasma using oxidizing chemistry, the
wettability of the module surface is significantly improved,
providing long-term reliability to the module.

| Gold Tin |
untreated After Ontos7 untreated After Ontos7
| Indium | | Titanium
= e ‘
i = g
——
untreated After Ontos7 untreated After Ontos7

Figure 4. Surface activation on typical metals used in device
fabrication.

Figure 4 shows another example of Atmospheric
Plasma surface activation — this time on metal surfaces.
Water contact angle on most metals is reduced from
approximately 50-80 degrees down to 5-15 degrees.

These results have been achieved for Au, Sn, In, Ti, Ni,
Al, and more. Insulators such as SiO, and SisN4 also show
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C. Organic contamination removal

Oxygen ashing in a vacuum system is typically used to
remove organic contamination or photoresist residue.
Ontos takes a different direction by using reducing
chemistry (i.e. hydrogen-based excited species) to remove
organics, while having the advantage that any existing
oxide on the exposed metallic surface will be reduced,
instead of growing more oxide as it would occur with
Oxygen-based processes (figure 5).
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Number of Scans
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Figure 5. SiO,-coated silicon wafer was over coated with a dilute solution
of positive photoresist (AZ4620) in acetone, and then dried on a hotplate.
Atmospheric Plasma with reducing chemistry removed all this heavy
organic residue within three passes.

IV. ENVIRONMENTAL IMPACT

Atmospheric  Plasma utilizes all-gas chemistry,
typically Helium with a few percent of added Hydrogen,
Nitrogen and/or Oxygen. Exhaust products are primarily
Helium, water vapor, Oz, NHz, CO, and CO,. The quantity
of these products is extremely low (typically milligrams
per day), and are easily removed from the exhaust with a
simple water scrubber system found in most labs and fabs.
In many cases, Atmospheric Plasma can replace solvents,
acids, or bases which are expensive to purchase, difficult
to handle safely, and expensive and difficult to dispose of.
In comparison to traditional low-pressure plasma systems,
no vacuum system is required, resulting in significant
savings in electricity consumption for continuous vacuum

pumping.
IV. CONCLUSION

Atmospheric Plasma provides a rapid and effective
surface treatment which enhances subsequent processes.
Atmospheric Plasma treatment eliminates the need for
solvents, acid etching, vacuum preparation chamber or
adhesion promoters. The Atmospheric Plasma apparatus is
relatively simple and is capable of rapid continuous
throughput while employing non-hazardous chemistry.
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Abstract— We present a technological process for
producing large arrays (1 cm?) of human living
cells (40 000 cells) immobilized on printed
biomolecular micro-patterns. Statistical analysis of
pattern quality and cell arrays is performed. The
technique is implemented on microscope glass
slides and also on thin films of soft hydrogels with
adjustable mechanical stiffness (0,5 kPa-40 kPa).
This methodology shows how clean room
microfabrication processes can be transferred into
the environment of biologists for practical use by
themselves.

l. INTRODUCTION

Creating specific devices to understand cell behavior has
always been a challenge for bioengineers to provide new
tools to biologists. In order to investigate key cellular
mechanisms such as polarity, migration, differentiation or
mechanosensing, it is required to control the adhesive
pattern of the cell in a deterministic way, because the latter
influences the organization of the cytoskeleton. Creating
well-defined micrometric patterns that can control the
position and spanning of the cell on a substrate thus appear
as a technological solution of interest both for cell biology
research but also for potential applications in drug or cell
screening. We have developed a microfabrication process
based on microcontact printing (UCP) [1], which is an
elegant approach to transfer microfabrication clean room
processes into the real world of biology. We have fabricated
cell microarrays (CMAs) [2] over large areas. We
demonstrate in this contribution that around 40 000 cells
can be organized on a 1 cm? array with exceptional
versatility and precision.

After the characterization and quality assessment of the
patterning method, we describe how to fabricate these cell
arrays on glass slides and we characterize the performances
of our method for different human cell lines (PC3, HEK,
HelLa). We also explain how we have transferred the
process of fabrication from glass slide to polyacrylamide
(PAA) hydrogels. The goal is to provide softer substrates of
various mechanical properties allowing the investigation of
mechanosensing properties over a large population of
individual cells deterministically immobilized on registered
patterns. We will describe the full processes during the
conference and we will exemplify how this new
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technological capability opens new interesting routes in the
investigation of fundamental mechanisms of cell biology.

Il.  AUTOMATED puCP PATTERNING METHOD

Microcontact printing (uCP) is a soft lithography
technique used for generating micrometric and nanometric
molecular patterns. When implemented for the final
production of living cell arrays, these molecular patterns are
composed of extracellular matrix (ECM) proteins and can
be printed on glass slides, but also on thin hydrogel layers.
In order to generate large scale arrays required for
investigating large cell populations, we have used in our
study an automated instead of manual pCP process (see Fig.
1.). For this purpose we actuate magnetic PDMS stamps and
the Innostamp40 automate from Innopsys company [3].

Usual Process : Automated Process

@

wintra-Slide

@ inter-Slides

Coefficient of variation in area (%)

(b)

Figure 1. (a) Scheme of principle of uCP and adaptation of the stamp for
magnetic automatized pCP. (b)Variation coefficients of the area of the
produced molecular features within one slide (intra-slide) and between 40
patterned slides (inter-slides) as a function of the shape of the printed
features. (c) Average images of various types of patterns acquired over 40
printed glass slides and thousands of individual patterns.
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To study the reproduublllty of our patternlng method

V. FABRICATION OF LIVING CELL ARRAYS ON SOFT

and automated uCP is performed on plasma -activated glass
slides. We analyzed over 40 printed glass slides with
thousands of features and reveal the variation coefficient of
the printed area depending on the printed shapes, size and
pitch within one slide (intra-slide, Fig. 1) and between all
slides (inter-slide Fig. 1). We then compiled the average
|mages of all the features (Fig. 1). This characterization at
the cm?® scale demonstrates that we can precisely define
biomolecular patterns with less than 10% variations on
large scale. These micro-patterns exhibit the appropriate
dimensions for immobilizing individual cells with a highly
controlled quality of the dimension and shape of the
adhesive pattern. This kind of achievement is out of reach
through manual pCP.

IIl.  FABRICATION OF LIVING CELLS ARRAYS ON GLASS

For the production of CMA, we print fibronectin, a protein
of the Extra Cellular Matrix, involved in cell adhesion.
Directly after the print we incubate PLL-g-PEG which acts
as an antifouling layer for the cells. The fibronectin-
patterned glass slides are seeded with different cell lines
(50 000 cells/cm?). Figure 2 shows a typical example with
HelLa cells. The rate of occupancy of the micropatterns by
some cells varies from sample to sample between 38% and
76%. Among the occupied sites, 90% are equipped with a
single cell (as shown in the zoom of figure 2). Only 7% of
the cells are found on the substrate outside the adhesive
patterns. Compared to other techniques of CMA

fabrication, these results are unique. This method of
fabrication can be implemented easily by biologists outside
any clean room facility, once the silicon moulds required to
produce the PDMS stamp replica, have been produced.

Figure 2. (a) Typical array of HeLa cells. (b) zoom on rectangle shapes.
(Actin labeled in green, nucleus in blue).
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We have adapted our process from reference [4] to produce
the micropatterns of fibronectin at the surface of thin layers
of polyacrylamide (PAA) hydrogels. We take the
advantage of the stability of PAA with different
compositions to obtain living cell arrays on PAA films of
adjustable Young’s Modulus from 0,5 to 40 kPa [5]. Figure
3 shows a typical example with HEK cells on a thin layer
of PAA exhibiting a typical Young modulus of 10 kPa. The
quality of the cell array is not affected by the print on a soft
material and is even slightly improved compared to glass
slides.

Figure 3. Typical array of HEK cells (Human Kidney) on a 10 kPa PAA
hydrogel thin film (Actin labeled in green, nucleus in blue).
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Topic: Surface functionalization and processing

Abstract—The precise control of the thickness
if thin layers is a key parameter for achieving
high performance optical components. In this
paper, we present how to implement direct in-
situ optical monitoring for the control of the
thickness of multilayer structures. Sub-
nanometer resolution is demonstrated.

I INTRODUCTION

Optical interference filters offer a very broad range of
optical functions for the control of the spectral properties of
light. With the last 15-year improvement of both the design
techniques and the manufacturing systems, it is now very
common to fabricate very complex filters with very large
number of layers and totally aperiodic structures [1]. In
order to secure low errors on the thickness of each of the
layers of the stack, it is not enough to implement stable
deposition systems as provided by sputtering technique and
a precise monitoring technique is required in order to stop
the deposition when the desired layer thickness has been
reached. In this paper, we review the best technique up-to-
date, namely in-situ optical monitoring [2,3]. We first
review the measurement techniques and then make a
description of different algorithms based on optical criteria
such as turning point monitoring (determination of the
moment the derivative of the optical monitoring signals
cancels) or trigger point monitoring (determination of pre-
defined optical monitoring signal levels) to accurately stop
the deposition of each of the layers [4]. We finally show
how the choice of the optimal optical monitoring
wavelength is a critical step that will directly affect the final
performances of the filter. [4-7].

II.  MEASUREMENT TECHNIQUES

There are various measurement techniques that can be
implemented for optical monitoring of layers. The most
common is monochromatic optical monitoring. It consists in
measuring, at a single wavelength, the evolution of the
transmission, or reflection, during the deposition. It
generally relies on a simple measurement geometry based
on a white light source (tungsten lamp), which is send
directly or through a fiber, inside the vacuum chamber. The
light propagates through the sample under deposition and is
then collected by a fiber, spectrally filtered with a
monochromator and the intensity at a single wavelength is
then measured using a photodiode. An alternative solution
is broadband optical monitoring. In this case the
monochromator is replaced with a spectrometer and the
broadband transmitted spectrum is then measured. A typical
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geometry for both of the mentioned systems is illustrated in
Figure 1.

Figure 1.

Example of monochromatic and broadband optical monitoring
systems installed on a sputtering deposition machine.

Other approaches based on the measurement of the
reflected phase have also been recently proposed [8].
However, as of today, these solutions are only at the
development level and do not represent a robust technique.

III.

Due to the interference effects that occur within
transparent layers, the transmitted intensity will be oscillate
following a sine-type modulation function. The evolution
can be easily modeled using a matrix-based analysis [5].
Thus, it is possible to use some of these features to define
specific criteria to stop deposition when the expected optical
thickness has been reached.

MONITORING ALGORITHMS

A. Turning point monitoring

During the growth of a thin layer, its optical thickness
will gradually increase and periodically pass through a
multiple of quarter-waves corresponding to a transmittance
and a reflectance extremum. When this multiple number of
quarter-wave is odd, the transmittance is minimum while
when it is an even number (half-wave layer), the
transmittance goes through a maximum. A classical method
(turning point monitoring, TPM) for determining the
moment to stop the deposition of a layer relies on these
specific features of the transmittance signal. By properly
adapting the monitoring wavelength, it is then possible to
stop the deposition of a layer every time it reaches an
extremum. To activate this detection, the simplest and most
efficient way is to follow the evolution of its first derivative
with respect to the optical thickness (or deposition time). As
an example, we plotted in Figure 2 the evolution of the
transmittance of a single layer with refractive index of 2.35
on a glass substrate with refractive index of 1.52 during
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deposition and the associated derivative. One can see that
eve T = i -
derivative goes through a zero with a maximum slope and a
close-to-linear dependence. This technique has been
extensively used for a long time and is still actively used as
it provides a simple method that can be implemented even
on systems with pretty low signal stability.
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Figure 2. Illustration of turning point monitoring technique.

B. Turning point monitoring

To overcome some of the limitations of TPM and
especially the limited choice of monitoring wavelengths,
Level Cut (or trigger point) monitoring (LC) provides an
interesting alternative method. The principle is quite
simple: the deposition of each layer i is stopped when the
level of transmittance (or reflectance) measured at the
control wavelength A; reaches the calculated theoretical
level. Figure 3 illustrates the monitoring transmittance
signal at 600 nm of a 255 nm thick layer with refractive
index of 2.35. The measured signal follows the blue curve,
crosses 5 extrema until reaching a transmittance of 0.73.
Orange curve shows the remaining signal to the next
extrema. The trigger point is reached when the
transmittance is equal to the theoretically calculated value

(green).
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Figure 3. Illustration of trigger point monitoring technique.

While this technique looks very attractive and easy to put
into practice, the precision on the thickness of each layer is
however conditioned by the control of several parameters.
Indeed, it is important to precisely know the refractive
index dispersion of the materials to be deposited. Any error
on these values results in systematic errors before any layer
deposition. It is also dependent one the distance from the
previous and next extrema. Thus, it is mandatory to
precisely select the proper monitoring wavelength.
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IV. ILLUSTRATION OF THE PROPOSED TECHNIQUES

To illustrate the potential of the proposed technique, we
plotted in Figure 4 an overlay between theoretical (red) and
experimental (green) transmission of a bandpass filter for
450 nm [9]. This filter is composed with more than 160
layers for a total stack exceeding 15 um-thickness. It was
optically  monitored using different  monitoring
wavelengths and test glasses. One can see that the
discrepancy between theory and experiment do not exceed
1 or 2%. One can show that such a result cannot be
achieved if the error on the thickness of individual layers
exceeds on 1% and are in average no larger than a few
0.1%.
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Figure 4. Overlay between theoretical (red) and experimental (green)
transmission of a bandpass filter for 450 nm.
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Topic : Surface functionalization and processing

Abstract—This work focuses on the surface
modification of mesoporous c-Si by the direct
laser beam irradiation. Picosecond and
femtosecond beams are used to create nano
and micro-scale structures leading to a huge
change in the physical properties such as
thermoelectric (low energy) and optic (high
energy) properties.

Silicon based materials still play a major role in
microelectronics and microsystems, namely for energy
conversion modules and harvesting that are more and more
needed nowadays [1]. In this presentation the focus is done
on the employment of laser beams for nano and micro
structuring of mesoporous crystalline silicon. Our aim was
to evaluate the mesoporous c-Si (MeP-Si) as a potential
candidate material for thermoelectric applications.

In the GREMI-Lab this material (MeP-Si) was
investigated in the frame of a regional project
‘PoreuxTherm’ and a national one ‘PIA Tours-2015 during
the period 2012 to 2018. The nano-architecture of the
porous phase of c-Si was correlated to the macroscopic
properties like optical, electrical and thermal ones that are
important for energy harvesting microsystems and setups as
reported in reference [2].

During the period 2014 to 2017 that corresponds to A.
Talbi PhD-Thesis, we also started a parallel investigation
of laser beam interaction with MeP-Si complex surface in
order to understand the mechanisms of LIPSS formation in
the pico and femtosecond regimes. The main results related
to Nps based LIPSS (mainly LSFL, see Figure 1 were
published in [3], and those related to their effect on
thermoelectric properties are still in progress.

Thus, we will also focus on the influence of the large-
scale surface nanostructures achieved with femtosecond
beam source (@ 266 nm, 100 fs, 10 Hz) on the
enhancement of the Seebeck coefficient and the electric
resistivity/conductivity. ~ As  increasing the laser
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energy/dose, ablation mechanism takes place and induces
the formation of large-scale micro-spikes structures as
shown in Figure 2. These micro-spikes are likely similar to
those obtained in several previous works to achieve black
silicon surface namely for photovoltaic (PV) (See for

Figure 1: MeP-Si surface structures - NPs based LIPSS (LSFL) by ps and
fs beams @266 nm.

example work from E. Mazur ef al. on spie.org [4]). The
laser processing setup and parameters that allow those
structures fabrication will be illustrated. High resolution
FTIR-spectroscopy applied on the spiked surface in the
visible to IR range confirms the enhancement of absorption
coefficient versus the size of micro-spikes.

Figure 2: MeP-Si surface structures - Large-scale micro-spikes on MeP-
Si by ps laser beam @266 nm.
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Topic : Surface functionalization and processing

Our studies are focused on the inkjet-printing
and laser sintering of aluminum-doped zinc
oxide (AZO) layers. These layers turn out to be
promising candidates for sensor applications
due to their good transparency at visible range,
high sensitivity and stability.

I.  INTRODUCTION

Transparent conductive oxides films based on aluminum-
doped zinc oxide nanoparticles are wvery promising
candidates for a variety of applications such as gas sensors
[1] or in optoelectronic applications [2]. This material
possesses a wide band gap and exhibits good optical
characteristics in the visible and near-infrared regions of the
solar spectrum that could be interesting in the field of optical
sensors. Undoped ZnO nanoparticles are highly sensitive
toward the detection of flammable or toxic gases [3]. It was
also demonstrated that the response of sensitivity for
detection of acetaldehyde is 16 times higher for AZO
nanoparticles than that in undoped ZnO NPs [4].

Our studies are focused on an additive method of the
printing of AZO nanoparticles by the inkjet technology that
include some advantages like single-step deposit of the
functional material on flexible and rigid substrates, low-cost
and contactless method [5]. Here, piezoelectric drop-on-
demand nozzles are used to deposit a functional material in a
state of suspension on a silicon or glass substrate. To prepare
the ink, the AZO isotropic spherical nanoparticles were
firstly synthesized by aqueous coprecipitation [6]. Then, the
preparation of the solvent-based ink with AZO nanoparticles
was performed with the control of the viscosity, ink stability
and nanoparticles dispersion. Post-printing sintering of AZO
films are conducted using a nanosecond pulsed laser.

Finally, the morphological and optical properties of the
AZO films are characterized. The latter will act as active
layers in future optical sensor to detect micro-pollutants in
liquid water such as glyphosate and AMPA.
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Il.  MATERIALS AND METHODS

A. Synthesis of Al doped ZnO spherical nanoparticles [7]

To prepare the Al doped (0,3%) ZnO nanoparticles, the
method of aqueous coprecipitation was applied. AZO
nanoparticles were obtained by a soda addition in aqueous
cationic solution. The cationic solution was obtained by
dissolving Zn(NO3)2,6-H.O and AICI; in demineralized
water. The concentration of Zn is 1 M and Al concentration
corresponds to 5 at % of Zn one. With this concentration of
Al the powder morphology was essentially formed by small
isotropic particles close to 30 nm. Precipitation was made by
the dropwise addition of NaOH solution. The precipitate
obtained was centrifuged and washed with demineralized
water. This step was repeated five times. The solid was
finally dried at 80 °C.

B. Ink formulation and pattern generation

To prepare 7 mL of the ink, the previous synthetized AZO
powder (0,125 g) was mixed with 1.875 mL of ethanol and 5
mL of ethylene glycol. Before printing, the dispersion was
centrifuged during 1h and the glass and silicon substrates
were cleaned in an ultrasonic bath, ethanol and acetone.

In order to generate the pattern from AZO dispersions, we
used a commercial DMP — 2831 FUJIFILM Dimatix inkjet
printer, with 10 pL cartridges. Droplet spacing was changed
from 25 pm to 90 um in order to find the best covering (Fig.
1 (b)). We also analyzed the influence of the holder
temperature on the spreading effect of droplets, and the
generation of drops by a stroboscopic method.

(a) ZT:”'
X

i
. Ds

Nozzle|

a 1000,0pm
\ _—

Figure 1. (&) Schematic of the printhead with inter-nozzle spacing An,
drop space Ds, tilt angle a ; (b) Pattern with drop space fixed to 90 pm.
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C. Laser sintering

In order to enhance the flatness and the density of the
AZO layer, we proceed to a laser sintering with two
nanosecond laser: a Nd:YAG laser at 355 nm and a KrF laser
at 248 nm. Energy between 1.86 and 3.38 mJ were used. To
focus the laser beam on the film layer, we used an opto-
mechanical system able to move the sample. By this way, it
was possible to adapt the dose of energy received by the film.

I, RESULTS

A. Properties of the inks and printing process

The viscosity and the particle size are the most
significant parameters affecting the ink jettability. The
values of viscosity required by the supplier should be
between 10-12 cPs at operating temperature. In our case, the
measured value of the viscosity at 20 °C for the AZO
nanoparticle’s dispersion is about 9 cPs. This value was
optimal to prevent free flow of the ink on the substrate
during the printing. In order to create the spherical drops on
the substrate without any defect, it is important that the drop
velocity is between 6 and 8 m/s. For this, the driving voltage
was changed ranging from 20 to 40 V.

To form continuous uniform AZO layers without the
drops overlapping and the particles accumulation at the
edges of the droplets, we optimized the values of holder
temperature as well as the spacing between them. We found
that the optimal plateau temperature is 41°C and the drop
spacing corresponding to 35 pm allows to create a
continuous AZO layer.

B. Laser sintering : morphological properties

In order to produce particle fusion phenomenon, thin
films have to absorb the laser irradiation. Fig. 2 shows the
morphological state of two layers printed on a silicon
substrate before (a) and after Nd:Y AG ns-laser sintering (b),

(c).

, Figafe 2. SEM micrograph of 2 AZO layers: (a) without laser sintering.
After laser sintering with (b) E = 1.86 mJ; (c) E = 3.38.

We can observe that the spherical nanoparticles before
laser treatment are densified on the substrate. This laser
sintering phenomenon started at 355 nm under an energy of
1.86 mJ. At this energy surface morphology results on the
neck formation. We also observe that the microstructure of
the films is denser and more homogeneous in the case of
3.38 mJ. It can be explained by the starting of the
coalescence process induced from laser sintering. In the case
of KrF laser sintering with a tophat energy distribution, the
surface morphology is obviously more uniform, and the
sintering phenomenon is observed with an energy value
about 45 mJ (Fig. 3).
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Figure 3. SEM micrograph of 3 AZO layers sintered at 45 mJ with :
(a) 20 shots ; (b) 30 shots.

C. Optical properties

Optical transmittance spectra of the AZO thin films
before and after the post-treatment in the wavelength from
350 to 1000 nm are compared in Fig. 4. These deposits
remain mostly transparent above 70% except in the case of
4 layers. As the incident wavelength decreases down to
ultraviolet region, the transmittance of the AZO films
decreases with a sharp absorption edge at 350 nm. We can
also observe that the transmittance increases slightly after
the post-annealing laser.
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Figure 4. Optical transmittance spectra of the AZO films (a) before and
(b) after laser sintering.
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Topic: Surface nanostructuration, numerical simulation

Abstract A novel fabrication method for apodized
diffractive structures is proposed and examined
experimentally and theoretically. It combines the
principles of laser interference lithography and a
moiré effect in order to create high-quality
subwavelength gratings with 2D adiabatic
variation of depth. Synthesized structures can be
used in optical security systems, plasmonic
research and high-effective light couplers.

I INTRODUCTION

Laser Interference Lithography (LIL) is a simple and
quick surface patterning method [1]. As a one-shot
procedure it allows the creation of macroscopic coherent
periodic structures for nanotechnology. In particular
applications avariable depth design can lead to attractive
solutions. It is usually realized by variable dose ion- or
electron-beam writing, which, however, have certain
drawbacks like big time consumption, limited sample size
(~mm) and a non perfect structure coherence at
macroscopic scale. In order to adopt the LIL principle a
number of approaches were proposed [2-3]. In this work we
present a novel LIL-compatible fabrication method which
utilizes the same interference moiré effect as in [2-3] but in
a much simpler and more flexible way. We have
synthesized and characterized apodized structures and
performed theoretical calculations of grating profiles, which
correspond perfectly to the AFM measurements. Our
method can be used for optical security elements, plasmonic
research and highly effective light couplers.

Il.  METHOD PRINCIPLES

In a LIL process with double exposure the intensity
distribution on the resist surface is given by the sum of two

. . . _ . (2m . (2m
sinusoidal patterns: [y(x) = A {sm (A1 x) + sin (Az x) +
2}, where A is the averaged intensity of a single exposure,

modulation periods A;_, depend on the LIL angle 6 and
laser wavelength A [1], and x is the surface coordinate
perpendicular to the modulation. Let us assume that A, =
Ay + AA,|AA| K< Ay, In this case the intensity distribution
over the resist surface can be represented as I,(x) =

24 {sin (i—’: x) cos (Ai:y x) + 1} with the envelope function
period A, = 2A2/AA > A,. The intensity formula clearly
shows that the fine undulation with period A, is modulated
by a large moiré pattern with characteristic size A,,,,. The

conventional way to adjust the periods 4, _, is the control of
LIL angle 6 [2-3], i.e. A4 = AA(6). However, this
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approach is not precise at very small 44 in order to get
large A.,,. In this work we present a novel fabrication
method with a minor modification of a standard LIL setup
(see Fig. 1la-b) for gratings with adiabatically varying depth.
We propose utilizing the curved (spherical) wavefront of
coherent point light sources that creates a set of slightly
curved interference fringes in a photoresist layer after single
LIL exposure. These fringes representing a family of
hyperbolas are shown as colored lines in Fig. 1c, where the
grating period being equal to the distance between lines
slightly depends on coordinates (X,y). Consequently, small
sample shifts of D <1 mm between two LIL exposures can
create a very small perturbation 44 = AA(D) < A, at any
point of the resist surface, leading to a large macroscopic
moiré pattern (see Fig. 1c).

vo ,«-":5'*—*———:%

resist

©

Fig. 1. LIL setups: (a) Dual Beam Interferometer and (b) Lloyd’s Mirror
Interferometer; (c) schematic representation of large moiré pattern (white
ellipses) generated by double exposure LIL with a small sample shift D
between the exposures. The vector D in (a-c) shows the direction and
distance of sample shift.

These period perturbations are very small compared to
the average period, but are sufficient to create a grating with
a continuous variation of depths from zero to the maximum
value. Let us notice that the proposed method is inherently
2D, i.e. the final structure is apodized in two dimensions,
whereas grating grooves are still parallel to y direction
everywhere.

I1l.  MATERIALS AND FABRICATION

We used BK7 microscope glass slides as transparent
substrates. They were cleaned in a wet bench in ultrasonic
tanks of acetone and ethanol to remove chemical and
mechanical pollutants. After drying in a nitrogen stream a
thin film (~300 nm) of positive photoresist Shipley S1805
was spin-coated on the glass substrates and pre-baked in an
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oven at 60°C for 1 min to evaporate the solvent and

diffraction gratings in the visible range we take A,=300 nm.
A dual-beam interferometer with a He-Cd laser at
A=442 nm was upgraded by a manual linear translation
stage on the sample support to precisely control the sample
shift D precisely. The samples were pre-exposed uniformly
for 20 s with the beam intensity I = 250 uW/cm? in order
to set the resist in a linear regime and get a smooth
sinusoidal grating profile. Between two equal LIL
exposures for tep=15 s each with intensity A = 21 = 500
uW/cm? the samples were shifted by different distances D
to create structures with various sizes of the moiré pattern.
Finally, samples were developed in Microposit MF-319
developer for 4 s at the temperature 8°C in order to dissolve
the exposed resist parts resulting in the desired surface
structuration. Fig. 2 shows the prepared diffraction gratings
with different shifts D. Black lines crossing the structures
are moiré arcs (see Fig. 1c) of zero grating depth.

@) (b)

Fig. 2. Images of variable depth gratings of period A4=300 nm in white
lighting with different size of moiré pattern. The sample shift D=180,
400, 600 pm for (a)-(c) respectively is parallel to X-axis.

IV. CHARACTERIZATION

Fig. 3a demonstrates AFM measurements of the grating
depth along the central line parallel to the x direction. The
characterized grating of period 300 nm and shift
D = 240 um continuously and adiabatically covers all depth
values from zero to 105 nm at a macroscopic distance ~3
cm. For every depth value we can consider at least 100
grating periods of almost equal depth, their profile can be
simulated locally as for a standard uniform 1D grating with
some effective exposition time 0 < Tee K 2texp. Fig. 3b
reveals the form of structure regions with depths of 105 and
48 nm, with a good correspondence between experimental
AFM data and numerical simulations of the resist
development.

120 - o AFM data 105 nm
|- -sinus fitting 100
. 100 ;':{k s“\ { 50 t & 4 Depth=105nm
S 80y \ ] 77308
' | & E 0
2 60 5 ! < v /
z ® N -50
B 40 P Depth 48 nm
20 ] |
ol v =150
9 2 4 2 3 4
X, em AFM X coordinate, pm
) (b)

Fig. 3. (a) AFM-measured depths along the surface of variable depth
grating (white dots) and sinusoidal fitting (blue dashed line). (b) AFM-
measured grating profiles (black lines) and their numerical simulation
(green squares) for depths 105 and 48 nm.
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Numerlcal 5|mulat|ons are based on the experlmentally

g4 he—optical
propertles of gIass and reS|st at 1= 442 nm and the exact
field distribution in the resist layer (Fig. 4b). Furthermore,
we implemented an iterative process to take into account the
isotropic nature of the dissolution process [4].

Sensitivity curve
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Fig. 4. (a) Experimentally measured resist development rate; (b)
Iterative numerical simulation of resist development process for a
region of depth 48 nm of a variable grating (blue solid and dashed lines
for development times 0-4 s). The background color represents the
exposition energy dose.

CONCLUSION

To conclude, we have presented a novel simple and
flexible fabrication method for apodized nanostructures. It
was demonstrated that it allows creating subwavelength
gratings with macroscopic size and adiabatically varying
depth, which are ready for further technological steps
depending on the research area. The numerical simulation
of resist development is in a very good correspondence with
AFM measurements. The size of moiré patterns depends on
the sample shift D and can be predicted theoretically. Our
method is developed for optical security elements,
plasmonic research and highly effective light couplers.
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ACTIN DYNAMICS AND CELLULAR FORCES IN VIVO AND IN
VITRO

Sara Bouizakarne!? Alice Nicolas' Jocelyn Etienne? Gregoire Michaux®

Abstract— The interplay between genetic and mechanical
regulation in morphogenesis is crucial in determining the
properties of a model system. While genetics contribute
in releasing biochemical signals that regulate cell activity
and physical features, mechanics provide another layer for
understanding the embryonic development. Using C.elegans
embryos as in vivo model and A431 epithelial cells as an vitro
model, we examine the role of actin organization during the
morphogenetic step of elongation of the worm. We look at the
mechanical anisotropy and investigate the link with the embryo
actin organization.

I. INTRODUCTION

Morphogenesis is a developmental process by which
shape is acquired. During morphogenesis, tissues change
their shape, a process often mediated by myosin-driven cell
contractility. The C.elegans embryo has been established
as a model to investigate the relationship between cell
contractility and shape changes.

One important morphogenetic step in C.elegans is
elongation, that converts the embryo from a bean-shaped
embryo to the characteristic elongated worm shape.
Elongation occurs via changes in cells’ shapes that depend
on the forces created by the embryonic cells and the
resistance of the biological tissue.

Actin organization was shown to play an essential role
during this elongation [1]. Its transition from disordered,
thin filaments to parallel thick bundles is suspected to be
at the origin of an anisotropic tension that correlates with a
planar polarization of the cortex and the elongation of the
embryo [2].

Here we address the role of actin organization on embryonic
tensions. First, we use laser ablations in the actin cortex to
probe actin tension during the elongation of the embryos.
The ablation is performed in a rectangular-shaped torus, to
mechanically separate a small patch of actin from the rest
of the cortex and allow the analysis of the tissue relaxation
with well-defined boundary conditions.

Second, we develop an in vitro model that mimics actin
organization during elongation in order to correlate it with
cellular forces. Using A431 as an epithelial cellular model,
we correlate actin organization with cellular forces. Actin
organization will further be tuned either via chemical or
mechanical patterning on soft hydrogels, so to explore the
mechanical effects of the actin patterns that are observed in
vivo.

ILaboratoire des Technologies de la Microelectronique, 38000 Grenoble
2Laboratoire Interdisciplinaire de Physique, 38402 Saint-Martin-d’Hres
3Institut de Genetique et de Developpement de Rennes, 35000 Rennes
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Exploitation of both techniques is expected to provide a
better characterization of actin dynamics during the course
of C.elegans embryonic elongation.
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Micro-fabrication using synchrotron radiation at SOLEIL
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Topic : lithography

Abstract—LIGA, German  acronym  for
Lithography, Electroplating, Moulding provides
structures with heights up to a few hundred
micrometers with high aspect ratio, complex
shapes with micrometer lateral resolution in a
wide range of materials: polymers, metals and
ceramics. This technology relies on synchrotron
radiation to obtain high X-ray flux, extreme
precision and depth of field.

Since 2009 a dedicated LIGA station is available at
SOLEIL on the Metrology beamline allowing to perform
deep X-ray lithography (DXRL). This beamline is open to
both academic and industrial research projects. In 2014, the
station was up-graded to work both with polychromatic
(white) and monochromatic (Si (111) cristals nowadays
and access to multi-layers diffraction grating in the future)
beams in a strait forward and reversible manner. The top-
up mode injection in the SOLEIL storage ring which was
one main characteristic of synchrotron provides very stable
current which is favorable for precise lithography (time and
thermal stability). Two main injection modes with current
values of 450-500mA and 80-100mA are possible within
the year. Higher current values provide high photons flux
for low sensitivity positive resists (PMMA...) for deep
structures fabrication and for monochromatic exposures.
Low current values in the other hand are well suited for
sensitive (negative) resists and higher resolution structures
as thermal impact during exposure is weak. This high
versatility is a unique feature among LIGA beamlines in
the world. It allows to perform standard micro-fabrication
(micrometer resolution) but also basic and applicated
research activities in order to better understand, improve
the technology and move forward for higher resolution
(sub-micron) and more demanding structures.

LIGA  masks, resists  preparation, chemical
development, metal electroplating and all related metrology
steps are made at the Unité Mixte de Physiqgue CNRS-
THALES using the clean room dedicated facilities.

To show the wide field of application of the LIGA
technology some accomplishments in different scientific
domains will be presented.

The interest for specific X-rays optical parts devoted to
imaging, beam forming and diagnostic is ever rising and
demanding on synchrotron facilities as more developments
needing higher accuracy are requested both for samples,
optical devices and beam line characterization.
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For instance, beamlines at SOLEIL need specific
(accurate micrometric to sub-micrometric dimensions with
high aspect ratio, up to 30) optical devices working in the
high energy X-rays (range from about 5 to 25 keV or more)
which would need to be customized as no such devices are
available. The high energy of the photon beams imposes
the use of heavy material such as gold and features with
high aspect ratios. Deep X-ray Lithography can fulfil all
these requirements as for :

- knife-edge structures for beam characterization

- pinholes with sub to few microns diameter as defining
apertures in X-ray Coherent Diffraction Imaging or X-
ray Ptychography experiments

-Hartmann grids for accurate wavefront measurements
in the hard X-ray region

-phase gratings for X-ray imaging [1] and Fig. 1.

Figure 1: Phase gratings for X-ray imaging
Electropalted gold over silicon

Not only related to the synchrotron facilities demand,
LIGA micro-structures can respond to a wide range of
specific micro-structures which need both micrometric
resolution, high aspect ratio with perfectly vertical walls
(due to the very low vertical divergence which is a specific
properties of synchrotron radiation) of a few hundred
micrometers, up to millimetric height. No other micro-
fabrication technology can provide such properties. For
example in the field of more conventional optics,
development of a non-mechanical infrared laser deflection
device or coherent combination of a high number of self-
amplificated optical fibre laser for high energy laser [2]
were conducted with THALES and THALES/ONERA
respectively using micro-structured electro-optic ceramics
as phase modulators. In the growing field of THz one
challenge is the miniaturization of the sources. LIGA was a
competitive technology to fabricate Slow Wave Structure
(SWS) made of high purity copper, key part of the THz
electronic source working under vaccum combined with up
converters [3]. Examples of complex shaped optical
components such as multiplexers for THz beam, combining
2, 3 and up to 5 different wavelengh [4] was also
conducted.
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Metamaterials (MM) due to their unique possibility of | 2oumhick |

structurat-designare suitabte materiats toconstruct opticet——————««—«

devices (lenses, switches, modulators...) operating in the
THz range with unusual properties as negative refraction,
sub-wavelength focusing... LIGA technology combined
with ultrasonic manufacturing with micrometric structural
dimensions within tens of micrometers depth which are
necessary to expect resonances in the THz range using
dielectric materials (low losses and isotropic properties
compared to metals) [5].

These last years some developments in the fabrication
of higher resolution LIGA masks and study of X-ray resists
with higher sensitivity and aspect ratio capabitilies were
undertaken as they are key parameters to improve the
technology. Some promising results for LIGA mask
optimization on low absorbing substrate were obtain as in a
collaboration within the RENATECH network. Some work
will be presented using both classical UV masker (Fig. 2)
and a UV stepper in order to reach sub-micronic dimension
structures.

Figure 2: 4’ LIGA mask, glass substrate 50um thick, gold electroplated structures
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Intégration et applications des micro/nanotechnologies ;
Gravure, lithographie et nano-patterning

We present here how micro and
nanotechnologies can be employed to enable
the fabrication of high efficiency solar cells
with innovative architectures, especially
designed to facilitate the integration of the
cells into system, and to improve the final
system efficiency.

. INTRODUCTION

With the current challenges of global warming, it is now
urgent to convert fossil fuel-based electricity generation into
renewable energy systems. Among all renewable energy
systems, concentrated photovoltaics provides the highest
photovoltaic conversion efficiency, and is considered as a
competitive solution for utility scale photovoltaics
implementation in high direct normal irradiance regions.
Concentrated photovoltaics relies on optical concentration
of sunlight onto a small-surface high-efficiency solar cell.
For instance, commercial systems use multiple Fresnel
lenses that concentrate ~500x the sunlight on few mm? solar
cells, with system efficiency above 30% (see fig.1). The
optical concentration makes expensive solar cells affordable
while it also provides a premium on efficiency.

Commercial high efficiency solar cells are triple
junction solar cells made of I11-V heterostructures grown on
germanium by MOCVD, that form three P-N junctions -
each converting part of the sunlight with a high efficiency -
series-connected by tunnel junctions. There has been huge
efforts in the literature to optimize the materials quality as

12 modules
Université de

commercial
installed at

Picture of a
system

Figure 1.
concentrated photovoltaic
Sherbrooke. It embeds 14,400 couples of Fresnel lens /solar cell with
an optical concentration ~500x.

well as design the structure to maximize the efficiency [1].
However, the transformation of such materials into actual
solar cells remains relatively basic with evaporation and
metal lift-off for electrodes patterning. Solar cells are finally
integrated into concentrated photovoltaics modules using
rather expensive methods such as wire bonding.

Using micro-nanotechnologies for solar cells fabrication
provides a good opportunity to fabricate innovative
architectures of solar cells, that can be either cheaper or
especially adapted for the integration of cells in modules to
reduce the modules fabrication cost. We present here few
processes specifically developed in this objective.

Il.  MATERIAL AND METHODS

All the experiments are performed using commercial
materials provided by our industrial partners. They contain
triple junction (InGaP / (In)GaAs / Ge) materials on 4”
germanium wafers. The wafers are cut into ~1 to 2 cm?
coupons and are processed individually in our cleanroom.

I1l.  RESULTS

A. Plasma etching

Conventional solar cells are isolated using a diamond
saw that creates damage at the mesa sidewalls and is hardly
usable for small cells. Besides, only rectangular cells can be
isolated with a diamond saw.

We developed a low damage I1I-V materials plasma
etching process in replacement of the conventional diamond
saw dicing. Using a SiCls / Cl, / H2 plasma, we managed to
etch non-selectively the complex stack of materials (InGaP /
(IN)GaAs) with limited damage [2]. As a matter of fact,
solar cells with multiple holes etched with such a process do
not present any reduction of the cell efficiency under 500x
illumination compared to cells without holes (see figure 2).

Deep plasma etching of germanium has also been
investigated and through-wafer etching processes were
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Figure 2. SEM picture of a 27.5um deep hole etched in
the stack of I1I-V materials and germanium, and relative electrical
losses associated with plasma-induced damage [2].
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Figure 3. Picture of high efficiency front-side-contacts solar cells
with various shape. Smallest cell is 0.07 mm?

developed to replace saw-dicing by plasma dicing [3].

Using 111-V and Germanium plasma etching processes,
we enabled the fabrication of solar cells with any shape
definable by lithography. We also reduce the dicing line
width down to ~20 um, compared to >50 um for most
advanced dicing tools, which reduces the waste of
materials, especially for small cells surface. Finally, we
enabled the fabrication of 0.07 mm? diced solar cells with
good electrical performance [4], which cannot be fabricated
otherwise. Example of solar cells fabricated with this
method are presented figure 3.

B. Light-induced electrode plating

Vacuum-based processes such as evaporation or
sputtering are quite expensive compared to wet-bench
processes. In addition, lift-off processes are known to
provide high defectivity. We developed a complete
metallization process without vacuum-based processes and
that avoids lift-off processes for the front electrode
fabrication [5]. Using an external light source and the
photovoltaic effect, we managed to deposit Ni, Au and Ag
directly on our material without needing a seed layer nor
external circuitry. The solar cell material under illumination
provides the current needed for electroplating, as illustrated
figure 4.

C. Innovative cells architectures

Using conventional micro/nano fabrication processes,
innovative cells architectures can be envisioned.

Suppressing the wire bonding methods would be
advantageous at the module level to improve the reliability
and ease the fabrication. We developed several architectures
of solar cells with either the two contacts on the front side
or on the back side [4]. With such architectures, mass
reflow processes can be used to solder both contacts on the
cell receiver, avoiding the need for expensive wire bonding.
As an example, solar cells with two contacts on the front
side are presented figure 3.

We also proposed to fabricate high-voltage / low current
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Figure 5. Picture and electrical characteristics of high voltage / low
current solar cells [6]

Figure 4. Schematic of self-powered light-induced plating and
electrical characteristics of a solar cell fabricated with this process [5]
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solar cells to reduce the Joule losses at the module level. For
that, the cells are split into smaller cells that are
monolithically interconnected at the wafer level using
microfabrication methods. This structure is enabled by the
plasma dicing methods presented above and by the
architecture of front-side-contacted solar cells. Figure 5
shows few examples of high voltage / low current solar
cells with various designs. The electrical characteristics
under one sun illumination are also reported figure 5.[6]

IV. CONCLUSION

Micro and nano fabrication processes provide a high
potential for improving the way concentrated photovoltaic
systems are fabricated. Multiple processes have been
proposed to reduce the fabrication cost and/or enable new
architectures that improve the system performance/cost
ratio.

ACKNOWLEDGMENT

LN2 is a joint International Research Laboratory (Unité
Mixte Internationale UMI 3463) funded and co-operated in
Canada by Université de Sherbrooke (UdeS) and in France
by CNRS as well as Université de Lyon (UdL , especially
including ECL, INSA Lyon, CPE) and Université Grenoble
Alpes (UGA). It is also associated to the French national
nanofabrication network RENATECH and is supported by
the Fonds de Recherche du Québec Nature et Technologie
(FRQNT).

REFERENCES

[1] C. Algora, I. Rey-Stolle, “Handbook of Concentrator Photovoltaic
Technology”, Wiley, 2016

[2] M. de Lafontaine, E. Pargon, C. Petit-Etienne, G. Gay, A. Jaouad,
M-J. Gour, M. Volatier, S. Fafard, V. Aimez, M. Darnon, “Influence
of plasma process on I11-V/Ge multijunction solar cell via etching”.
Solar Energy Materials and Solar Cells, 195, 49-54, 2019

[3] M. Darnon, M. De Lafontaine, M. Volatier, S.Fafard, R. Ares,
A.Jaouad, V.Aimez, «Deep germanium etching using time

multiplexed plasma etching”, J. Vac. Sci. & Technol. B, 33(6),
060605, 2015.
[4] P.Albert, A.Jaouad, M. Darnon, C.E. Valdivia, M. Volatier,

Y. Deshayes, K. Hinzer, L.Bechou, V. Aimez, “Front-Contacted
Multijunction Micro Solar Cells: Fabrication & Characterization”,
14" Concentrated Photovoltaics Conference, Puertollano, 2018.

[5] C.Laucher, G.Hamon, A.Turala, M. Volatier, M. Darnon,
V. Aimez, A. Jaouad, “Self-Powered Light-Induced Plating for IlI-
VIGe Triple-Junction Solar Cells Metallization”, submitted to
Progresses in Photovoltaics and Solar Cells.

[6] P.Albert, A.Jaouad, M.Darnon, G.Hamon, C.E. Valdivia,
M. Volatier, Y. Deshayes, K. Hinzer, L. Béchou, V. Aimez, “High-
Voltage Low-Current Multijunction Monolithic Interconnected
Microcells”, 15" Concentrated Photovoltaics Conference, Fés, 2019

sciencesconf.org:jnte2019:290118



27

sciencesconf.org:jnte2019:290118



Polymer-based photonic crystal VOC sensors falaicay PMMA hot

embossing

Lydie Ferrier, Dylan David, Jean-Francois Chate&@éqastien Cueff, Cécile Jamois, Taha Benyattou
Université de Lyon, Institut des Nanotechnologied.yon (INL), INSA Lyon, 69621 Villeurbanne,
France
lydie.ferrier@insa-lyon.fr

Topic : Nano-patterning

Abstract—A large-scale, high throughput and
low cost photonic crystal fabrication process
based on polymer hot embossing is presented.
This simple patterning process, allowing to

pattern a thinner PMMA layer, an alternative stouet
consists in fabricating the polymer photonic criysta top

of a gold mirror in order to increase the light ioement.

In the multilayer structure presented in Figurewith a
period a=600nm, a filling factor of 50% and a thickness
hemma=400nm, a resonance located at 710nm is expected
(RCWA numerical simulations). This resonance isyver

achieve lateral dimensions at the nanoscale, is sensitive to the photonic crystal dimensions, asshin

used to realize polymer-based photonic crystal
VOC (Volatile Organic Compounds) sensors.

. INTRODUCTION

This study presents the design and fabrication rof a

optical VOC (volatile organic compound) sensor dase a

Figure 2: a redshift of 9nm is obtained when thé&/per
gains 1.25% in volume upon exposure to VOC.
In order to demonstrate that this design is corbfeativith

low-cost and large-scale fabrication processes, we

developed PMMA hot embossing at the nanoscalegadlaé

is to achieve lateral dimensions smaller than {heration

polymer photonic crystal. In order to achieve lowsttand wavelength of the device, similarly to the struetahown in

versatile sensing platforms, we aimed at developiag
technological tools to produce low-cost, large scdligh
precision and high throughput devices, yielding hhig
resolution and compatibility with a large variefypmlymer-
based materials.

In particular, we focus our study on Poly(methyl
methacrylate) (PMMA) which has the property to $wpbn
exposure to organic solvents [1,2] and presentisia r@nge
of transparency (400nm-2um). Combined with theeswe
sensitivity of photonic crystal resonances to i&fve index
and geometry of the structure (period, filling fagt[3],
devices with patterned polymer [4] or covered witth5]
should exhibit an increase of sensitivity to VOC.

II.  DEVICE DESIGN

A photonic crystal (PhC) is a periodically pattetne
dielectric structure, with a periodicity that isteri in the
micron or submicron range. Thanks to its periogj@tich a
structure can exhibit various exciting optical pedjes like
optical resonances, light confinement, enhancéd-ligatter
interaction, etc. In particular, PhCs support agtic
resonances at very specific wavelengths that acagly
depending on the PhC’s geometrical parametersaogberi
filling factor). Any variation in these parametefs.g. a
swelling induced by the exposure to an organic camp)
should lead to a shift of the resonance waveledgth.goal
of the PhC design is to find the parameters leattinthe
largest wavelength shifts, i.e., yielding the latgeensitivity
to any small change in the dimensions of the deVitéhis
study, the PhC material is a low refractive indeatenial
(nemma=1.5 in the visible range), for which the best desig
requires a thickX800nm) patterned PMMA layer if it is
placed on top of a Si substrate. As it would beesa®s
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Figure 1

PMMA grating

Figure 1. Schematic view of the structure design : a PMMAtph
crystal is patterned on a metallic (Au) mirror.
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Figure 2. Peak resonance wavelength as a function of the PMMA
swelling (thickness and filling factor).
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I1l.  EXPERIMENTAL METHODS

A. Stamp fabrication

We used a hard stamp fabricated on a SOI (220nm)]

platform as mold for the thermal imprint. The stapatterns
are defined using electron beam lithography on @ H§er
(300 nm). The resulting photonic crystal patterossist of
1D gratings (lattice period a= 250nm, width of g8 w=
175nm) as well as 2D gratings with square pillars
(w=600nm) arranged in a square lattice (a=750nimnThe
patterns are transferred into a 220nm silicon ldyeusing
ICP etching.

lum

500nm

B. Sample preparation and thermal nanoimprint

The hot embossing process used to replicate the amol
PMMA layers follows conventional steps: first, tRMMMA
thermoplastic layer is spin-coated onto the sutestrdth a
spin speed leading to a PMMA layer with 400nm thiess.
Then the sample is baked on a hot plate at 150tglu
Imin. In order to improve the nanoimprint processl a
prevent any sticking of the mold to the sample,Shetamp
is covered by an anti-adhesive layer [6,7] : thatiog is
carried out in a closed beaker by evaporating @ arb
trichlorosilanes onto the Si stamp, at room tenipeea

The thermal nanoimprint is performed on a thermesg
at a fixed pressure (200bar) and different tempeeat In a
first step the sample and the stamp are heatdtetddsired
temperature. Then, the pressure is applied on gatiple
and stamp for 45min. After 45min, the heating méd off
while the force is being maintained. When a tempeea<Tg
is reached (70°C), the sample and the stamp areldech A
range of temperatures have been tried, from 130200°C
keeping the same pressure and duration of thempairit.

C. Results

Scanning electron micrograph of fabricated strietare
shown in Figure 3. 1D photonic crystal with perad@®70nm
and stripes width as small as 75nm have been eotdior a
temperature of 170°C. The 2D gratings have a peoibod
750nm with square holes of 600nm.

AFM measurements of the 1D and 2D gratings to

determine the thickness of the imprinted structamesstill
under process, as well as optical characterizations
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Figure 3. Scanning electron microscope images of 1D and 2IMRM
structures realized by thermal nanoimprint.

IV. CONCLUSION

In this work, we demonstrate a versatile approagh t
fabricate polymer-based photonic crystal sensorshbty
embossing. We obtain 1D as well as 2D periodic PMMA
grating with subwavelength resolution. The PMMA
property of swelling upon exposure to VOC is exigdiin
this study to develop a new class of photonic efystnsors
by combining this property with the high sensiyviof
photonic crystal resonances to the modification tlod
structure geometry.
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Topic : Etching, lithography and nano-patterning

Abstract — One promising integration scheme for
High electron mobility transistors (HEMTs) based
on III-N material heterostructures such as AlGaN /
GaN is to use a thin AlGaN barrier. However, in
this integration, one technological challenge is the
step dedicated to the plasma etching of the SiN
layer that must be stopped on the very thin AlGaN
layer without introducing damage. In this paper,
we evaluate the impact of fluorocarbon plasma
process typically used to etch SiN on AlGaN and
AIN film integrated in HEMT device. We also
propose to investigate alternative plasma
technology such as pulsed plasma to limit the
plasma induced damage.

1. INTRODUCTION

High electron mobility transistors (HEMTs) based on III-
N material heterostructures such as AlGaN / GaN are
recognized as excellent candidates for future generation of
components for power and high-frequency electronics thanks
to their two-dimensional electron gas (2DEG) with high
electron density (~10'* cm?) and high electron mobility (~
1500 cm?/V-s) [1, 2].

Typically, GaN HEMTs being in the on state, also called
normally-on transistor. For reasons of safety, functioning and
realizing logical functions, it is necessary to make HEMT
normally-off (blocked when the gate voltage is zero).

Different approaches exist to make a normally-off HEMT
such as: implantation of fluorides ions under the gate or
recess, which involves locally etching the barrier at the gate
or use thin barrier layer [3, 4, 5].

In this study we propose to develop the thin barrier layer
strategy because it's more perspective and promising for GaN
HEMTs technology.One technical challenge of this approach
is the SiN plasma etching step that must be stopped on the
thin AlGaN layer (cf. Fig.1).

This step must not only allow infinite selectivity over the
AlGaN layer to preserve its thickness but must also preserve
the integrity of the AlGaN material in terms of roughness,
stoichiometry.

Fluorocarboned plasma is usually used to etch SiN. Other
studies have shown that fluorine can diffuse through the
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AlGaN layer down to the 2DEG channel leading to electrical
channel properties degradation. [3, 6].

Resin Resin

Resin

GaN 4 nm

Resin

Low damage SiN
plasma etching
process

EC Gy 10m )

Nucleation layer

B EE
v —

150 nm

2DEG  GaN

Nucleation layer

Si (111 )Substrat

Si (111 )Substrat

Scheme describing the critical step in GaN HEMTs fabrication
process

Figure 1.

The aim of this paper is to investigate the best plasma
strategy to etch the SiN layer and stop on the AlGaN layer
without causing damage. Preliminaries studies are dedicated
to the impact of fluorocarboned plasmas on AIN and AlGaN
layers and the evaluation of fluorine diffusion into those
layers. Pulsed plasma technology using fluorocarboned
plasma chemistries will also be investigated as it has already
been proved that such technology can limit plasma induced
damage. Alternative Fluorine free plasma chemistries will
also be studied

II. EXPERIMENTS

The substrates used in this study are depicted in Figure 2.
AIN and AlGaN layers are grown on 200 mm (111) silicon
substrates using metalorganic  vapor-phase  epitaxy
(MOVPE) while SiN is deposited by low-pressure chemical
vapor deposition (LPCVD) E-beam lithography was used to
print trenches with various width into a resist material.

Resin Resin Resin Resin
50 nm Al sGaN

300 nm AIN
300 nm AIN

Si (111 )Substrat
Si (111 )Substrat

Figure 2. Description of the two substrates studied

All plasma etching processes have been performed in a 300
mm inductively coupled plasma (ICP) etching tool from
Applied Materials. The inductive source power and the bias
power are operated at 13.56 MHz. The samples are mounted
with thermopaste on a 300 mm silicon carrier wafers. The
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etch kinetics of the materials exposed to plasma are
o L T

The SiN is etched with two steps: a main etch using
fluorocarboned plasma stopped dedicated to the anisotropic
etching of the SiN followed by an overetch step dedicated to
the etching of the last 10 nm of the SiN material with a soft
landing on the AIN or AlGaN layer. This study focuses on
the development of the overetch step.

The damage that the plasma exposure can cause on AIN and
AlGaN layers are estimated by angle resolved X-ray
photoelectron spectrometry (AR-XPS) and atomic force
microscopy (AFM). The pattern profiles after SiN etching are
characterized by After plasma exposure, the AIN and AlGaN
surfaces are characterized by scanning electron microscopy
(SEM).

III. RESULTS AND DISCUSSION

Fluorocarboned plasma processes impact on AIN layers
have first been investigated. Two plasma chemistries have
been compared CH4/CF4 or CHF3/CF,. For both processes,
an infinite etch selectivity of SiN over AIN is obtained.
However, XPS analyses reveal the formation of AlF salts on
the AIN surface as revealed by the XPS Al2p spectrum.
Moreover, thanks to the angular capability of the XPS
analyses, the depth penetration of F into the AIN layer could
be estimated as shown in Figure 3. It is observed that F
penetrates up to 3-4 nm into the AIN and the penetration
depth is slightly deeper if a CH4/CF4 plasma is used (4nm vs
3nm).

» —=— CHF,/CF,
I/./-\ —=—CH,/CF,
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Figure 3. Fluorine distribution profiles obtained by ARXPS on the
samples treated 20s by CHF;/ CF; and CF4/ CHy4 plasma

To limit this F penetration, we decrease the ion energy by
decreasing the bias power in the CHF3/CF4 plasma process.
Figure 4 shows the SEM profiles after patterning the SiN
with the high and low bias power conditions. The SiN
profiles are satisfying and both plasma conditions lead to
smooth AIN surfaces.

X109K 3@@nm

Figure 4. Cross-section SEM images of the samples profiles vias etched
by CHF; OE plasma with a)20W power bias, b) 60 W power bias.
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The ARXPS analyses highlight that the fluorine penetration
I i i i Tatthough
if a 2.5 nm surface modification still remains unacceptable
for the integration.

oo —=—CHF, / CF, BIAS 60_20s
—=— CHF, / CF, BIAS 20_20s
60 -| M

" m

N \
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Depth (nm)

Atomic Concentration of F (%)

Figure 5. Fluorine distribution profiles obtained by ARXPS on the
samples treated in different bias power conditions by CHF; plasma

Figure 5 shows the fluorine atom concentration profile for
two different conditions plasma chemistry. As can be seen
the penetration of the fluorine atoms into the surface depth of
AIN depends on the time of exposure and the ion energy (bias
power) that is bombarding the surface.

CONCLUSION

In this article, we have investigated using SEM and XPS
characterization techniques the chemical modifications
induced in AIN films exposed to fluorocarboned plasma
process. Although an infinite SiN/AIN etch selectivity can be
obtained with such plasma processes, an AlFy layer is formed
on the AIN surface. Tuning the plasma chemistry from
CH4/CF4 to CHF3/CF, slightly reduces the F penetration
within the AIN layer. Lowering the bias power is also a
parameter allowing a minimization of the surface
fluorination. This suggests that pulsed plasma technology in
which the mean ion energy is lowered compared to
continuous wave plasma is a promising approach to limit the
plasma damage. This approach is the next approach to be
tested. Similar experiments are on going on the AlGaN
material
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Topic : Organic photonics, chiral integrated optics

Abstract—In this work, we present our recent
progress in micro-structuration and fabrication of
new waveguides in organic modified silica
(OrMosSil) layers. Such chiro-waveguides could
propagate any kind of polarization which open a
way to chiral integrated sensing which cannot be
done with conventional waveguides.

1. INTRODUCTION

Since the early observation of molecular chirality by
Pasteur [1], its effect on living systems has attracted
researcher’s attention [2]. Indeed, detection of chiral
molecules is highly important in the field of pharmacology
and food industry [3]. The natural behaviour of chiral
objects (including molecules) limits them to interact
differently only with other chiral objects and that is the
basis of materials optical activity. A detector (sensor)
incorporated with a chiral tool is necessary to sense chiral
molecules. Integrated optical sensors platform has shown
their ability to detect low molecular levels [4]. However,
because of their achiral materials they are linear birefringent
devices (TE/TM eigenmodes) unable to sense chirality.

Waveguides made of chiral materials are called chiro-
waveguides [5] and are elliptical birefringent devices [6]
that allow chiral sensing [7]. Recently, we have shown that
planar chiro-waveguides in a symmetric cladding structure
can be used to tailor polarization of guided light from linear
to nearly circular with OrMoSil layers [8,9]. OrMoSil layers
are made of SiO, material associated to organic molecules.
To realize an evanescent wave based chiral sensor, we need
now to micro-structure our chiral layers, to combine the
effect of the guiding layer structuration and its chirality on
light polarization in order to fabricate integrated optical
circuits with circularly polarized light propagation for chiral
sensing applications.

II.  PROCESSING

Figure 1 presents the different envisioned processing to
fabricate micro-structured chiro-waveguides from OrMoSil
layers. Three methods are studied: the direct layer etching
(Figure 1-a), the photo-sensitive layer micro-structuration
(Figure 1-b) and the micro-transfer method (Figure 2-c).
Each method has different drawbacks and advantages; we
thus have chosen to explore these different ways and to
compare the obtained waveguides properties. Dry etching
method (Figure 1-a) will be performed with a NGP8O0
reactive ion etching equipment after the UV contact mask
lithography. Photosensitive method (Figure 1-b) will be
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performed with photosensitive OrMoSil layer [10,11] and
uPG101 laser lithography machine to avoid sticking
between UV mask and OrMoSil un-reticulated layer with
conventional UV mask aligner. For the micro-transfert
(Figure 1-c), PDMS mold will be fabricated with a Si
master fabricated on Si with the same dry etching
equipment. The stamping (or microtransfert) will be then
done manually on Si substrate or on OrMoSil cladding
layer on Si.

@) _ OrMosil PR Hl:lii
i | | |

Etching Sl - I !
method Coating Lithography Etching Lift-off
5 on onwost | 1L |
Photosensitive | g P —
method | ) | - |
| Lithography Development
(c) PODMS || = | ol =
T Stamp [ s W
Micro-transfer =
method
Coating ~ Stamping  Transfer
Figure 1. Stuided methods to fabricated chiro-optics waveguides by a)

etching, b) photosentive and c¢) microtransfer methods

A. Etching method

Dry etching method for waveguide fabrication are mainly
used in micro-electronics. Such method is not often use for
organic photonics since organic layers can be sensitive to
lift-off processing. In our case, we have studied the etching
speed of OrMoSil layer and photosensitive photoresist to
avoid lift-off step like presented in the Figure 2. If the layer
speeds are well known, full etching of the AZ 5214 soft
Grosi [

mask can be used to remove it.
sl R

[
Figure 2. Used process flow for dry etching method without lift-off

]
H H
AZ5214 Vi

For dry etching we have used SFs and O, gas at 100W
power for different pressures. Figure 3 presents the etching
speed as a function of the pressure and the used gas ratio.
OrMoSil and AZ5214 photoresist layers were studied with
Si and SiO; substrate as reference. We clearly see that the
etching speed are in the same range between OrMoSil and
photoresist layers except without SFs which is highly
needed to etch the SiO, part of the OrMoSil layer.
Therefore, the etching selectivity between OrMoSil and
photoresist is close to one. Since we want to obtain around
1.5um etched OrMoSil thickness we have use 1.5um thick
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photoresist to fully remove the photoresist layer during the

C. Micro-transfert method

OrMoSitetching.
800 ——*— Photoresist

1 |- OrMosSil o]
6003 I - 50 mTorr . =+
200 4 ol -

H —

100] [ 510 o e
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Figure 3. Ecthing speed measurements for different materials as a
function of the pressure and the gas ratio

For the pressure influence, the etching speed is not strongly
affected. Figure 4 presents Scanning Electron Microcospy
(SEM) tilted images at different pressure for 1/6 etching
gas ratio. In that case, high pressure is needed to obtain
smooth etching.
50mTorr

100mTorr 150mTorr

Figure 4. SEM imaging for diferent gas pressure at 1/6 ratio

B. Photosensitive method

Photosensitive OrMoSil have been already studied for
making organic waveguide but without chiral molecules
[10,11]. In this works we have studied the influence of the
insolation dose on the fabricated waveguide. 2um
thickness  layers  with  IR819/MAPTS/TEOS-7/1/2
proportion obtained by deep coating at 300mm/min speed
and annealed 2h at 100°C were used. Layers were micro-
insolated with laser lithography uPG101 equipment (with a
2um? 7mW spot) at a writing speed of ~10 mm?*min for n
pass. The layers were developed 10s in THF solution.
Figure 5 presents the profilo-meter measurements as a
function of the number of pass which correspond to a
maximum insolation dose of lkJ/cm? for n=200. We
clearly see that the thick waveguides are obtained only for
the maximum insolation dose.

Profilometer
2500

2000 N—1
1500 20
E 200
E1000
= i M
500 RNanr
| L
0 L | L 2
0 200 400 600 800
x(pm)

Figure 5. Profilometer measurement for photosensitive
microstructuration as a function of the insolation dose N
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OrMoSil micro-structuration were also obtained on Si
substrate by micro-transfer processing [12]. Si master was
firstly fabricated by dry etching to make the PDMS mold.
An OrMoSil liquid solution was then used to fill the PDMS
mold and to realise the micro-transfer on Si after
silanisation. OrMoSil layers were transferred on Si and on
OrMoSil on Si. Microtranfert on Si was successfully
demonstrated while layer peeling was observed for the
transfer on OrMoSil cladding.

III. RESULT AND WORK IN PROGRESS

Figure 5 presents SEM images of fabricated waveguides
by dry etching on SiO, (Figure 5-a), photosensitive
insolation on Si (Figure 5-b) and Micro-transfer on Si
(Figure 5-c). For dry etching such micro-structuration were
obtained only on SiO, substrate since many layer cracks
were observed on Si substrate probably due to the large
difference of thermal expansion coefficient between Si and
OrMoSil layer. Grating coupling is now envisioned at the
beginning of the waveguide since SiO» substrate cannot be
easily cleaved for direct coupling. For the photosensitive
method, since the needed insolation is too high (~1kJ/cm?),
layer composition influence and reticulation phenomena are
now studied to improve photo-reticulation. Regarding
micro-transfer, OrMoSil layer on Si can be obtained but not
on OrMoSil cladding because OrMosSil cladding surface
optimization is needed to avoid the layer peeling during the
transfer.

(c)

Figure 6. SEM image of microsturtured ,OrMoSil layers for a) dry
etching, b) photosentitive and c¢) microtransfer methods.
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Topic:
control

In-line metrology for microelectronic process

Abstract — Backscattered-electron microscopy
(BSE) is used as a non-destructive and in-line
characterization method to monitor processes
and is based on material chemical contrast.
Etching or deposition uniformity control can
be achieved by using BSE. For example, it
allowed us to detect a residual carbon layer
after the mandrel etching in the SADP
process.

. INTRODUCTION

As dimensions keep reducing in the microelectronic
field, new characterization techniques need to be developed.
Here, we introduce the implementation of backscattered
electron microscopy (BSE) at CEA-LETI.

. METHOD DESCRIPTION

A. Process description

The process implemented at CEA-LETI is the Self-
Aligned Double Patterning (SADP) process [1]. It is used
to reduce to 40 nm line / space patterns obtained via
conventional lithography processes (immersion lithography
for example). This process is described in figure 1.

» ﬁ'i- A’.L ‘i'l).

SOC mandrel (on a
titanium nitride subraste)

Spacer deposition

1 )05 Spacer etching
(Silicon Nitride)

Mandrel etching

Figure 1 Schematic representation of the SADP process

After a lithography step in which pattern sizes are designed
on a titanium nitride (TiN) substrate, these are transferred
in an underlying carbon layer (SOC), known as the
mandrel. Then, a silicon nitride layer (SiN) is deposited by
plasma enhanced chemical vapor deposition at 320°C. This
conformal layer is etched to form spacers and the mandrel
is removed by etching as well.

B. Backscattered electron microscopy

When interacting with the sample surface, an incident
electron can be subjected to elastic and inelastic scattering,
which results in the escape of secondary and backscattered
electrons. Whereas secondary electrons scan extreme
surface and thus sample topography, backscattered
electrons reflect the chemical composition of the sample in
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depth. The backscattered electron vyield depends on
specimen composition, density, and thickness [2]. The
bigger the atomic number, the brighter the signal will be
represented in the grey scale of the image resulting from
the acquisition on the CD-SEM.

BSE is implemented on the VeritySEM (from Applied
Materials) available at LETI. When applying a
spectrometer offset, only backscattered electrons are
gathered by electrons detector and a BSE image is
obtained. Results obtained with this technique are
correlated by Transmission Electron Microscopy (TEM)
Cross-sections.

1.  OBJECTIVES AND RESULTS

The objective is to implement a fast, at wafer scale, -and
non-destructive method to characterize buried layers.
Current available methods are mainly destructive like TEM
cross-sections. Other characterization techniques could be
considered (like Atomic Force Microscopes) but aspect
ratios are too high and the tip doesn’t reach the bottom of
patterns. Moreover, no sample preparation is needed to
implement this technique.

Abbreviations used in the results section are described

CRRco
€D soc

in figure 2.

Figure 2. Description of the abbreviation used in the results sections. (In
green : spacers in SiN ; in blue : TiN substrate)

Figure 3 presents a SEM image compared to a BSE image.
In the SEM image, only topography is observed whereas
chemical contrast is present on the BSE image, on which
two materials are present: the substrate made of titanium
nitride (TiN) and spacers in silicon nitride (SiN).

Figure 3. Juxtaposition of a classical SEM image (on the left) and a BSE
image (on the right) with a tension filter of 700eV at the same position
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We tamassume that mo other materia
two grey levels are represented on figure 4: TiN (points 1,
3 and 4) and SiN (2). The shape of the grey level signal is
supposed to be equivalent whatever the pitch and CD soc if
there is no other material in presence.
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Figure 4. Grey level of the BSE image presented in Figure 3.
(1: TiN signal taken as a reference; 2: SiN spacers signature,
3and 4 : intra and extra spacer TiN signal)

When we characterize patterns with smaller pitches (as
presented in figure 5), we can observed that a third grey
level is represented. Depending on the configuration (small
CD soc or small CD anii soc), it means that a buried layer is
in presence (carbon or SiN respectively). The suspected
origin is microloading during the etching step. Indeed, the
removal of the mandrel is done by detecting the end point
detection on a wafer where different pitches are designed.

CD soc : 60 nm / Pitch : 120 nm

|

/ﬁ\ / o \ :a i ‘f \ /
Lo ) \”l U \q m/ AT TNTIR
1 4N

CD soc : 85 nm/ Pitch : 145 nm

GrayValus

o LH J\f" IJ, Ul il

Figure 5. BSE signal associated to their respectives grey level plots. Two
different configurations are shown : small CD soc with a residual carbon
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i soc with a residual SiN layer (on the
e e e etching.

layer (on the left) and small CD g

Carbon and silicon nitride residues where removed from
the samples by using overetching, and the demonstration
was done using BSE as well.

CONCLUSION

BSE has been demonstrated to be a powerful tool to control
microelectronic processes, in a non-destructive, fast and in-
line manner. This technique gives access to chemical
information of nanostructures, and can be used to detect
buried defects in the SADP process for example.
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Topic: Silicon, DRIE (Deep Reactive lon Etching), High
aspect ratio, Parameter ramping

Abstract—The Bosch process has been widely
used to achieve Si micro-structures. However,
when fabricating narrow high aspect ratio
trenches, problems such as tapering and
sidewall damage often occurs. In this paper,
we present a two-steps parameter ramping
method which is effective for solving such
Issues.

. INTRODUCTION

DRIE (Deep Reactive lon Etching) is a technique that
enable the fabrication of deep trenches in silicon by
alternating deposition and passivation steps. However, the
higher the aspect ratio, the more difficult for the reactive
ions to reach the bottom of the trench, which leads to issues
such as tapered sidewalls. Technics to solve those issues
and broaden the range of devices and applications, such as
through silicon via (TSV), are still investigated nowadays
[1]. In order to obtain high aspect ratio trenches with
vertical walls, methods such as increasing the bias power or
decreasing the pressure, which both enable more vertical
trajectory of incident ions, can be used. However, the first
one leads to lower mask selectivity and the second one
leads to lower Si etching rate due to the reduction of
reactive ions [2].

Parameter ramping method, which consist of changing
the parameters continuously while the process is under
progress, is another efficient way to solve those issues [3],
[4]. This method allows to keep optimal parameters as the
depth increases and the process conditions change. Thanks
to this, side effects like decrease of mask selectivity and
etching rate can be limited and high aspect ratio trenches
with vertical sidewalls can be achieved.

In this paper, we present a method using a two-steps
parameter ramping recipe, which enable to stay closer to the
ideal etching conditions then the one-step parameter
ramping recipe and leads to improved sidewalls quality
during the deep etching of narrow trenches.
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Il.  EXPERIMENT

For the etching experiments, 525um thick Si chips
(about 1.5x1.5cm size) were used. Those chips were fixed
on dummy 4-inch silicon wafers with silicone grease. The
etching mask material was either a thick electron beam
resist (OEBR-CAP112PM, thickness 1.5um) or aluminum
(thickness ~100nm). The deep reactive ion etching
equipment was the MUC21-ASE Pegasus from SPTS. 2um
width and 80pm deep trenches were targeted.

Time (s)
No Etching No sidewalls damages -
i9.7
; Etching i i3.9
: : 13.2
121 21 E
1 Passivation i :
1 140 280 380 Cycle
(10min) (30min) (50min)

"~ Middle

(b) Bottom

Figure 1. (a) Parameter evolution during one-step ramping recipe. (b)
SEM images of the fabricated trench with one-step ramping recipe.
Damages were observed on some parts of the sidewalls.

sciencesconf.org:jnte2019:289772



At flrst deep trenches were made usmg one- step

Based on those observatlons a new reC|pe was set up

the reactive ions to the bottom of the trench, the passwatlon
step time and etching step time were both increased as the
process time increased (Figure 1. a). As a result, 80um deep
trenches with a top width of 2um and a bottom width of
1.98um were obtained. However, some parts of the
sidewalls were damaged in the process ( Figure 1. b). Those
damages may be due to the creation, by reflected reactive
ions, of pin holes in the protection polymer layer, which
leads to the Si etching of sidewalls during the isotropic
etching phase [5], [5].

Time (s)
Not used Step1 -
t97
: Final passivalion‘
i time increased |
i4.3 i 4 4
Etching : e
e :
b 13.2 :
2.1 H
i Passivation ; i i
1 140 280 380  Cyde
(10min) (30min) (50min)

(@)
[ Top

[T] Middle

Bottom

Middle

(b)

Figure 2. (a) Parameter evolution of two-step ramping recipe. (b) SEM
images of the fabricated trench with two-step ramping recipe. The side-
wall condition was drastically improved.

In order to determine when those damages start to occur,
several samples were prepared and etched with different
process time (10min, 20min, 30min). Then the samples
were cleaved and observed with a scanning electron
microscope (SEM). As a result, it was found that the
etching was not progressing at all during the first 10min
(140 cycles). The etching time was not long enough
regarding the passivation time.

On the other hand, no sidewall damages were observed
for a process time of 30min (280 cycles). Damages
appeared for process time longer than 30min (Figure 1. a).
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sidewall damages during the flrst 30m|n of the first reC|pe
the same ramping conditions were used for the new recipe
except that the first 140 cycles were removed as no etching
occurred during this phase. Then the ramping conditions
were changed so that the passivation time would increase
faster relatively to the etching time. Actually, very small
parameter changes can lead to dramatic changes in the
process, so the final deposition time was increased only by
0.1s (from 3.9s to 4s).

With this new recipe, 80um deep trenches with vertical
sidewalls (top width of 2um, bottom width of 1.95um) and
with much improved sidewalls quality were achieved
(Figure 2. .

I1l.  CONCLUSION

High aspect ratio trenches with vertical sidewalls were
fabricated using parameter ramping Bosch process. The
recipe was modified by adding a second parameter ramping
step with faster passivation time increase, which enabled to
drastically reduce the sidewalls damages while maintaining
their verticality. We can expect to increase furthermore the
aspect ratio and the sidewalls quality by increasing the
number of ramping steps and/or adjusting the ramping
parameters.
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Abstract—The etching of silicon nitride
spacers is a key step in the fabrication of
transistor. The smart-etch concept brings a
high selectivity while being anisotropic. A new
route is proposed to implement this concept by
cycling the process in the same plasma
reactor.

l. INTRODUCTION

Spacers are essential componentsof the transistor to
controlthesourceanddrainsand ensure good transistors
performances. The etching can be very challenging as it
requires botha highselectivity towards the underlying Si
and agoodanisotropy to obtain thespacershape. Spacers
are usually made of siliconnitride (SiN) deposited by low
pressure chemical vapor deposition (LPCVD) and can thus
be etched by conventional fluorocarbonbased plasmas in
inductively coupled plasma (ICP) reactors. However,
current technologies show some limitations toetchstack of
material without damaging underlayers. The smart-etch
conceptproposed in previous studies [1] brings interesting
pathways tosolve thisissue. It relies on a two-step process:
a lightion plasma implantation step (typically H.orHe are
used) tomodify the material surface overawell-controlled
thickness driven by theion energy, followedbya removal
step, using either HF exposure or a remote plasma
discharge, thatis dedicated totheremoval ofthe modified
layerwith high selectivity over the non-modified layer. The
energy ofimplantation is controlled by the biaspower and
the high directionality of the ions ensures anisotropy as only
the horizontal surfaces are implanted. The removal step
must be highly selective between the modified and non-
modified material in order to keep the vertical surfaces
(sidewalls) undamaged. So far, two different equipment
were neededto performthe implantationand the removal
stepswhichimplied an airexposure between steps. The use
ofthe same plasma reactor to conductboth steps is allowing
new implementation of the smart-etchconcept by cycling
the two steps togeta fine control of the etched thickness.

Il. EXPERIMENTAL

A. Substrates

A 75nm-thick SiN film deposited by plasmaenhanced
chemical vapor deposition (PECVD) on bare silicon is
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used. This silicon nitride is richer in hydrogen than the
already extensively studied LPCVD deposited films.

B. Plasmareactor

The plasma reactor used for this study is a 300mm
prototype chamber. It has both a remote plasma source
(RPS) and a capacitively coupled plasma (CCP). The CCP
unit is alimented by a RF power supply (13,56MHz)
coupled to the bottomelectrode which is equipped with an
electrostatic chuck kept at 100°C. The walls are maintained
at 80°C while the lid separatingboth units is at 130°C. The
first step, the ion implantation, is realized by a CCP
discharge, flowing H, at a pressure of 50mTorr for 60s.
The ion energy obtained for such conditions is about
120eV. The RPS unit is alimented by a RF power supply
(13,56MHz) separated fromthe CCP unit by the lid which
is composed of several showerheads. Those showerheads
block the ions so that only the radicals go through and
reach the substrate. A gas mixture of He/NHs/NF; at
2,5Torr is used duringthe remoteplasmastep to perform
the selective removal of the modified layer. Previous
studies have shownthatwhen SiN or SiO; are exposed toa
NHa/NF; remote plasma the etching proceeds through the
formation of ammonium hexafluorosilicate (NH.):SiFs
salts [2][3]. With a chuck temperature 0f 100°C, those salts
are outgassed at theend ofthe process whenthe chamber
pressure decreases down to the base chamber pressure of a
few mT.

C. Charaterizations techniques

X-ray reflectometry is used to measure thethickness of
the layer modified by the implantation: fitting the datato a
modelallows the extraction ofthe thickness, density and
roughness of a stack of layers. Quasi in-situ Angle
Resolved X-ray Photoelectron Spectroscopy (AR-XPS) is
conductedto study the chemicalbonds presentinthe first
10nm of the SiN film after implantation. The AR-XPS
systemis directly connectedto the plasma chamber by a
vacuum transfer chamber thus avoiding air exposure
between the processandthemeasurement. It is equipped
with a high-resolution monochromatic Al Ka x-ray source.
To construct thecomposition depth profile, the spectra are
acquired at eight angles between 23,75° and 76,25°. The
etch kinetics of implanted and pristine SiNare monitored
with an ellipsometer directly connected to the chamber.
The etch rate and the salt thickness during the process can
be obtained fromfitting the data toa model comprising the
SiN film and a layerofsalt on top ofit.
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Ill.  RESULTS AND DISCUSSION

A. Characterization ofimplanted SiN

The XPS analysis of pristine SiN reveals the presence
the Si-N and Si-O bonds respectively at 101,6eV and
103,3eV [4]. The presence of an oxidized surface is
confirmed by the XRRanalysis as the results are fitted by a
two-layer model as shown in figure 1a). On implanted
SiN, two layers on top of the bulk are observed after the
XRR analysis, and the AR-XPS shows an important
concentrationof fluorine and oxygen in the first 3nmof the
implanted SiN, due to the presence of fluorine in the
reactor. The profile can thus be constructed as a trilayer
modelshown in figure 1b): the implanted SiN is composed
of an oxygen and fluor-rich top layerand a layercloser in
densityto thebulk, assumed to be themodified SiNrich in
hydrogen. The implantation creates layers of lower density
and richer in oxygen and fluorine than the bulk. Those
layers are promoting the etching during the remote plasma
step.

a) Pristine SiN b) After implantation

<+—Oxide . «— F and O-rich layer
L6nmy 3.6nm| R «— Implanted SiN layer
«—SiN 1
24nmy DRSS «+—SiN

Figure 1. Schematic of the layers before a) and after b) implantation.

B. Kineticsofimplantedvsnonimplanted SiN

For pristine SiN a 20s delay is observed before the
etching starts when exposed to the He/NHs/NF; remote
plasma, as shown in figure 2. This incubation time most
likely corresponds to the time needed for the reactive
speciesto absorb onthe surface andreactwith the SiN to
forma salt. As shown previously the pristine SiN has an
oxidized layer, if it’s removed via a deoxidation with
HF1% the remote plasma doesn’t etch the surface. This
suggests that the oxidized layer plays a key role in the
absorption of species onthe surface.

10+
—o—with implantation
—wv—without implantation
—@—deoxidized

8<
- o
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~ gl o
<
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(0]
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s ° v
O 5] ‘/.z /
e v
—v—y—vf ®

T T T 1

0 10 20 30 40 50 60
Etch time (s)

Figure 1. Etching Kinetics of SiN films after implantation (blue),
without implantation (black) and after a deoxidation (green).
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Afterimplantation theetchstarts withoutany incubation
ime-i i i lyzes
the formation of salts. The modifications induced by the
implantation changes the incubationtime offering a process
window with infinite etch selectivity between horizontal
(implanted) and vertical (non-implanted) surfaces.

[ sputterred SiN

657 ] removed by rps

6,0
5,5
5,0
_
€ 45-
40
< 3,54
2304
S 251
£ 20+
15
1,0
0,5
0,0-H= . . ; .

loop

Figure 3. Etched thickness due to sputtering during the implantation
(green) and during the RPS (red) for each loop.

When cycling the 60s implantation step with a 15s
RPS, each cycle removes about4,5nmexcept the first one
as shown in figure 3. This implies that the native oxide
reacts differently to theimplantation thanthe bulk of the
SiN film. Moreover, the first implantation leaves the film
undamaged whereas the following implantations sputter
around 1nm of material. AR-XPS analysis at different
points duringthe process will be exploited to understand
those differences.

The cycling will be applied on patterns to gauge the
efficiency of this process compared to conventional etching
processes. A particular attention will be given to the
selectivity towards the underlyingsiliconand the shape of
the spacer.
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Topic : Nanopatterning

Abstract— DNA origamis provide great
potential to create nanostructures with sub-10
nm feature sizes. This ability makes them
excellent candidates for a use as lithographic
mask. Here, we show a method a method for
nanopatterning a silicon substrate using DNA
origamis as mask.

. INTRODUCTION

The semi-conductor industry is facing new challenges in
lithographic technologies in order to reduce the size and to
increase the density of components. In this context, DNA
origamis have shown great potential to face these
challenges.

Il.  DESCRIPTION

Patterning surface with structural DNA origami mask
presents a major interest for nanolithography due to its
modularity and high ability to achieve a high resolution
with 3-5nm (figure 1 a and b). In a previous work, we
almost demonstrated a pattern transfer into a SiO, layer [1].
In this paper, we demonstrate a sub-ten-nanometer
lithography process using anhydrous HF vapor into a SiO,
substrate (figure 1C).

I1l.  PROCESS

With strategically rinsing conditions on SiO, substrate and
HF etching process, we reach a high density (>20 nm
pitch) and high resolution (~10 nm CD) patterned surface
with a fast etching rate of 0.2 nm.s™. Original structure,
morphology and dimensions of DNA origami are fully
conserved with high fidelity after HF etching. The resulting
SiO, patterns are used as a hard mask and are transferred
by using a HBr/O, plasma into a Si substrate (figure 1C).
We conserve features of the hard mask: lateral dimensions,
morphology and structure. In this paper, we developed a
high resolution (~10 nm) and high contrast (~40 nm)
transfer of patterns into Si substrate.

Moreover, templated substrates are generated by a
nanoimprint lithography with gratings such as line and
space patterns or contact holes. These are used in order to
control DNA pattern precise placement on the substrate.
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Thus, DNA origami appears like a promising approach for
emerging and engineering of hard mask for patterning.
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Figure 1/ A/IDNA origami design, B/ AFM image after origami adsorption
on Si substrate, C/ Patterning process flow and associated AFM profiles of
the patterns after 1/ pattern adsorption on the substrate 2/ pattern transfer
into SiO2 and 3/ pattern transfer into Si
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Abstract—We  report here challenging
technological issues of the fabrication of
micro-thermoelectric module based on

epitaxial perovskite oxides on Si. A process
using sacrificial layer lift-off followed by its
selective under-etching is developed for a
localized growth of sequentially n and p
thermoelectric oxides leg pairs.

. INTRODUCTION

Due to waste heat in compact microelectronic devices,
thermal management has become crucial for either
efficiently cooling it or self-powering it through harvesting.
Indeed, thermoelectric (TE) materials can be used either for
cooling by Peltier effect or for electric generation by
Seebeck effect. For such applications, they are generally
integrated in a complex TE module structured in 3D:
electrically connected p- n TE leg pairs in a series, and in
parallel with respect to the thermal flux [1], [2]. The
fabrication of such module is challenging, and even more
when integrated at the microscale. In addition, the main TE
materials working around the room temperature based on
tellurides (e.g. Bi,Tes, Sh,Tes) are toxic, scarce and
chemically unstable. Alternative TE materials overcoming
these issues are thus targeted in the next future, and
functional oxides are appealing in this view [3], [4].

Il.  EXPERIMENTS AND RESULTS

Here, we focus on the fabrication of micro-
thermoelectric module based on thin epitaxial perovskite
oxides on Si in a planar geometry as described on Figure 1.
All the required challenging technological steps will be
detailed in the first part of this communication. Firstly, n
and p type TE oxides (La-doped SrTiO; and Sr-doped
LaCrOs, respectively) should be separately and
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sequentially integrated by molecular beam epitaxy (MBE)
on a SrTiOj; buffered silicon wafer [5]-[8].

AT

AT

SrTi04(001)
Si(001)
BOX (Si0,)

~ Klel}

si(0o1)

Cross view

Top view

Figure 1. Sketch of a planar TE module architecture in top view and
Cross view.

For this, we are developing a specific lift-off technique
combining sacrificial layer and hard mask patterning for
localized MBE growth as shown on Figure 2. Then, this
sacrificial layer have to be under-etched selectively regard
to both TE oxides and SrTiO; buffered layer. Crucial issue
is to properly remove it after MBE growth done at
relatively high temperature (>500°C). For this, we have
tested different classical bilayer combinations based on
metal and/or dielectric materials such as Ni, Ta, SiO,,
SizN, and a-Si.

(@)
n
—
Sacrificial
“ayer
SrTio,
(b)
[ p | [ D
SrTiO,

Figure 2. Sketch showing (a) the use of sacrificial layer lift-off for
localised epitaxy growth of a n doped layer and (b) the final required
structure
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They present either good etching selectivity related to the
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grown oxides, or enough thermal stability, but not both at
the same time.

Recently, we have obtained encouraging results by
adapting a ‘softly etched’ epitaxial material, allowing the
potential localized TE oxide growth. We are developing an
experimental approach for the fabrication of a micro TE
module on Si by controlling compatibilities between
epitaxial material composition (oxides), mask design and
etching process.
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Abstract— In this work, we describe the Itwas decided to realize the FB array in silicoat@nial to
challenges related to the fabrication of large take advantage of its intrinsic good optical prdipsrin

. . the IR domain. In the present work, we describe the
and ultra-deep silicon cavities as needed for generic fabrication process we have developed and

the proof of concept of Nanocarb imaging iscuss its performance with respect to the reduire
spectrometer developed by the European criteria.

Project SCARBO.

GENERIC FABRICATION PROCESS
INTRODUCTIONAND CONTEX

A
The Horizon 2020 project Space CARBon Observatoryl_ . . .
: : L he starting substrates are double side polish@dmi
(SCARBO) aims at the design and feasibility assessm diameter s%licon wafers. The initial thi?:kness dfet

of corr]n pact and I%V\;EOSt Is%telllltes ded'cﬁt‘ed to th%ubstrate is chosen to be equal to 790 um in caler
greenhouse gas ( ) global survey. e conce ptimize the sensitivity of C£ detection. None

adopted for the GHG concertation measurement i8as jytentionally doped material was privileged to mifge
on the use of a static Fourier-Transform imaging|r |ight scattering with incorporated dopants. Zesific
spectrometer proposed by IPAG and Onera teams [llot of wafers satisfying the above mentioned
Recent publications of those inventors have dealt icharacteristics was ordered from silicon vendore Th
details with the design and performance modellithis  surface roughness of the received wafers was cHeicke
instrument for the detection of G@nd CH gases [2, 3]. be lower than 1nm (rms).

The predicted performances are very encouragitgyims
of spatial resolution and sensitivity. One of theim
objectives of the current SCARBO project is to elae
a proof of concept of this instrument for on-boatdne o ) )
missions. This work is a contribution to this fipsbtotype the S|I|_con wafers_ by crossing t‘.NO sta_lrcqses. fedite
fabrication. This considered imaging spectrometerd"_’nens'on (s_tep width) of each sta|rcas<_a IS d'.dtmthe
includes an interferometric core formed by theMICro lens diameter a_nd the detector pixel S|ze_|e/vﬂne
combination of a matrix of Fabry-Perrot (FP) helght of each step is c_alculated as a functiorthef
interferometers with a micro-lens array (see Figlye Qeswe_d local OPD (optical path_ difference) _for _the
Both have to be chosen and aligned in a way thet E® |nvest|ga_ted GHG spectra] region. For this first
plate is associated with a micro-lens. An IR deteds prototyping attempt, step width was taken equabotto
placed on the focal plane of the micro-lens arréyss to higher than 960um while the step height has to imaie

obtain many images of a ground scene, each oneg beir?l';(t)he following values: 46 nm, 230 nm, 3300 nm,dt0
modulated by the corresponding FP interferometer. Hm.

. Starting material

From the preliminary modelling work, it comes duatt in
order to precisely monitor GO CH; gas in the
atmosphere, a matrix of silicon plates has to bi# bo

The generic fabrication process is rather simple. |
consists in building the staircases by a seriesptical
lithography/ plasma dry etching sequences. Eacheseg

is characterized by its own lithography patterngl an
etching pattern transfer into silicon to the deskidepth.
Intermediate surface cleaning protocol was systiealbt
applied in order to ensure a good surface qualitthe
final silicon plate.

FobryPeret - MiaoLens ooy o B. Lithography step

' Along this preliminary work, the staircase dimemsio
were frequently changed therefore a flexible andt-co
effective mask-less lithography process was adopted
table top Heidelberg uPG 101 tool based on a direct
writing of patterns in photoresist films was usddhin

Figure 1. Scheme of the interferometric core of the Imaging
spectrometer showing its three components.
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(A21512HS) and thlck (AZ4562) posmve tone photo presence of “5|I|con grass” at the bottom of theitess.

; andesirable
the alignment accuracy between the two staircass w features etched into the silicon because of rebighigro
found to be conformal to the requirements. maskings which may be not fully removed during the

etching cycles. These two issues can be detrimdotal
C. Slicon etch step the interferometric concept being exploited for the

Dry plasma etching processes were adopted to etdianocarb sensor operation and have to be reduced.
anisotropically shallow, deep and very deep cauitieor
simplicity seek, all were developed with photoresis
masking material. Shallow cavities were etched vaith| £
Cl2-HBr-O2/He inductively coupled plasma (ICP) etching
process. The used reactor is equipped with inegtical
characterization tools that allow a very accura
determination of the silicon etch rates. Moreovitg
remaining photoresist films can be stripped with 3
oxygen plasma in the same reactor. The performahce
this recipe in terms of uniformity, reproducibilitgnd
surface roughness were found to be within the redui
criteria (see Figure 2).

Figure3 : Typical results of ultra deep silicon iti@g obtained by the
Bosch process etching: a) SEM image showing takogping

~.l| phenomenon, b &c ) SEM images showing typical gsilgmon at the

.= bottom and d) the same cavity bottom after gras®owral treatment

X15.0K 2.00sm

On-going work is dedicated to the optimization gicest-
processing treatment based on the application of an
-r rﬂ"’ isotropic etching of the silicon needles using aepu
, reactive SEdry plasma etching. The first results obtained
b | { m are promising as it can be seen on Fig.3-d wheee th
|

l = bottom of a 400 um deep silicon cavity was subpbtte
w/‘ 126 s of a pure SFHeactive plasma treatment. Specific
i | | H efforts are dedicated to the characterization efdhvity

bottom surface quality as well as to its depth anmnifity

Figure2 : Typical results of shallow silicon steyitaiend by chlorine and reproducibility. Classical characterization I$o@as
based ICP_pIasma etching_recipe. Top left, SEMyarillustrating a height profilometer or scanning electron & atomicce
460nm hight edge ; top right, an AFM scan of ttehed surface . . . .

confirming a low rms surface roughness and, bottarprofilometer microscopies are no_t sufficiently powerful to accé®se .

scan of 4 consecutive steps of 46 nm height an@ 192 width each parameters. That is why a thorough, nondestructive
characterization of ultra-deep silicon cavities biging

More issues are faced when deep (few tens of msgrom  carried-on using an interferential metrology tecjuei

ultra-deep (~ 400 pm) cavities have to be etcheml. Tsimilarly to what has been performedor the

achieve this depth range values, the silicon etchincharacterization of the shallow cavity etching mex[4].

process was conducted in a Deep Reactive lon Efchin

(DRIE) system using a Bosch process. In a Boscbgssy At the conference venue, a detailed presentatiothisf

the cavity is progressively obtained by applyingngna fabrication procedure, including the silicon grass

elementary cycles, each comprising two periods: theéemoval, will be available.

etching period with a SFchemistry and the passivation

period where a s gas is used to generate polymer ACKNOWLEDGMENT

materials on the sidewall and bottom. This polymeri This work was supported by the french RENATECH

passivation thin layer will prevent chemical reanti network and the SCARBO H2020 research consortium.

between S§gas during the etching period. Consequently,

the sidewalls may exhibit excessive wall roughness REFERENCES

(usually called scalloping) which spatial periotlicis  [1] N. Guerineau etal. patentW02018/002558A1

directly linked to the Bosch process parameters. Of] S. Goussetetal,, SPIB562 105624U (2016)

Figure3-a, typical SEM image of a cavity sidewall [3] S.Goussetetal, CEAS Space Joumhail 10.1007(2019)

obtained during this study is illustrated. Anothmajor  [4] H. Erhhardt et al., ICSO 2018, Int. Soc. Opt. Bhius, 11189

issue of this deep reactive ion etching approacthés 1118066 (2018).
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Topic : Directed Self-Assembly, plasma etching

Abstract— In this work, we present our recent
achievements on the integration and transfer
etching of a novel silicon-containing high-y
block copolymer for lines/spaces applications.
Dedicated neutral layers and top-coats
allowing perpendicular orientations, it was
possible to investigate specific plasma etching
processes on full-sheets at 7 nm resolution,
opening the way to the integration of these
polymers in chemo-epitaxy stacks.

. INTRODUCTION

Block copolymer (BCP) of highly incompatible blocks
(so-called high-y BCPs) are attractive as a complementary
next generation lithography technique since they can create
self-assembled periodic patterns with features sizes below
10 nm. However, this high incompatibility is not without
drawbacks such as long thermal annealing or preferential
wetting at interfaces of one of the blocks. Then, forming
perpendicular lamellar morphologies, which is the most
promising approach for nano-patterning in terms of critical
dimension control and resist budget, becomes a difficult
task. At the substrate interface, such orientation is usually
obtained with a grafted random copolymer with the same
chemistry as the BCP but at the top interface complicated
top-coat approaches have to be pursued since the solvent
used for the top-coat should not modify the BCP layer.
These developments are of particular interest for the so-
called “chemo-epitaxy” directed self-assembly (DSA)
approach, were high resolution chemical pre-patterns are
used to ensure large scale registration of the formed micro-
domains.

Il.  MATERIALS

In the present study, we report on the use of a new type
of high-y BCP: Poly(styrene)-block-Poly(1,1-dimethyl
silacyclobutane) (PS-b-PDMSB, Fig. 1). This polymer
showed lamellar periodicities down to at least 14 nm and its
Flory-Huggins parameter y was evaluated in the range of
0.08-0.1 at room temperature. A low glass transition
temperature silicon-containing block is chosen here in order
to improve the self-assembly Kinetics. Also, this block
copolymer can be synthesized in industrial conditions with
an extremely low metal contamination and a high etch
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resistance of the Si-block is anticipated without additional
processing steps (infiltration).

However, the integration of a BCP into a chemo-epitaxy
process-flow does require neutral materials for the top and
bottom interfaces of the film in order to provide
perpendicular BCP’s features. In this view, Arkema
developed various materials to satisfy neutrality conditions
and other requirements inherent to microelectronic
processes (Fig. 1). For instance, the underlayer and the top-
coat materials are both silicon-free so as to maximize and
optimize the available aspect-ratio of perpendicular silicon-
containing features versus etch-plasma chemistry for
transfer into the underlaying substrate. These materials are
also designed so as to be processed under standard time and
temperature conditions of regular microelectronic processes
to ensure a high throughput of silicon wafers (i.e. the neutral
underlayer can be grafted following a process at 200°C
during 75 seconds). An example of cross-section STEM
imaging of a 7 nm half-pitch polymer (thermally annealed
at 160 °C for 5 min to initiate the self-assembly)
sandwiched between a grafted neutral underlayer (4 nm
thick) and a 20 nm thick top-coat is given in Fig. 2.

N '

NL grafting BCP coating

' 4

l TC coating

TC
removal BCP bake
— —

Figure 1. Chemical formulae of used lamellar PS-b-PDMSB and
schematic of the process used to obtain perpendicular lamellas using a
grafted neutral layer (NL) and a neutral top-coat (TC).

nag D —— 1)
LTM - CNRS/UGA

30 ps | 29.00 kV | 50 pA 175000 x

Figure 2. Cross-section STEM image of a 14 nm period, 40 nm thick PS-
b-PDMSB layer thermally assembled between a neutral underlayer and a
neutral top-coat onto a silicon wafer.
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I, PLASMA ETCHING

Top-coat, PS and neutral underlayer are removed by
dry-etching in a 300 mm industrial plasma reactor (Applied
Materials). A pure CI2 plasma chemistry is used for top-
coat and BCP layer etching, providing a good control on
both selectivity and etch rate. The etch rate of the BCP film
can be independently adjusted from the selectivity between
blocks. Examples of BCP surfaces at this step for two
polymers are reported in Fig. 3. Then, an additional Ar/O2
step is performed to remove the PS block and oxidize the
PDMSB block. By using Argon-rich gas mixtures, one can
sufficiently modify the PDMSB block and no collapse of
the lines is observed as illustrated in Fig. 4 (left). In order to
limit the impact on well-known microloading effects, a
Ar/HBr/N2 plasma chemistry is preferred to Ar/O2 to etch
the grafted neutral underlayer. Though promising, early
tests of silicon transfer with a standard process show greater
roughness than after BCP reveal (Fig. 4 right). This
roughness is due to the redepositing of etch products and
optimizations are undergoing in other plasma chemistries
designed for non-sticking etch products.

Lo = 14nm L Lo=18nm
Vs

NS St =
Film thickness ~25nm

Film thickness ~50nm

Figure 3. Top-view SEM observations of two different polymers (14 and
18 nm periods) after removing the top-coat and a 5s-long Ar/O2 plasma
for PDMSB revelation.
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X188K ' '388nm

Figure 4. Top-view SEM images of the 18 nm period polymer after
removing the top-coat in a CI2 plasma chemistry and etching the PS block
in a Ar/O2 chemistry (left), and after first attempts at transferring theses
PDMSB features into the silicon wafer (right).
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Topic: nanopatterning

Abstract— We report the fabrication of a
photonic crystal of indium tin oxide and the
investigation of the effect of the process key
parameters. Triangular lattice of air holes
(r=110 nm and a=290 nm) have been obtained
using e-beam lithography combined with
inductively coupled plasma etching through a
300 nm hydrogen silsesquioxane resist mask.

. INTRODUCTION

Indium tin oxide (ITO) thin films are key layers in many
optoelectronic devices playing the role of transparent and
conductive films. For instance, in the field of organic
photonics, they are used as a anode on which is deposited
the organic hetero-structure of the OLED. However, in the
context of recent development of organic light sources,
organic laser diode is still an important endeavor and a
challenging issue, mainly due to the high lasing threshold
under electrical pumping which is several orders higher
than the allowed OLED current density [1]. To deal with
this issue, one of the on-going studies of our group is to
fabricate a photonic crystal (PhC) micro-cavity laser with a
laser threshold current density at a level compatible with the
OLED current density. In this context, we report the
fabrication of PhC patterns directly on the ITO layer as a
first step to prepare the investigation of OLED in PhC
microcaviy. Hydrogen Silsesquioxane (HSQ) resist is used
as mask because of its high resistance to etching process but
a specific process needs to be developed. Indeed, the
realization of dense high aspect ratio features (such as PhC)
in thick HSQ resist remain challenging because of the
chemical instability of this resist. The effect of different
process parameters are investigated: HSQ resist patterning
and mask transfer by ICP etching with the aim to obtain a
low loss optical micro-cavity.

1. MATERIALS AND METHODS

HSQ type FOX 16 (Dow Corning) was spin-coated for a
thickness of 300 nm on commercial substrates of glass with
150 nm ITO coating. The nanostructures were defined by e-
beam lithography writing using a Raith Pioneer system
operating at 30 keV with a beam current of 50 pA. The time
and temperature of the resist baking and the type of
developer were varied.

An ICP-RIE system (Corial 200 IL Dry etcher) was
used to transfer the HSQ patterns into the ITO layer. ITO
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thin films were etched in BCIs/Cl; plasma. The following
parameters were varied: RF power (50-250 W), ICP power
(600-1000 W) and chamber pressure (5-30 mTorr).

The processed features were characterized by atomic
force microscope (AFM) and SEM (Raith Pioneer system)
imaging.

I1l.  RESULTS AND DISCUSSION

A. HSQ resist processing

HSQ is an attractive negative tone resist. Numerous
efforts have been made to optimize the different process
conditions such as electron beam dose [2], baking and
developing temperature [3], type of developers and
developing time [4, 5]. To achieve high aspect ratio dense
pattern into the HSQ resist, we have to optimize the
process.

The effect of baking was investigated with different
time and temperature but also different post bake exposure
process. No baking (Fig. 1a) shows the best contrast but
makes the resist swell during development process. Too
high temperature and too long baking time increase the
sensibility of the resist. HSQ resist becomes sensitive to
backscattering electrons during e-beam lithography and the
inside of the holes is insolated, leaving HSQ inside the
holes after development, reducing the average height of the
holes.

We improved drastically the contrast of HSQ resist by
adding salt to the TMAH solution for the development step.
Best results were clearly obtained with the salty developer
(Fig. 1b and 1c). We also optimized time development,
varying the immersion time.

Figure 1. Comparison of SEM image of the developed HSQ resist with
the design of PhC (a) no baking (b) development in TMAH solution (c)
development in TMAH/NaCl solution. The average height of the holes
measured by AFM is (b) 162 nm (c) 304 nm

B. Etching optimization

Patterned resist obtained with the optimization of HSQ
processing was then used as a mask to transfert the PhC
patterns into the 150 nm thick ITO layer. BCl3/Cl, mixture
with flow rate of 16:4 sccm was kept constant.

Pressure was varied from 5 mTorr to 30 mTorr. The
increase of chamber pressure increases the density of
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reactive Cl, changing the dominant etching mechanism

IV. CONCLUSION

fronTiombombardement toa chemicatty assisted reaction:

The RF power was varied from 50 W to 250 W. The
increase of RF power increases ion energy impinging on
the surface which leads to a more efficient breaking of ITO
bonds and improves sputter desorption of non volatil etch
products from the surface.

The ICP power source was varied from 50 W to 250 W.
As source power increases, the height of holes increases
because of higher concentrations of reactive species and
energetic ions, which enhance etch rate.

(d)

Figure 2. SEM tilted top view image of the ITO etch layer at (a) pressure
of 5SmTorr (b) RF power of 50 W (b) ICP power of 600 W (d) optimal
etching parameters.

Eventually, as an example, we fabricated a PhC with a
triangular lattice configuration consisting of air holes
radius of 110 nm and lattice constant of 290 nm in a 150
nm thick ITO film. Typical result is displayed on figure 3
indicating a PhC micro-cavity of H2.

Figure 3. SEM top view image of the ITO PhC micro-cavity.
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In summary, we developed a specific process in order to
fabricate a photonic crystal in a 150 nm thick ITO layer.
Best process parameters were found to obtained smooth
and straight profile of the holes for the PhC. The ability to
fabricate PhC patterns of ITO confirms the possibility of
using this fabrication process to realize PhC micro-cavity
in the visible range to be used in order to study low
threshold laser application in the field of OLED compatible
with electrical pumping.
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Topic: Etching, lithography and nano-patterning, Key parameters to qualify DOEs structures are th&alT
Integration and applications of micronanotechnologies Thickness Variation (TTV) of both the feature heigimd

the Residual Layer Thickness (RLT), here optimized
Abstract—Nanoimprint lithography is proving  show the highest quality for the optical elemefigally,
itself as particularly suited technology for the in-machine separation of the substrate from thensta
enables high production rates and promotes thakslity
of this technique for mass production.

production of Diffractive Optical Elements
(DOESs), successfully addressing all the specific
requirements that high-volume production
poses.

The possibility to enhance human perception of thdis
surrounding environment by embedding informatioonfr
sources other than our senses into what we seeoitibg
the commercial interest into optical devices whiem be Figure 1. Tilted top view SEM image of a binary diffractivetaal
implemented into head-mounted AR equipment. Diffrac element using nanoimprint lithography.

optical elements (DOEs) are considered as the mo
promising candidate to meet the market's requirdssuch
as compactness, low-cost, and reliability [1] aytreplace
large display headsets for mixed reality (MR) bghtt
weight glasses. Their structures can vary from Emp
optical gratings for diffractive wave guides [2] bonary
elements or pyramid-like multilevel structures [8}hen
targeting a large volume production, current mactufang
techniques such as greyscale lithography, directingr
using laser or electron beams, and direct machiairgy
starting to show their limitations: low process igbility
and surface precision, high equipment costs, amd Io
volumes [3]. In contrast, soft lithography replicatoffers a
pathway to the fabrication of large area DOEs withh
aspect ratios, multilevel features, and criticaheisions
below the diffractive optical limit down to 50 nnin
combination with UV-curable materials, the fabrioat
time can be significantly reduced in comparisonetg, hot
embossing replication methods, making it very afipgao Figure 2. SEM side view_i_mage of a diffractive optical elernen a
industrial applications [3]. siicon substrate.

n x15.0k SE(M)

Here, a very effective approach to fabricate higtality REFERENCES
DOEs using nanoimprint lithography based on porsafs

stamp materials is presented (see SEM image irréigl [1] Donald C. O'Shea; Thomas J. Suleski; Alan D. Kathrgennis W.

Uniformly spin-coated substrates are brought intacn Prather: Diffractive Optics: Design, FabricatiomdaTest (2004),
with a working stamp at atmospheric pressure, afdla SPIE, ISBN: 9780819451712

field imprint is demonstrated, free of air enclesyr [2] Jingjing Guo, Yan Tu, Lanlan Yang, Lili Wang, anedping Wang:
answering to the high yield requirements of a highj-me Holographic waveguide display with a combined-gwtin-coupler,

Applied Optics, 55 (2016), 32, p. 9293-9298.

[3] M. T. Gale: Replication techniques for diffractioptical elements,
Microelectronic Engineering, 34 (1997), 3-4, p.339

low-cost manufacturing line.
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Topic: photo-sensitive TiO, sol-gel film, deep grating, high
diffraction index.

Abstract: This paper describes a method to
obtain thick titania films with high diffractive
index (above 2.2) by sol gel-method. It is based
in a multilayer sol-gel deposition allowing to
obtain thick photosensitive sol-gel films. In a
second step these films are microstructured
using UV light to obtain a deep grating.

I INTRODUCTION

Titanium oxide films have largely studied for a great
number of applications', like photocatalysis, coatings for
optics, sensors or waveguides. In the case of waveguide,
TiO, is interesting due to its high refractive index (up to
2.2) and its lossless properties in the visible and near
infrared wavelength range®. TiO, layers can be obtained b%/
different techniques such as CVD, PVD or sol-gel method™.
The last one attracts a lot of attention because it is a soft
chemistry method, and it allows to develop films with a
wide variety of thicknesses. This cheap and flexible method
can be applied to large area substrates and unconventional
geometries.

Literature demonstrates that deposition of thick
inorganic layer by sol-gel creates a lot of cracks at the
surface; also it is a real difficulty to achieve the deposition
of sol-gel layer above 300 nm thick layers®. Moreover, one
knows that to obtain higher refractive index, annealing
processes are needed, but the thermal process reduces
notably the thickness, limiting their use in particular in the
field of waveguides and optical components.

In this paper, we show a method to fabricate thick
anatase titania films with a high refraction index using a
multi-layer sol-gel deposition process with a thermal
treatment at 300°C between each layer.

Following the same sequence another method is
proposed consisting in a multilayer deposition, with short
thermal treatment to keep the photo sensitive properties of
sol-gel, in order to print deep periodic gratings.
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Il.  EXPERIMENTAL PROCEDURE.

A. Sol-gel method.

A specific sol-gel formulation has been prepared from
titanium isopropoxide (TIPT) complexed by
Benzoylacetone (BzAc) in methanol and butanol (molar
ratio TIPT/BzAc/MeOH/BUOH: 1/20, 4/0, 75/23, 9), the
whole process being previously published®.

The specificity of this sol-gel is the photosensitive
properties of TIPT-BzAc complex, which make it photo-
patternable under UVA light. Under UVA, the complexed
species is partially degraded in carbonates and/or
carboxylates which are insoluble in ethanol that induces a
contrast of solubility between irradiated and non-irradiated
areas. This photo-patternable sol-gel acts like a negative
photoresist and its properties are interesting to obtain
micrometric or submicrometric structures using a simple
mask or laser beam®.

B. Thick anatase titania films.

In order to obtain thick anatase titania films, a
multilayer sol-gel deposition process is used. The films are
developed with the previous sol-gel. The first film is
deposited by spin coating on a silica substrate; it leads a
xerogel film, which is heated in an oven at 300°C for 1h.
Then, a second layer is added using the same deposition
conditions as the first layer. After that, a final thermal
treatment at 500°C during 3h is made in order to obtain a
densified crystallized layer with a high refraction index
(TiO, anatase) (fig 1).

Thermal treatment
300°C/1h.

[ Final thermal treatment ]

n times

500°C/3h

Figure 1. Schema of process to obtain thick anatase titania films

This method makes to obtain a range of thicknesses
according to the number of layers. Table 1 shows the
different thicknesses obtained. Films are crack-free and
homogeneous.
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TABLE |. MEASURE THICKNESSES OF ANATASE TITANIA FILMS.

TiO, anatase.
1 layer 3 layers

4 layers

Thickness ~60 ~92 ~125

=
6 . : .
1 layer v ¥

Figure 2. Picture of obtained films with 1 layer, 3 layers and 4 layers,
respectively.

C. Thick photo-patternable titania films for obtaining
deep TiO, grating.

The realization of deep TiO, grating with a high
refraction index is not possible with the previous method.
Indeed, the heat treatment at 300°C causes a loss of
photosensitive properties by degrading the complexed
species (BzAc), consequently the direct photo-patternable
by UVA is impossible.

In order to maintain the photo-patternable properties of
sol-gel a second method is proposed to obtain thick photo-
patternable titania films. This method consists also of a
multilayer deposition, but in this case, the thermal treatment
between each layer is different to preserve the complexed
species (TIPT-BzAc) and consequently the photo-
patternable property. Thermic treatment at 110°C during 5
minutes is made after deposition of layer, to avoid the
dissolution between each layer (fig.3).

Thermal treatment

3 times

110°C/5 min.

:

[ Photo-patterning of films. ]

Figure 3. Schema of process to obtain thick photo-patternable titania films

The deep TiO, grating is elaborate using thick sol-gel
films with 3 layers. The grating is printed on the sample by
UV illumination through a chromium photomask of 4 um
period during 10 min under a 365 nm wavelength
collimated light. Then a short thermal treatment at 110°C is
made to stabilize the insolated and non-insolated areas. The
development of samples is obtained by washing in ethanol,
which induces the dissolution of non-insolated areas. Then
the films are rinsed with deionized water.

The figure 4 shows a comparison between a grating
realized in a monolayer and a three-layers film and the
AFM profiles of these gratings (figure 4c and 4d,
respectively).The height of patterns is around 360 nm for
multilayer film (fig 4d) and 240 nm for monolayer film (fig.
4c). These results show that it is an interesting method to
obtain deep gratings
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Figure 4. Pictures of gratings obtained from a) monolayer and b)
multilayer photo-patternablesand their AFM profile (c,d).

I1l.  CONCLUSION AND PERSPECTIVES.

A simple method to obtain thick titania films by sol-gel
has been successfully tested and described. We have
fabricated thick homogeneous and crack-free titania films
using a multilayer deposition and an annealing at 300°C
between each layer and a thermal treatment at 500°C to
obtain a densified titania anatase film.

A second method based on multilayer deposition and a
short thermal treatment at 110°C was realized in order to
keep the photo-sensitive properties of sol-gel. A
homogeneous deep TiO, grating was obtained from this
reproducible process.

Perspectives concern the determination of optical losses
and the influence of interfaces between layers for thick
anatase titania films.

In order to have a high index deep grating, next step is
the crystallization of TiO, grating by thermal process at
500°C. Optical and microstructure characterization will also
be performed.
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Abstract— An emerging approach for Area
Selective Deposition (ASD) can potentially
resolve the lithography issues for the latest
technology nodes. It is based on directional
ions usage, during Plasma Enhanced Atomic
Layer Deposition (PEALD), which results in
controllable material properties. In this
report, we use such approach for Ta,Os
properties modification.

I.  OVERVIEW

The deposition processes using plasma-based technology
have several advantages over standard thermal ones. Some
applications include lowering the processing temperature
while increasing the deposition rate, lowering the
consumption of gases for deposition, and avoiding the use
of polluting chemicals for etching and post-processing.
For deposition processes, plasma-based technologies are
also considered to improve the film quality such as
stoichiometry and purity. For that however, plasma-based
processes must be carefully optimized. Aside from
standard parameters such as process temperature, time,
pressure or precursor flux, additionally, the plasma source,
its power, density and eventually substrate bias can be
tuned. Such tuning of deposition parameters is even more
important when deposition is carried out with atomic
precision with Plasma Enhanced Atomic Layer Deposition
(PEALD), a technique that has proven compatibility with
continuous micro and nano-electronics miniaturization.
However, the complexity of such process can be used
as an advantage for tailoring the substrate functionalization
and/or thin-film properties. Ultimately, this can lead to
Area Selective Deposition (ASD) which is a trending topic
that, coupled with ALD, could potentially replace costly
and technologically challenging nano-patterning. In our
laboratory, ASD has been successfully implemented with
atomic precision for Ta,Os and TiO, thin-films, using
nucleation delay on various surfaces coupled with in-situ
etch [1, 2, 3]. Additionally, other groups reported that ASD
can be also done ex-situ by wet etch post-processing of
SiN, with variable stoichiometry and density, by
employing variable substrate bias during the ALD growth

(41
Il.  RESULTS

In this work, we report a combination of the above-
mentioned ASD methods for Ta,Os thin-films deposited on
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thermal SiO, seed. By using different substrate temperature
and varying the substrate bias, we show that while keeping
a similar growth duration, the refractive index, density and
purity can be tailored (see Figure 1).
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Figure 1. a) Growth per cycle (GPC), b) refractive index, c) density and
d) carbon atomic concentration of PEALD deposited Ta205 thin-films at
various temperatures and with various substrate bias. Note that the lines
between the measurement point are a guidance for eyes.

We show that that the strongest effect on film quality
occurs for a substrate temperature of 100°C, where the film
quality improves for -319V of substrate bias. It is argued
that the reason for this is a local increase of temperature at
the extreme thin-film surface by usage of directional ions.
This is interesting for temperature-sensitive applications of
Ta,Os such as gate dielectric for organic thin-film
transistors [5]. Moreover, ions directionality can be
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Topic : Intégration et applications des
micronanotechnologies

Abstract— Direct epitaxial growth of III -V
semiconductor materials on Si is one of the
most promising candidates for the fabrication
of efficient electrically pumped light sources
on a Si platform. In this work, the growth of
InAs/GaAs quantum dots (QDs) on both GaAs
and Ge/Si (001) 300 mm nominal substrates is
investigated using an industrial MOCVD
(Metal Organic Chemical Vapor Deposition)
tool.

I. INTRODUCTION

III-V semiconductors (GaAs, InAs, InP ...) have
remarkable intrinsic properties. They exhibit a high
electron mobility and, most often, a direct band gap
allowing the emission of light in a wide spectral range
(from UV to infrared) with a high quantum efficiency.
They are thus materials of choice for producing light
sources such as light emitting diodes and laser diodes.
Their integration on a silicon CMOS platform would open
wide perspectives in the field of silicon photonics and
optical interconnections.

II.  OPTIMIZATION OF THE GROWTH

We will report on the realization of As-
based heterostructures allowing the fabrication of light
sources emitting at around 1.3 um. However, the hetero-
epitaxy of As-based semiconductors on a silicon substrate
remains a major challenge mainly due to the difference of
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lattice parameter and polarity of the materials. That is why,
in the context of this work, to minimize the impact of
structural defects on the emission properties of III-V
materials, we have investigated the growth of InAs/GaAs
quantum dots (QDs) on nominal Ge/Si (100) substrates by
MOCVD in a 300 mm industrial type reactor. The
optimization of the growth parameters leads to a high QD
density (~10° cm?) and a photoluminescence (PL)
emission around 1.3 pm. Further PL investigations have
been performed to probe the emission quality of these QDs
grown on Ge/Si (100) substrates and compare them with
QDs grown on GaAs substrates.

L. Application

As an application, we will report on InAs/GaAs QD
photodetectors (PDs) grown on GaAs substrate operating
around 1.3 um at 300K. We studied the optical absorption
mechanism using photocurrent technique. The comparison
between  the  absorption  thresholds and  the
photoluminescence peaks will also be presented-.

Optical Window

Y

100 nm P-GaAs (5*10%° cm3)

Top contact

50 nm GaAs

50 nm GaAs

50 nm N-GaAs (8* 10 cm3)
Gals

Figure 1 : Schematic diagram of the epitaxial photodetector structure
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Due to their flexibility, workability, lightness, fineness and reproducibility, randomly ori-
ented nanostructured networks, also called nanonets (NNs), are an attractive material
for flexible and large area electronics as a potential alternative to amorphous silicon or
organic materials. Moreover, NN-based device integration process is based on simple
technologies [1] and done at low temperature (< 400°C') compatible with some flexible
substrates. The device geometry can vary from a micro-to-millimeter scale. As a conse-
quence, such a material provides an interesting path to low cost devices [2]. To this end,
by combining bendable NNs based on Si nanowires (SiNWs) with rigid (Si/Si3N4) and
flexible (Kapton) substrates, we report on the successful fabrication and electrical char-
acterization of rigid and flexible resistors and transistors using bottom-up fabrication and
standard microelectronic technology. Both type of resistors, flexible or not, exhibit high
electrical performances with linear characteristics, even if current has to flow through a
succession of tens to hundreds of SiNWs, depending on device geometry, and as many
SiINW-SiNW junctions. Electrical performance of flexible transistors are still under study,
but rigid transistors with long channel (1000um) exhibit outstanding performances with
high drain current up to 1077 A, Io,/Ioyy ratio as large as 10° and a better mobility as
compared to a-Si and organic materials [3].
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Figure 1: SEM image of as-fabricatedSiNN; (b) SEM image of SiNN-based devices; (c)
Electrical characteristic of flexible NN-based resistor with channel length (L) from 20um
to 50um which, clearly shows the great conduction of NN through numerous NW/NW
junctions (NW length = 7 um).

[1] M. Legallais et al., Solid State Electronics 143, 97-102 (2018)
[2] T.T.T. Nguyen et al, Nano Futures (2019) doi 10.1088,/2399-1984 /ablebc

[3] This work has received funding from the EU H2020 RIA project Nanonets2Sense under
grant agreement n°688329
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Topic Intégration et applications des micronano-
technologies

Abstract—In this paper, we present a platform
composed of three transparent heater-sensor
microsystems capable of maintaining a cell
culture at a desired temperature. Accurate
and stable temperature conditions are
therefore accessible throughout the entire
culture cycle.

I.  INTRODUCTION

When working on biologic systems like cell cultures,
environmental conditions need to be accurately controlled
to obtain physiologically relevant data during the cell study
[1,2]. Commonly, bulky incubators are used to regulate both
temperature and surrounding gas composition. However, in
recent years, thanks to the rise of microfluidics and bio-
MEMS, more and more devices are designed to monitor the
temperature at the cell culture level [3-5]. Those solutions
are still relatively large and not compatible with a multiple-
well plate: they have one active area, where the temperature
is monitored, generally in the 1 mm? to 1 cm? range.

They are usually composed of one heater, and one or
more temperature sensors. These heater-sensor systems are
able to apply a desired temperature while monitoring it. It is
common that the overall system is designed to be as much
transparent as possible to avoid hindering subsequent cell
observations. Therefore transparent conductive oxide
materials such as indium tin oxide (ITO) would be preferred
over using opaque Peltier modules to perform the heater
function [6,7]. Accurate thermal sensing is also a key factor
to obtain cell-friendly conditions. Thermocouples, diode
temperature sensors or resistive temperature detectors
(RTDs) can perform such measurements, each with their
advantages and limitations [8]. For cell culture systems,
RTDs are generally selected, with a preference for platinum
as the sensing layer.

In this abstract, we present a transparent system capable
of applying and measuring the temperature at three separate
locations on a single glass slide. In the future, this will
allow for accurately studying the temperature effects on
cellular growth by performing parallel cell cultures where
all other environmental conditions are kept constant apart
from the temperature.

In Section 1l, we present the fabrication methods to
realize the heater-sensor systems on a regular rectangular
glass slide. Section Il explains the numerical modeling and
the related results. Section IV discusses the experimental
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results. Finally, Section V summarize the paper and
considers future directions.

Il.  FABRICATION METHODS

The system is fabricated on a rectangular indium tin
oxide coated glass slide (75 mm x 25 mm x 1.1 mm, Sigma
Aldrich), with a sheet resistivity of 70-100 Q/sq. Using a
maskless photolithography tool [9] (SmartPrint, objective
x2.5, SmartForce Technologies), the ITO heater pattern is
defined on AZ1512 photoresist. ITO layer is then etched in
an ICP plasma chamber (Plasmalab100, Oxford). A SiNx
protective window (3 mm x 3 mm) is then deposited by
PVD (CT100, Alliance Concept) over the active area. Being
thermally conductive, silicon nitride will allow heat flux to
move from the ITO heater to the Pt RTD while avoiding
any short. Finally, the Pt layer is evaporated in a metal
evaporator (MEB 5508, Plassys). Figure 1 shows a picture
of the resulting glass slide with 3 heater-sensor systems,
along with a zoom-in microscope image of the active area.

Figure1 Picture of the glass slide with three heater-sensor
microsystems. Zoom-in microscope image on the active area composed of
the ITO heater and the Pt RTD, separeted by a SiNx protective layer.

I1l.  NUMERICAL MODELING
ITO heater pattern is first modeled using ANSYS FEM
software (v17). Several implementations of the design,
modifying the numbers of meanders, are tested to obtain the
most homogeneous temperature distribution over the active
area (500 um x 500 pm) without reaching the minimal

resolution of the selected SmartPrint objective.
Three designs are compared: 3-meander, 5-meander and
6-meander. Figure 2 compares the temperature profiles
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along the y axis for the three tested designs. While the 3-
me i -

to reach a temperature of 37 °C, in accordance with the

meander design would require using a larger magnification
objective resulting in a longer fabrication time. Therefore
the 5-meander design is selected: the temperature does not
vary more than 15 % across the active area.
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Figure 2 Temperature profile along the y axis depending on the ITO
heater design. Inset: Temperature distribution for the 5-meander active
area design.

IV. EXPERIMENTAL RESULTS

A. Pt Temperature Sensor Calibration

Once the device is fabricated, calibration can be
initiated. First, the Pt resistance [R(T) = Ro(aT + 1)] is
measured versus known temperatures to obtain a, the
temperature coefficient of resistance and Ro, the resistance
at 0°C. Experiments are conducted in a temperature-
controlled oven (Memmert UFP 400). Platinum resistance is
measured with a Keysight B2901A sourcemeter by injecting
a 100 pA current and measuring the resulting voltage.

Four different temperatures are selected for the Pt
resistance calibration (Figure 3), spanning across the 37 °C
temperature range the device will eventually work close to.
A linear fit is found, with 0¢=0.0024 °C and R¢=587.83 Q,
in accordance with the literature.

655

650

(Q)
o o o
W B B
o o o

b )

Pt resistance
LY

(®)]
w
o

® Experimental data
Linear fit
30 35 40 45 50
Device temperature (°C)

Figure 3 Pt resistance versus device temperature.
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B. ITO Heater Calibration

ITO heater is then characterized by injecting a known
current while measuring the Pt resistance, resulting in the
temperature determination. ITO current is controlled by a
Keithley 2400 sourcemeter while measuring the Pt
resistance with a Keysight B2901A sourcemeter.

Figure 4 presents the experimental data along with a
quadratic fit. We determine that a 2 mA current is necessary
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Figure 4 Pt resistance temperature versus ITO current.

V.  CONCLUSIONS AND PERSPECTIVES

A simple and transparent device capable of maintaining
the temperature of the cells for three parallel cultures is
demonstrated. Following a design optimization of the
meander pattern through numerical simulations, the heater-
sensor system is characterized and cell-friendly
temperatures can be obtained.

In the future, cells will be grown on our device and
compared to regular cell culture cases.
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Topic : Integration of technologies

Micro hollow cathode discharges (MHCD)
operating in DC close to atmospheric pressure
in different gases are produced on silicon
platforms. Microplasmas were optically and
electrically characterized. The micro reactors
were also analyzed after operation by SEM
observations. Stability enhancement allowed
tests of a new geometry that allowed a higher
current and power (up to 1 W per
microdischarge).

l. INTRODUCTION

Micro hollow cathode discharges (MHCD) operating in
DC were first introduced in the mid-90s [1]. Due to their
dimensions and their large surface to volume ratio, the
produced micro plasma remains cold and can operate at
atmospheric pressure in a stable and normal discharge
regime as long as the cathode area is not limited [2]. MHCD
on silicon platforms were first studied by J. G. Eden’s group
[3]. Silicon processing, developed for microelectronic
devices, offers many opportunities to design new, original
and efficient devices to produce high-density microplasmas.

An array of 1064 microplasmas using an etched silicon
cathode was totally ignited [4]. However, the operation of
the device was not stable and produced many current spikes
that significantly damaged the micro cavities and lead to the
device failure. The mechanism responsible for this unstable
regime and the short microdischarge lifetime was
investigated [5] and a solution was found to enhance the
robustness of the micro reactors [6].

Il. EXPERIMENT

A single hole microdischarge reactor is schematically
represented in figure 1 (a). A ballast resistor is used to limit
the current. To avoid instabilities during plasma operation,
the silicon cathode is covered by a metal thin film (nickel in
this example).

More than 15 individual process steps are necessary to
create such a structure. This CMOS-compatible device
fabrication allows the investigation of different electrode
materials. Then, in an argon or helium environment, the
microdischarges were operated to compare the stability and
the lifetime of the device.
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(a)

Rp

(b)

Figure 1. (a) Schematic of a microdischarge reactor. (b) Cross-sectional
SEM picture of a microdischarge reactor before use.

Ill.  RESULTS

In both gases and in a large range of pressure, a very
stable operation has been obtained by using the cavity
configuration with nickel cathode. An example of a single
hole microdischarge operating at atmospheric pressure in
argon (100 um diameter cavity) with a cathode of nickel is
shown in figure 2 (a). The lifetime of the microdischarge
reactor with these parameters can be longer than 24 hours.

Another example of microdischarges operation is
shown in figure 2 (b). In this case, an array of 576
microdischarges was ignited in helium at 100 torr. Several
tens of mA can be injected in this type of device without
observing any damage.
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Figure 2. Real pictures of (a) a single hole microdischarge operating in
argon at atmospheric pressure and of (b) an array of 576 microdischarges
operating in helium at 100 torr.

The cathode surface after operation presents much less
damage when it is made of nickel compared to nickel.
Figure 3 presents two SEM pictures of the micro reactor
surface after operation in (a) helium or in (b) argon at
atmospheric pressure in single hole cavity configuration.

After helium operation, no damage was found on the
cathode surface. However, after argon operation, a ring-
shape structure appears in the center of the cavity. This is
explained by pulverization and redeposition process caused
by ions bombardment being more efficient in argon
plasmas.

(a)
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(41
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Figure 3. Cross-sectional SEM pictures of the micro reactor after operation at atmospheric
pressure in (a) helium and in (b) argon.
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Topic Integration and micro nanotechnology
applications

Abstract — Sputter-deposited Al/CuO multilayers
are used to manufacture tunable igniters and
actuators with applications in various fields of
application such as defense, space and
infrastructure safety. This paper describes the
technology of deposition and characteristics of
Al/CuO multilayers followed by some examples of
applications of these energetic layers.

. INTRODUCTION

Energetic materials are widely used to generate suddenly
high amount of thermal or mechanical energy under an
electrical, mechanical or thermal stimulus. As typical
energetic materials, nanothermites which contain Al and
oxide, have attracted much attention as they exhibit not only
better combustion efficiencies and better ignitability
compared to traditional explosives but also the reaction
outputs can be tuned thanks to the selections of fuels,
oxidizers, architectures and reactant size allowing multiple
actions. Among nanothermites, sputter-deposited Al/CuO
multilayers represent an interesting energetic thin film
nanomaterials for tunable ignition to replace old hot-wire
ignitor.

In that context, our research group at LAAS-CNRS
demonstrated several miniature pyrotechnical ignition
devices integrating Al/CuO multilayers within MEMS based
microheaters, called pyroMEMS, for application in civilian
and military applications such as triggering the inflation of
airbags, micro-propulsion systems, and arm and fire
devices.

This paper reviews the technological process focusing on
sputter-deposition technique, presents the properties of
Al/CuO multilayered films and details the fabrication process
flow of a micro-igniter. As conclusion, some examples of
applications of pyroMEMS are overviewed.

Il.  AL/CUO MULTILAYERED NANOTHERMITES

Two decades ago, the introduction of nanotechnologies
enabled the emergence of a new class of energetic
materials called nanothermites that could play a great role
in the future society. Nanothermites use raw materials that
can be found in abundance, are low cost and non-polluting
(green materials). They also exhibit better combustion
efficiencies and better ignitability compared to typical
CHNO energetic mixtures while being safer. Importantly,
the reactions and ability to trigger specific actions can be
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tailored by varying the size and composition of the oxide,
allowing multiple applications. Focusing on thermite
multilayers, the overwhelming majority of works concern
Al/CuO systems, as they feature an exceptionally high-
energy release with gaseous production.

A. Sputter-deposition of Al/CuO multilayers

Al/CuO thermite multilayers are mainly produced by
sputter-deposition technique [1]-[5] as it provides excellent
control over the layering and stoichiometry. Cupric oxide
thin film is synthesized using direct current (DC) reactive
magnetron sputtering technique in an oxygen enriched
environment. To produce Al/CuO multilayered films, layers
of Al and CuO are deposited on top of each other in an
alternating fashion (see Fig. 1) without venting the
chamber. However, after each layer deposition, the sample
stage is cooled at ambient temperature for 600 s. CuO is
polycrystalline and characterized by XRD before
deposition. At each interface between cupric oxide and Al
layers an intermixing layer of 4-8 nm is present and formed
during the deposition itself.

Depositions parameters have been published several
times and can be found in [6], [7].

Figure 1. Cross sectional transmission electron micrographs of the
Al/CuO multilayer obtained by magnetron sputtering.

B. Ignition and reaction properties

Applying an external source of energy locally on the
multilayer results in an increase of the temperature in the
multilayer section directly in contact with the heated
surface. This can be done by electrostatic discharge [8],
mechanical impact [9], laser irradiation [10], electrical
heating (spark) [11] and thermal hot points [12] which is the
widest used. After being ignited, the multilayers react by a
self-sustained propagating reaction following the chemistry
of eq. 1.

2.Al +3.CuO — Al,0; + 3.Cu + AH (1)

In other words, after the temperature is raised locally
and rapidly to a characteristic onset reaction temperature,
the reaction enthalpy (AH) spreads into neighboring
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unreacted portlons of the fllm Ieadlng to a self-sustained

As the exothermic chemical reactions are controlled by
the outward migration of oxygen atoms from the CuO
matrix towards the aluminum layers, the reaction rate
strongly depends on the reactant spacing (bilayer thickness).
The sustained combustion rate is commonly characterized
with a standard high-speed camera under ambient pressure

(3], [7].

The combustion velocity increases for thinner bilayers
with a maximum at ~ 90 m/s for free-standing foils (see Fig.
2(a)). However, the reaction stops suddenly for extremely
small bilayer thicknesses, which is due to the presence of
interfacial layers, as described earlier which reduces the
amount of stored energy i.e., reaction enthalpy, AH.
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Figure 2. (a) Sustained combustion velocity in air of free-standing
multilayers as a function of bilayer thickness (total thickness t=2 um); (b)
ignition time as a function of the electrical power send through the micro-

heater for 5 bilayers of Al/CuO (Taken from [12]).

IIl.  PYROMEMS INTEGRATION AND
CHARACTERIZATION

When integrated on a device/substrate, the widest and
simplest ignition method for igniting an Al/CuO
multilayered thin film is hot-wire by a local metallic thin
film resistance. A pyroMEMS is mainly composed of a
substrate, a thin metallic resistance and the AIl/CuO
nanothermites (see Fig. 3(a)).

To minimize the ignition energy, the substrate must be a
good thermal insulator. We chose 500 pum thick 4-in. glass
substrates (AF32 from Schott). After being cleaned in
oxygen plasma to remove surface contaminants, 300 nm
thick titanium followed by 300 nm thick gold layers are
evaporated onto the glass substrate and the filament is
patterned using lift-off technique. Then the gold is
chemically etched and patterned to define the Ti resistance
and Au electrical pads. Finally, Al/CuO multilayers are
sputter deposited through a silicon shadow mask. A photo
of a pyroMEMS thus manufactured is presented in Fig.
3(b).

(a)

Nanothermites ~—
Micro-heater ——

Substrate

Figure 3.

(a) 3D schematic representation of a pyroMEMS; (b) photo of
the pyroMEMS; (c) photo during the nanothermite reaction.

We characterized that, for any heating surface areas
(micro-heater sizes), the ignition time (delay between the
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tlme of appllcatlon of the electrlcal power and the emission
3 ases when
the |gn|t|on power den5|ty mcreases until an asymptotic
value, defining the minimum response ignition time, which
is a characteristic of the multilayered film itself.

As an illustration, Fig. 2(b) provides the ignition time vs
the ignition power for a thermite made of fifteen 300 nm
thick 1:1 Al/CuO bilayers. Below a certain electrical power,
no ignition occurs, regardless the duration of application of
the power. This is simply explained by the fact that, below
this ignition power threshold, the electrical energy supplied
to the micro-heater is not sufficient to compensate for the
energy lost by conduction through the substrate, by
radiation from the exposed surface, and by convection in
the air. The multilayer cannot reach its ignition temperature,
also known as onset reaction temperature.

This threshold highly depends on the heating surface
area and detailed results can be found in [12].

IV. EXAMPLES OF APPLICATIONS

To date, igniters are the widest investigated applications
and widely used to trigger the inflation of airbags, micro-
propulsion systems, and arm and fire devices used in
missiles, rockets and any other ordnance systems.
Traditionally, igniter technology consists of a metallic hot
wire (Ni/Cr, ...) or bridge wire in contact with a secondary
or primary explosive. The fabrication and integration of
explosives in igniters require extreme precautions due to
high sensitivity to the electrostatic discharge, friction or
shock.

AIl/CuO multilayers can efficiently replace the hot wire
and primary explosive. Another advantages of replacing
traditional hot-wire with pyroMEMS are: (1) the overall
integration is easier requiring only the electrical connections
of the pyroMEMS whereas traditional pyrotechnical igniters
required at least two steps (hot wire and primary
pyrotechnic composition deposition). (2) The Al/CuO
multilayers are safe and less sensitive to environment. (3)
Ignition threshold and reaction output (flame temperature
and gaseous products) can be easily tuned by changing the
Al/CuO Dbilayer thickness and stoichiometry (bilayer
thickness ratio).

Taton et al. [13] first reported the design, realization and
characterization of hot-wire ignition integrating Al/CuO
multilayers (see Fig. 4 (a)-(b)) for application in
pyrotechnical systems for space applications. The reactive
Al/CuO multilayered thin film resides on a 100-um-thick
epoxy/polyethyleneterephtalate (PET) membrane to insulate
the reactive layer from the bulk substrate. When current is
supplied, Al/CuO reacts and the products of reaction
produce sparks that can ignite any secondary energetic
composition, such as RDX. The authors demonstrate a
100% success of ignition over 0.25-4 A firing current range
corresponding to 80— 244 wJ and with response times
ranging from 2 to 260 ps. Then, Glavier et al. [14] used this
igniter to cut and propel a thin metallic foil and ignite RDX
in a detonation. Authors showed that a stainless steel flyer
of 40 mg can be properly cut and propelled at velocities
calculated from 665 to 1083 m/s as a function of the RDX
extent of compaction and ignition charge. The impact of the
flyer can directly initiate the detonation of an RDX
explosive, which is very promising to remove primary
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explosives in detonators. A schematic view and photo of
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Figure 4. (a) Schematic and (b) photo of the reactive electro-thermal
initiator on Epoxy/PET membrane. Chip dimension is 4 mm x 2 mm. (c)
Schematic and (d) photo of one miniature detonator integrating Al/CuO

multilayers as initiator. Taken from [14].

More recently, Nicollet et al. [12] derived the Al/CuO
multilayer igniter concept for several substrates and
simplified the fabrication process to adapt it to airbag
initiation. Additionally, our team has demonstrated
miniature one-shot circuit breakers [15] based on the
combustion of a nanothermite. Each device is simply made
from two assembled Printed Board Circuits (PCBs) to
define a hermetic cavity in which an AlI/CuO multilayer
initiator chip ignites —in less than 100 ps- a few milligrams
of nanothermite to cut a thick copper connection (see Fig.
5). The authors demonstrated the good operation (100 % of
success rate) with a response time of 0.57 ms, which is
much lower than the response time of classical mechanical
circuit breakers (> ms).
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Figure 5. (a) 3D schematic of the nanothermite based circuit breaker; (b)
epxloded views and (c) scnapshots of high speed images taken for the
tested circuit breaker. The time between each picture is 100 ps.Taken

from [15].

V. CONCLUSION

Sputter-deposited Al/CuO multilayers, composed of
alternating Al and CuO nanolayers with total thickness
ranging from 1 to tens of um, present an opportunity for
tunable ignition and actuation. The interest and the
integration in igniter applications have been demonstrated
for different applications, such as inflators, aerospace or
actuators.
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Abstract— High confinement and ultra-
low losses are required to generate
Kerr frequency combs at telecom
wavelengths, which is challenging for
thick  anomalous-dispersion  SisN4
waveguides. We report the fabrication
of ultra-high-Q (>5x10°) SisN4 micro-
resonators for nonlinear photonics.

I INTRODUCTION

Silicon-nitride-on-insulator (SiINOI) has been demonstrated
as a promising chip-based platform for generating wideband
frequency combs when pumped at telecom wavelengths,
which could be applied to atomic clocks, on-chip
spectroscopy, and terabit coherent communications.
However, optical losses generally occur during the wave
propagation through silicon nitride. This phenomenon is
mainly due to the material intrinsic absorption (hydrogen
excess and N-H overtone absorption bonds) and scattering
losses generated by defects and roughness induced by the
patterning process [1]. Recently, Damascene-based
approaches [2] could achieve the fabrication of 2-um-wide
SisNs4 waveguides for low-loss resonators with a mean
quality factor approaching 5x10°. However, such processing
is inherently affected by a low cross-wafer reproducibility,
limited 4-inch wafer tools, and high-cost intellectual
properties required for the technological fabrication of the
devices reported [2].

In this paper, we report an optimized fully subtractive
fabrication process of SisN4 waveguides and ring resonators
on 8-inch (200-mm) CMOQOS npilot lines. We highlight the
outstanding impact of high-temperature annealing treatment
of the SisN4 patterns on their optical performances. With the
optimized process, critically coupled resonators with
intrinsic quality factors Qi > 5x10° using highly-confined
waveguide dimensions (1.7-um-wide, 820-nm-thick) with
corresponding optical losses approaching 5 dB/m.

Il.  EXPERIMENTAL SETUP
A. Fabrication process flow

The fabrication process starts with a 3-pm-thick thermal
oxidation of the 200 mm diameter silicon substrate. Then
an 800-nm-thick Silicon Nitride layer (SisN4) is deposited
by low pressure chemical vapor deposition (LPCVD)
following a tailored deposition method the authors
published in [3, 4], which minimizes the hydrogen content
and the cracking of the deposited SisN4 films. A 248-nm
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lithography is then performed using 820-nm-thick resist
mask followed by a 49 nm-thick bottom anti-reflection
coating (BARC). The etching experiments are performed in
an inductively coupled plasma (ICP) reactor. Prior the
Si3N4 etching, the photoresist patterns are cured with an
HBr plasma in order to increase their etch resistance, and
thus to improve the etch selectivity [5]. The BARC layer is
first opened with an Ar/Cl./O; plasma process, the SisNgis
then etched with a CF4/CHFs/Ar plasma. Finally, the
photoresist/BARC layers are stripped using an O plasma,
and the surfaces are wet-cleaned using 1% HF dip. After
the etching process, several annealing treatments under
various ambient (pure Nz, Hz, or N2 with 1% O) and
temperatures (above 800°C) have been tested. Their
impacts on the waveguide morphology, roughness and
optical performances have been evaluated. Nitride circuits
are then encapsulated by a 2.2-um-thick SiO, cladding
layer deposited at 400°C by high-density plasma-enhanced
chemical vapor deposition (HDP-PECVD) technique.

B. Characterization techniques

Scanning electron microscopy (SEM) is used to assess the
SisNg4 profile after etching, while atomic force microscopy
(AFM) on a tilted sample is carried out to estimate their
line edge roughness (LER).

The optical characterization of the ring resonators is
performed on a 300-mm Cascade prober station using a
tunable laser source for direct resonance scanning,
spanning the S, C and L-bands and input/ouput fiber
arrays. The wavelength tuning range is 1500-1600 nm at a
0.1 pm resolution step. Statistical study was also made on
the wafer for the 1.7 um width guides at several ring bus
gap dimensions (from 300nm to 600nm) in order to
estimate the reproducibility of the optical losses and the
quality factor of the device.

I1l. RESULTS AND DISCUSSIONS
A. Roughness and Morphology

After etching and without any treatment, the SiN profiles
are anisotropic (88°) and their LER is quite good of 4.5 nm
(Fig.1. a-b), considering the photoresist LER after
lithography of 6.3 nm. In a previous study, we
demonstrated that Si waveguide sidewalls roughness could
be smoothened down to 1 nm LER by applying an H,
annealing treatment operating at temperature in the 800-
900°C range [5]. This allowed to significantly reduce the
scattering losses and led to record-low optical losses of 1.2
dB.cm? and 0.5 dB.cm™ for single-mode strip and rib Si
waveguides respectively. In this study, we investigate
several annealing treatments under various ambient (N,
H2, or N2/O2 (1%)) and temperatures above 800°C. None of
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the investigated treatments leads to a change of the

combination of high-temperature annealings, directly
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Figure 1. a) SEM image of a SizN, waveguide profile after subtractive
patterning and b) the corresponding AFM image of the SisN, sidewalls
and the measured LER.

B. Optical performances

The patterned resonator rings with and without annealing
have been tested optically. The results for the 1.7-um-wide
waveguide being compared in Fig.2 (a-b-c). Without
annealing (Fig. 2a), we observe a critically coupled
resonance for a 300 nm-gap (extinction ratio of 11 dB).
The intrinsic quality factor obtained is of 8x10° and the
optical losses are of 0.45 dB.cm?. However, after
annealing the SiN core under pure N; at high temperature
(Fig. 2b), the intrinsic quality factor value increases up to
4.5x10° and the optical losses decrease up to 0.07 dB.cm.
This improvement is attributed to the removal of the
residual NH bonds present in the SiN bulk by the N
thermal annealing. Moreover, introducing an O annealing
prior the N2 annealing increases further the quality factor
up to 5.8x10% while the optical losses reach a very low
value of 0.05 dB.cm? (Fig. 2c). This means that oxygen
annealing could generate a silicon oxynitride (SiON)
interface between core SiN and SiO; cladding. This
refractive index contrast (SiN/SiION/SiO2) presents a
promising procedure towards reaching very low optical
losses devices, approaching optical fibres. In addition, the
extinction ratio of the annealed sample reaches 14 dB
making the bus waveguide and the resonating ring
critically coupled.

20 14
a) 300 nm-Gap (1550 nm) b)
2 -16
@
T A 42pm ".1; -18
c -
S b =
s 2 \ i 5§ 20
<] ] 2
E 28 11d8 % ': T 22
2 L 5
s 30 s ] g 24
[~ ¥ =
32 “ <26 - 550 nm-Gap (1550 nm)
4" Nomannealed SIN —o— 100% N -anneaied SIN
1560,820 1560,825 1560,830 1560,835 1560,566 1560,567 1560,568
Wavelength (nm) Wavelength (nm)

5] 14 7550 m-Gap (1550 nen)

14.dB

Transmission (dB)
&
R

_30 [~ 20 min O, then 100% N,-annealed SiN

1561,306 1561,307 1561,308 1561,309 1561,310
Wavelength (nm)

Figure 2. Resonance spectrum of a 1.7-um bus waveguide coupled with a
112 pm diameter ring (a) without, (b) with N, annealing treatment and (c)
with O, exposure then N, annealing treatment.

It is worth to point out that, the waveguide sidewalls
roughness and morphology are not impacted by the
annealing, as the beneficial impact of the annealing resides
in an almost complete elimination of the N-H bonds,
responsible for absorption losses. As a result, the clever
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outstanding optical performances.

The statistical study performed on 22 dies on the 200 mm
wafer shows a cross-wafer variability of the Q; of 0.8%
which proves the high reproducibility of the fabrication
process. In addition, thanks to such high-quality factor
devices, it was possible to generate Kerr-frequency comb at
sub-mW input powers coupled into the bus waveguide,
using high-confinement 1.6-1.7 um-width waveguides.

V1. CONCLUSIONS

In conclusion, the optimization of the fabrication process of
SisNs waveguides allows to obtain ring resonators with
extremely high intrinsic quality factors of near 6x10° and
estimated optical losses as low as 0.05 dB.cm™ with a high-
reproducibility on a 200 mm wafer. This is to our
knowledge, the best published values for highly confined
SiN bus-ring resonators with dimensions as low as 1.7 pm.
This is very promising for the future of high-speed data
transmission and telecommunication, but also for optical
sensing application using SizN4 based micro-resonators as a
source of wideband Kerr frequency combs at telecom
wavelengths.
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