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1:45pm AA1-MoA-2 Resistive Switching Maps for Films of Variable
Conductivity Grown by Atomic Layer Deposition, Kaupo Kukli, University
of Tartu, Estonia;, M Kemell, University of Helsinki, Finland, H Castdn, S
Dueifias, University of Valladolid, Spain;, M Heikkild, University of Helsinki,
Finland; J Kozlova, M Réhn, University of Tartu, Estonia; M Ritala, M
Leskeld, University of Helsinki, Finland

Multilayers of oxide thin films offer an attractive basis of resistively
switching media. To effectively modify the density of useful defects,
properties of wide-band-gap and high-k oxides can be tailored, e.g. in
Al,03-TiO2 multilayers [1]. In addition, components with high magnetic or
electric polarizability may be applied as constituents, when seeking even
wider functionality of switching materials. Thereby, alternate layering of
more and less insulating materials can accompany with detrimental film
conductivity, lowering the ratio between low and high resistivity states.

Nanolaminates with tunable composition, such as Ta:0s-TiO2 [2], ZrOz-
C0304 [2], ZrO2-Al;03 [3], SiO2-Nb20s [4], SiO2-Fe20s [5] were grown. In such
films, electrical and magnetic polarization hystereses were monitored at
room temperature, together with resistive switching behavior. The latter
was destabilised in structures where leaky constituents, e.g. Nb2Os and
Fe;0s;, were applied. Complementarily to the common direct current
resistive switching measurements with voltage pulses, we report the
application of small-signal measurements. This allows memory mapping
based on two-state capacitance and conductance recorded under bipolar
voltages. Such hysteron-like signal-programming voltage behavior may
allow reading information especially in materials which otherwise tend to
remain in low resistance state in direct current measurements.
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Al/Ti/ZrO2:Al,03/TiN/Si/Al structures on the resistive switching behavior for
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[4] K. Kukli et al., Resistive switching in silicon oxide-niobium oxide thin
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[5] K. Kukli et al., Atomic layer deposition and properties of mixture films
and nanolaminates consisting of iron and silicon oxides, to be published.

3:00pm AA1-MoA-7 Understanding and Controlling Release and
Aerosolization of Inhaled Drug Particles Engineered by Atomic Layer
Deposition, D La Zara, F Sun, F Zhang, Delft University of Technology,
Netherlands; M Quayle, G Petersson, S Folestad, AstraZeneca, Sweden;
Ruud van Ommen, Delft University of Technology, Netherlands

Inhaled drug delivery is the administration route of choice especially for
respiratory diseases such as asthma and chronic obstructive pulmonary
disease. However, the rapid absorption of inhaled drugs in the lungs limits
their therapeutic effect, which lasts in the case of budesonide, a common
drug for respiratory diseases, a couple of hours, thus requiring multiple
doses per day. Moreover, an increasing number of inhaled drugs includes
amorphous and sensitive drugs, which require solid-state stabilization, as
well as powders with poor flowability, which necessitate improved
aerosolization efficiency to meet the drug load requirements. Therefore, to
improve patient compliance and enhance the therapeutic performance, it
is crucial to find novel solutions to increase the lung deposited drug as well
as extend the drug release in the lung.

In this work, we deposit nanoscale Al>Os, TiO; and SiO; films on micronized
budesonide particles to tailor their dissolution and aerosolization
properties. The ALD process is carried out at nearly ambient conditions in a
fluidized bed reactor for a cycle range from 10 to 50, using TMA/Os,
TiCla/H,0 and SiCls/H,O as precursors for Al,0s, TiO, and SiO. ALD,
respectively. Transmission electron microscopy (TEM) coupled with energy
dispersive X-ray mapping reveals the deposition of uniform and conformal
TiO2 and SiO2 nanofilms, and the occurrence of Al,Os subsurface growth. In
fact, due to its high reactivity, TMA penetrates into the budesonide
particles forming inorganic-organic shells which consist of a
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Al,03/budesonide mixture. In-vitro dissolution tests and cell studies reveal
dramatically slowed release with increasing film thickness. In particular, the
in-vitro dissolution tests correlate with the cell studies which highlights the
accuracy in describing the release of inhaled drug powders. The dissolution
mechanism and the role of the nanofilms during drug release are
investigated by ex-situ TEM of the solutions at different time points after
the dissolution test. Furthermore, in-vitro aerosolization testing by fast
screening impactor shows an almost 3-fold and ~2-fold increase in fine
particle fraction (FPF: % <5 um, i.e., particle size range relevant for
inhalation) for the SiO2- and TiO»- coated particles, respectively. The higher
FPF after the ALD process is attributed to the lower interparticle force
which reduces the powder cohesiveness, as suggested by atomic force
microscopy. Finally, the aerosolization properties are retained even after
exposure at 40 °C and 75% RH for 1 month, demonstrating a good shelf
performance.

3:15pm AA1-MoA-8 In-vitro Screening of Materials and Laminates by
Atomic Layer Deposition for Medical Device Coatings, R Ritasalo, Picosun
Oy, Finland; O VYlivaara, VTT Technical Research Centre of Finland Ltd,
Finland; T Sillanpdd, P Holmlund, A Kdrkkdinen, VTT Technical Research
Centre of Finland, Finland; Tom Blomberg, Picosun Oy, Finland

Motivation: Chronic disease monitoring and treatment is and will continue
to be the most important issue related to ever-increasing healthcare costs.
Chronic diseases are linked with lifestyle problems and aging population.
Therefore, new technical solutions, which would decrease the direct
patient care, are actively investigated. Many different coating technologies
and materials are used in medical applications depending on the desired
properties of the coating. Coatings are typically used for reducing friction,
providing electrical insulation, and as corrosion barriers. Atomic layer
deposition (ALD) coatings are known to work excellently as hermetic
barriers for water vapour, however, the barrier properties in aqueous
solutions mimicking the environment of the human body are still under
investigations. Potentially, ALD films could work as metal ion barriers in e.g.
orthopedics implants and as electronic insulation for implantable
electronics in cardiology and neurology segments. Irrespective of the actual
use, the implantable medical device must withstand the corrosive
environment inside the human body for prolonged periods of time.
Hermetic sealing of the device to protect it from the corrosive environment
of human body and vice versa is a key step to enable long life time for the
smart medical devices.

Method: The degradation of the ALD-coated Si/SiO./Al interdigitated
electrodes (IDEs) were investigated. The ALD films were deposited with
PICOSUN® R-200 Advanced ALD reactor at different temperatures of 85,
125 and 200°C. Metal oxides such as Al;0s, SiO; and HfO, and their
laminates were deposited in order to screen the temperature and material
effect on the barrier properties. For the in-vitro study through accelerated
aging tests the samples were wire-bonded and placed on phosphate
buffered saline (PBS) solution and kept at 85°C. The film degradation was
on-line monitored by resistance measurements every 10 minutes until a
notable rise in resistance value indicating failure of the barrier material.

Results: We will present the results from in-vitro accelerated tests and
compare those to our previous excellent results with SiO-HfO, [1]. Both
the studies show that the best ALD-laminates can last without failure in
accelerated aging tests in PBS (85/87°C) at least 100 days corresponding
over 10 years at human body (37°C). We will also present the ISO 10993-5
standard cytotoxicity test results.

The results highly support ALD as a hermetic and biocompatible corrosion
resistant layer in future medical devices and implants.

[1]https://doi.org/10.1002/adfm.201806440

Acknowledgements: ULIMPIA project/PENTA under grant number PENTA-
2017-Call2-16101-ULIMPIA

4:00pm AA1-MoA-11 ALD and PE-ALD of High-Mobility Zinc-Tin-Oxide
Semiconductor Layers: Towards Printable Electronic Devices, T Cho, C
Allemang, N Farjam, O Trejo, S Ravan, R Rodriguez, K Barton, R Peterson,
Neil Dasgupta, University of Michigan

Transparent amorphous oxide semiconductors (TAOS) are a valuable class
of functional materials that are being explored for applications in flexible
electronics. To enable next-generation devices, ranging from personal
health monitoring to electronic textiles, there is a need for new material
processes that enable low-temperature processing while maintaining high-
quality device performance. Furthermore, the use of non-planar substrates
requires deposition processes that can produce uniform, reproducible
material properties without line-of-sight limitations. Therefore, there has
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been significant interest in ALD as an approach to engineering high-quality
TAOS layers for devices such as thin-film transistors (TFTs).:

Among the various TAOS materials, zinc-tin-oxide (ZTO) is being explored as
an alternative to indium-gallium-zinc-oxide (IGZ0O), as it has the potential to
reduce manufacturing cost significantly by utilizing earth-abundant
elements?. However, to date, there have been relatively few reports of TFT
device performance using ALD ZTO layers, and high-temperature post-
deposition anneals have been required to achieve enhancement-mode
devices with high field-effect mobility (ure). To overcome these limitations,
in this study, we explore the role of oxidizers, including water and Oz
plasma. We demonstrate that through rational control of the process
conditions and combining these oxidizing species in a super-cycle recipe,
we can achieve pre values of > 13 cm?V-istin films as-deposited at 200°C.
Even higher mobility values can be achieved when post-deposition anneals
are performed. The process-structure-property relationships of these high-
mobility ZTO films will be described, including the role of zinc:tin ratio,
deposition temperature, and post-deposition treatments.

To demonstrate a pathway towards bottom-up, printable devices, area-
selective ALD of ZTO is demonstrated using printed polymer inhibition
layers. By using electrohydrodynamic-jet (e-jet) printing®, we demonstrate
the ability to pattern devices with < 1 um resolution, well below the
resolution of traditional ink-jet printing. Finally, printed TFTs were
fabricated, demonstrating well-behaved device performance, including an
on/off current ratio of almost 10°. This research presents a pathway
towards printable electronic devices based on low-temperature ALD/PE-
ALD processing, which is compatible with flexible/stretchable substrates
and does not require any clean-room processing.

1. ). Sheng et al. J. Vac. Sci. Technol. A 36, 060801 (2018)
2. P. Schlupp et al. Adv. Electron. Mater.1, 1400023 (2015)
3.J.-U. Park et al., Nature Materials 6, 782 (2007)

4:15pm AA1-MoA-12 Optimized Schottky Junctions by Atomic Layer
Deposition for Piezotronic MEMS Strain Microsensors, Raoul Joly, S Girod,
N Adjeroud, M El Hachemi, P Grysan, T Nguyen, K Menguelti, S Klein, J
Polesel, Luxembourg Institute of Science and Technology, Luxembourg

The rapidly spreading Internet-of-Things is accelerating MEMS (Micro-
ElectroMechanical Systems) industry’s to deliver highly sensitive and
miniaturized self-sensors with low consumption and cost effective
production process. Up to now, no consistent study has emerged to
propose the optimized configurations for piezotronic materials properties
and electrodes interface configurations on sensors for reliable
microfabrication processing for MEMS.

By the means of Atomic Layer Deposition (ALD), we developed piezotronic
strain sensitive sensors integrated in polyimide cantilevers, where a zinc
oxide (ZnO) thin film is deposited on top of patterned interdigitated
platinum electrodes (Figure 1). Due to its high film conformality, low
temperature processing, self-limiting nature and stoichiometric control at
the nanoscale level, ALD technique has emerged as an ideal technique to
add new functionalities in MEMS. ALD technique can coat high aspect ratio
topographies, with flawless interfaces and low temperature process
compatibility on organic flexible surfaces. We propose to rationalize the
ALD processing to obtain wurtzite polycrystalline zinc oxide thin films with
a privileged (002) orientation and to make it compatible with
microfabrication processing on polymer. Hence, Schottky junctions are
realized by microstructuring interdigitated micro-combs at the interface of
the high work function metal and the semiconducting piezoelectric ZnO
thin film. This piezotronic junction has the particularity of an exponential
dependence of the flowing diode current as a function of the applied
mechanical strain. The sensitivity is thus greatly improved with gauge
factor higher than 100. Our associated noise analysis and signal to noise
ratio measurements estimated minimal strain detection of 10°.

In the last stage of this work, we will present the strain sensors size
miniaturization for integration in microcantilevers in a full polymer body,
compatible with AFM (Atomic Force Microscopy) scanning probe
operations (Figure 2). The influence of the ALD deposition parameters on
the sensors electromechanical transducing properties will be reported as
well. Thus, we propose a promising way of zinc oxide thin film processing
by ALD for a reliable microfabrication processing to obtain ultrasensitive
and low consumption (estimated below 50 uW) piezotronic MEMS strain
microsensors.
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4:45pm AA1-MoA-14 Embedded Organics in Crystalline Fluorides: A One-
Step Approach to Sensitized Luminescence, Per-Anders Hansen, University
of Oslo, Norway, T Zikmund, Academy of Sciences of the Czech Repubilic,
Czech Republic; T Yu, Utrecht University, Netherlands; J Nitsche Kvalvik, T
Aarholt, @ Prytz, University of Oslo, Norway;, A Meijerink, Utrecht
University, Netherlands; O Nilsen, University of Oslo, Norway
Photoluminescence, conversion of one type of light into another, allows
turning blue LEDs into a warm white, enable molecular tagging, enhances
optoelectronics and improves energy harvesting. The crucial point that
decides if photoluminescence can tackle a given problem is the possibility
to tune absorption, conversion and emission properties to the excitation
source, required output wavelength and its efficiency. With the recent
development of multi-step processes like down- and upconversion and the
need to sensitize these with stronger absorption mechanisms, it is clear
that optimizing all properties simultaneously is not possible within a single
material class.

In this work, we have utilized the layer-by-layer approach of atomic layer
deposition to combine broad absorption from an aromatic molecule with
the high emission yields of crystalline multi-layer lanthanide fluorides in a
single-step nanocomposite process. This approach results in complete
energy transfer from the organic molecule while providing inorganic
fluoride-like lanthanide luminescence. Sm3* is easily quenched by organic
sensitizers, but in our case we obtain strong fluoride-like Sm3* emission
sensitized by the strong UV absorption of terephthalic acid. This design
allows combinations of otherwise incompatible species, both with respect
to normally incompatible synthesis requirements and in controlling energy
transfer and quenching routes.

5:00pm AA1-MoA-15 Atomic Layer Deposition of ZnO Quantum Dots for
Optoelectronics, Jin Li, Ghent University, Belgium; Y Yu, X Bi, Beihang
University, China

In the past few years, atomic layer deposition (ALD) has been recognized as
a promising way in fabricating quantum dots (QDs). In principle, ALD
growth would experience an “islands” period during the initial nucleation
stage before forming a continuous layer. Therefore, by intentionally
freezing the ALD process in the initial stage, quantum dots can be achieved
instead of continuous layers. In contrast to other common QD synthesis
methods such as solution-based processes, MBE or MOCVD, ALD can easily
and precisely tune the chemical composition, size and spatial distribution
of QDs at a much lower cost, as well as realizing functionalized coatings on
nanoscale 3-D architectures, which render it an excellent choice for
implementing QDs in optoelectronic applications.

Herein, we report the study on ALD depositing metal-oxide QDs with ZnO
as a model material, which is widely used in nanoscale optoelectronics.!
The morphology evolution of as-deposited ZnO with growth condition and
parameters was systematically investigated to elucidate the major
influential factors for QD synthesis by ALD. Firstly, we examined the
influence of the initial surface condition on the nucleation behavior of ALD,
as well as the opportunity of using different plasma pre-treatment and
buffer layers to improve the uniformity of nuclei distribution, which are of
significance for QD deposition. Further, we demonstrated that precursor
exposure time was an important factor in deciding the morphology of ALD
QDs, which, in conjunction with ALD cycle number, lead to great freedom
in adjusting the density and size of the QDs. In the present work, we
realized monodisperse ZnO QDs with average size tunable from 8.5 to
2.1nm. The QDs exhibited highly enhanced bandgap from 3.2 eV to 5.08 eV
and widely tunable defect-emissions from red/yellow to NUV band,
together with good quantum yield (maximum 97.3% at 395 nm) and
excellent temperature stability. In addition, the possibility of further
modifying the surface state of the as-deposited QDs by coating other
materials or post-treatment are explored, and the device implementation
issue for ALD QDs is also discussed.

Reference
1J.Li,Y.Yuand X. Bi, ACS Photonics, 2019, 6, 1715-1727.
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9:00am AA2-TuM-3 Ultrathin TiN by Thermal ALD as Electrically
Conducting Li-ion Diffusion Barrier for Integrated 3D Thin-Film Batteries,
Jan Speulmanns, A Kia, S Bénhardt, M Czernohorsky, W Weinreich,
Fraunhofer IPMS, Germany

Upcoming autonomous microelectronic devices for the Internet-of-Things
require ultralow power consumption enabling on-chip energy storage.
Integrated 3D thin-film batteries (TFB) are a promising solution to meet
these demands [1]. Enhancement and an in-depth understanding of Li-ion
diffusion barriers are crucial factors to enable these devices. The diffusion
of Li-ions into the Si substrate would damage surrounding components,
detach the battery, and lead to a loss of capacity.

Titanium nitride (TiN) is an excellent Li-ion diffusion barrier and current
collector [2]. Thin films manufactured by plasma-enhanced atomic layer
deposition (ALD) proved superior blocking properties compared to
sputtered layers, e.g., the insertion of around 0.02 Li per TiN formula unit
was achieved for a 32 nm thick film [3]. Additionally, a sufficient specific
resistivity of 200 uQ cm as a current collector was shown. Orientation with
low surface energy and reduced film contents of oxygen and chlorine were
key factors for the performance. However, the employed remote plasma
ALD was challenging for a conformal coating of structured substrates.
Further thickness reduction of the barrier could increase the active volume
fraction in 3D TFB.

In this work, we compare ultrathin 10 nm TiN films by thermal ALD and
pulsed chemical vapor deposition (pCVD). The depositions are executed at
400-450 °C using titan(IV)-chloride and ammonia as reactants. The ALD film
demonstrates excellent blocking capability. Only 0.03 Li per TiN formula
unit are inserted exceeding 200 cycles at 3 uA/cm2 between 0.05 and 3 V
vs. Li/Li+. The low specific resistivity of 115 pQ cm allows the application as
a current collector. In contrast, a partial barrier breakdown is observed for
the 10 nm pCVD film. We identify that the surface quality is critical for the
excellent performance of the ALD TiN. The superior surface is quantified by
the lowest roughness, the highest ratio of the TiN-component, and the
lowest Cl-content. Conformal deposition of TiN with thermal ALD is
demonstrated in a newly designed electrochemical test chip with high
aspect ratios of up to 20:1. First results of the barrier performance in 3D
substrates are discussed.

10 nm TiN ALD films are an ideal candidate to enable increased energy
density of integrated 3D TFB to power upcoming autonomous sensors.

References

[1] O. Nilsen, et al., Atomic Layer Deposition for Thin-Film Lithium-lon
Batteries. In ALD in Energy Conversion Applications, J. Bachmann (Ed.)
(2017).

[2] H. C. M. Knoops, et al., J. Electrochem. Soc. 2008, 155, G287.
[3] H. C. M. Knoops, et al., 216th ECS Meeting, 2009, pp 333-344.

9:15am AA2-TuM-4 Atomic Layer Deposition of Nitrogen Doped Al- and
Ti-Phosphate for Li-ion Battery Applications, Lowie Henderick, Ghent
University, Belgium; H Hamed, University of Hasselt, Belgium,; F Mattelaer,
M Minjauw, Ghent University, Belgium; J Meersschaut, IMEC, Belgium; J
Dendooven, Ghent University, Belgium; M Safari, University of Hasselt,
Belgium; P Vereecken, KU Leuven — University of Leuven/IMEC, Belgium,; C
Detavernier, Ghent University, Belgium

Phosphates have shown to be promising materials for Li-ion battery (LIB)
applications. Their applications vary from protective coatings (Al-
phosphatel*?) to potential cathode materials (Ti-phosphate!®). Using ALD
to tune the ionic and/or electronic conductivity through in-situ N-doping
could make these materials even more interesting. In order to, for
example, decrease the ionic and electronic blocking effect of the protective
Al-phosphate coating, a new plasma enhanced atomic layer deposition (PE-
ALD) process has been investigated. This new process is based on reports
on PE-ALD of metal phosphates using a combination of trimethyl
phosphate plasma (TMP*), oxygen plasma (O:*) and a metal precursor
(TMA or TTIP)34,

In combining a nitrogen-containing phosphorous precursor, i.e. diethyl
phosporamidate plasma (DEPA*), with nitrogen plasma (N.*) and
TMA/TTIP, a large GPC of 1.5 nm/cycle for N-doped Al-phosphate and 0.5

Tuesday Morning, June 30, 2020

nm/cycle for N-doped Ti-phosphate was obtained. For both phosphates,
self-limited growth is observed (figure 1, 2), and N-doping of respectively
7.9 at.% and 8.6 at.% for Al-phosphate and Ti-phosphate was found with
Elastic Recoil Detection (ERD) (figure 3).

A clear effect of the nitrogen doping on the effective transversal ionic and
electronic conductivities is observed (figure 4a). For both phosphates, a
significant increase in the effective electronic conductivity is found. This is
important, as phosphates (such as Fe-phosphate) typically suffer from poor
electronic conductivity. The effective ionic conductivity shows a small
increase for the Al-phosphate, but a slight decrease for Ti-phosphate. To
study the possibilities of N-doped Al-phosphate in particular, a lithium
nickel manganese cobalt oxide (NMC) powder was coated with (N-doped)
Al-phosphate. An improved energy density at high discharge rates (w.r.t.
uncoated NMC) was observed after only one deposition cycle of N-doped
Al-phosphate, while the blocking effect of the undoped Al-phosphate
coating (with a similar thickness as N-doped Al-phosphate) showed to
hamper the battery performance at high rates (figure 4b). This shows that
N-doping of phosphates with a high GPC was achieved by a new PE-ALD
process, opening up opportunities for improving different types of
phosphate coatings for LIB applications.

[1] Cho, J. et al., Journal of The Electrochemical Society, A1899-A1904
(2004).

[2] Cho, J. et al., Angewandte Chemie International Edition, 1618-1621
(2003).

[3] Dobbelaere, T. et al., J. Mater. Chem. A 5, 330 (2017).
[4] Dobbelaere, T. et al., Chem. Mater. 6863-6871 (2014).

9:45am AA2-TuM-6 Passivation of Lithium Metal Anodes with ALD
Aluminum Fluoride, John Hennessy, J Jones, K Billings, Jet Propulsion
Laboratory

Lithium metal anodes are a key component of various next-generation
battery technologies. However, the reactivity of the lithium surface can
lead to battery cycling issues that are often associated with the formation
of a solid electrolyte interphase (SEI) layer on the lithium surface. Here, we
report on the use of ALD AlFs coatings deposited directly onto commercial
lithium metal foils in order to engineer the stability of this SEI layer. ALD
films are deposited at various substrate temperatures (< 175 °C) by cyclic
exposure to tris(dimethylamino)aluminum and anhydrous HF. Symmetric
Li/Li cells were fabricated with various electrolyte solutions in order to
gauge the chemical stability of the passivated lithium surface. For example,
electochemical impedance spectroscopy reveals a significant reduction in
the impedance growth of ALD-coated symmetric cells fabricated with a
liquid electrolyte solution of LiPFe in acetonitrile. The AlFs-coated Li was
also used to fabricate Li/S cells and more than doubled the specific capacity
of test cells versus samples with unprotected Li. The increase in Li/S cell
impedance during prolonged cycling was also reduced for the passivated
samples, although not completely eliminated. Coated foils were also
characterized with a combination of scanning electron microscopy, energy
dispersive xray spectroscopy, and spectroscopic ellipsometry. Finally,
progress in the development of lithium-ion conducting thin films of lithium
aluminum fluoride is also presented as a building block toward solid-state
battery systems.

10:15am AA2-TuM-8 Next-Generation Li-ion Batteries Enabled by Large-
Area Atmospheric-Pressure Spatial Atomic Layer Deposition, Mahmoud
Ameen, | Beeker, L Haverkate, B Anothumakkool, F Grob, D Hermes, N
Huijssen, S Khandan Del, F Roozeboom, S Unnikrishnan, TNO/Holst Center,
Netherlands

Li-ion batteries have emerged as a key energy storage enabler, not only in
portable electronic devices but also in electric vehicles and grid-storage. A
combination of high energy density anodes such as Si or Li, and Ni- or Li-
rich cathodes ? is necessary to achieve the targeted energy density (>350
Wh/kg). However, many of such high-potential redox-chemistries lead to
serious safety issues and degradation during cycling due to either oxidative
or reductive instabilities 3, especially occurring at the electrode-electrolyte
interface 4. Therefore, optimizing the interfaces with chemically and
mechanically-stable Li-ion conductive passivation layers is crucial for any Li-
ion battery chemistry in order to mitigate the non-compatibility of the
individual cell components. The interfacial stabilization layers can be
formed either in-situ using electrolyte additives or ex-situ via chemical and
physical methods. One option here is offered by atomic layer deposition
(ALD) which is the preferred technique to achieve superior quality and 3D-
conformal coatings with atomic-scale thickness precision. However,
conventional vacuum-based ALD is not compatible with the mainstay high-

8:30 AM



Tuesday Morning, June 30, 2020

throughput roll-to-roll battery electrode production. Here, the large-area
atmospheric-pressure spatial-ALD (s-ALD) technology as established by
TNO-Holst Centre several years ago can offer prime solutions for various
applications including thin-film batteries >. A wide range of materials like
metal oxides, nitrides, sulfides, and hybrid organic-inorganic materials are
possible using s-ALD. In this work, we will demonstrate several s-ALD films
such as Al,0s, TiOz, and ZnO which are specifically tailored for dendritic Li-
growth suppression, interface stabilization, and cathode degradation
protection. Furthermore, we will discuss the latest results on our
upscalable s-ALD grown thin film LiPON electrolyte having a Li-ion
conductivity >107 S/cm, low electronic conductivity (<10*? S/cm) and high
stability against Li-metal anode during cycling. Such electrolyte is also
relevant for the development of protection layers in liquid and polymer
electrolyte-based Li-ion batteries, as well as for enabling thin-film planar
and 3D solid-state batteries with ultra-thin electrolyte layers.

References:

1. S. Myung et al., ACS Energy Lett. 2, 196-223 (2017).

2. G. Assat and J. M. Tarascon, Nat Energy 3, 373—-386 (2018).
3. H. Ryu et al., Chem. Mater. 3 (30), 1155-1163 (2018).

4. D. Aurbach et al., Solid State lonics 148, 405-416 (2002).

5. P. Poodt et al., Journal of Vacuum Science and Technology A 30, 010802
(2012).

10:30am AA2-TuM-9 ALD Al;0s and MoS; Coated TiO. Nanotube Layers as
Anodes for Lithium lon Batteries, H Sopha, University of Pardubice, Czech
Republic; A Tesfaye, Ecole de Mine, France; R Zazpe, University of
Pardubice, Czech Republic; T Djenizian, Ecole de Mine, France; Jan Macak,
University of Pardubice, Czech Republic

The miniaturization of Lithium ion batteries (LIBs) as a power source to
drive small devices such as smartcards, medical implants, sensors, radio-
frequency identification tags etc. has been continuously developed to meet
the market requirements of portable applications.® In this direction, 3D
microbatteries have been considered to satisfy the requirements of these
portable devices. Anodic TiO2 nanotube layers (TNTs) have been recently
explored as anodes for LIBs due to their high surface area, low volume
expansion, short diffusion lengths for Li* ion transport and good capacity
retention even at faster kinetics.??

Recently, various coatings produced by Atomic Layer Deposition (ALD) on
electrode materials have been explored extensively in LIBs. For example,
Al,03 and TiO; coatings act as a protective layer for the suppression of the
solid electrolyte interphase (SEl) in various electrode materials.*° But their
influence on increasing the electronic conductivity of the electrode
material has not been explored in details. In addition, it is also possible to
synthesize using ALD the main electrode materials, such as oxides® and
sulphides.” However, high surfacearea and sufficiently conducting support
would be beneficial for these ALD derived materials to support an excellent
performance of the batteries. The door for various one-dimensional
nanomaterials, such as TNTs, is therefore open

In this presentation, we will show ALD synthesis of Al,0s® and MoS,® and
their combination'® on TNTs as new electrode material for lithium-ion
batteries. We show an influence of different coating thicknesses on the
battery performance, in particular on the charging and discharging
capacity.
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8) H. Sopha et al., ACS Omega 2 (2017) 2749-2756.

9) H. Sopha et al., FlatChem 17 (2019) 100130

A. Tesfaye et al., Ms in preparation.

10:45am AA2-TuM-10 Molecular Layer Deposition for Stabilization of

Electrochemical Materials, Chunmei Ban, University of Colorado - Boulder
INVITED

The inherent non-passivating behavior of electrode materials in the organic
lithium-ion battery electrolyte results in large irreversible capacity loss and
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gradual electrolyte consumption during operation. Such interaction
between electrolyte and electrode becomes more pronounced for
intermetallic alloy and lithium-metal anode materials and high-voltage
cathode materials. When using decreased nano-size electrode materials,
the chemical interaction and the formation of solid electrolyte interphase
(SEl) lead to even more irreversible loss of lithium inventory. Surface
modifications on both active particles and laminated electrodes—with the
capability to modify the surface and interface through the control of
composition, thickness and mechanical properties—would chemically or
physically change the surface of electrode materials. The atomic layer
deposition (ALD) technique has proven itself to be the best method to
deposit continuous, conformal and pinhole-free films. Our recent work has
proven ALD as an important tool in mitigating the parasitic side reactions
between the electrolyte and the electrode surface, which results in the
greatly improved performance of lithium-ion electrodes. Furthermore, to
address the challenge of dramatic volumetric change associated with high-
capacity intermetallic anodes, we have used molecular layer deposition
(MLD) to modify the surface with a mechanically robust, flexible coating.
Combining with the results from advanced characterization techniques, this
talk will emphasize the unique chemical interaction between the
electrolyte and the surface of intermetallic electrodes. Furthermore, the
surface modification strategies will be introduced here and exploited, in
order to dictate the interface chemistry and manipulating the chemi-
physical properties of the electrode-electrolyte interphase for efficient
electrochemical reactions.

ALD Applications
Room Auditorium - Session AA-TuM

ALD for Solar Energy Materials | & I
Moderators: Han-Bo-Ram Lee, Incheon National University, Wei-Min Li,
Jiangsu Leadmicro Nano-Equipment Technology Ltd.

8:30am AA-TuM-1 Atomic Layer Deposition Enabling Higher Efficiency
Solar Cells, Bram Hoex, University of New South Wales, Australia INVITED
It is well known that atomic layer deposition (ALD) can synthesize materials
with atomic-scale precision. In this presentation we will present some of
the recent work in our research group at the University of New South
Wales and show that ALD has been instrumental in improving the efficiency
of both crystalline silicon as well as thin film solar cells. It will be shown
that the deposition of alumina layers at both sides of a silicon solar cell can
have some unexpected benefits in addition to significantly simplifying the
use of batch ALD in high volume production. The ease of the controlled
incorporating dopants in ALD films will be shown to be crucial in improving
the properties of NiO for application in hole-selective contact for a wide
range of solar cells. And finally, we will show that ALD is currently enabling
world-record cadmium-free copper zinc tin sulphide (CZTS) solar cells
allowing this technology to cross the important 10 % energy conversion
efficiency.

9:45am AA-TuM-6 Atomic Layer Deposition of Zn;xMg,x0 and Zn:xMg,O:
Al as Transparent Conducting Films for Chalcopyrite Solar Cells, Poorani
Gnanasambandan, R Leturcq, P Lunca-Popa, Luxembourg Institute of
Science and Technology, Luxembourg; M Sood, S Siebentritt, Université du
Luxembourg, Luxembourg

We investigate atomic layer deposited aluminium-doped zinc magnesium
oxide and zinc magnesium oxide films with varying Mg content as
transparent conducting films and as electron extraction layers for
chalcopyrite solar cells. Transparent conducting materials are
quintessential part of a photovoltaic device. One of the main challenges
involves the design of materials combining appropriate band alignment,
conductivity and transparency, to be adapted to the absorber in the solar
cells. Important parameters for optimization are reduced density of
interface defects to avoid recombination, and well-controlled work
function and doping. Moreover, the developed materials will require low-
temperature vapor phase deposition compatible with the cell processing.

Previous studies on the impact of Zn1.MgxO:Al as transparent electrodes
and Mg doped ZnO thin films for the window layer of CIGS solar cells
employed co-sputtering and electrodeposition respectively [1][2][3]. With
the advantage of low temperature and highly conformal thin film growth,
we study ALD grown Zn1xMgxO and Zn1xMgxO:Al (with x varying from 0.1 to
0.4). We elucidate the effect of doping on the band alignment, electrical
and optical properties. We examine how the growth conditions can pave
the way towards precise control of Mg content in order to adjust the
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bandgap and possible growth of Zn:.«MgxO film stacks with graded Mg
doping. By achieving precise control of Mg content, we aim to investigate
the effect of ALD grown Zn:1xMgxO films on high-bandgap solar cells based
on CulnS; absorbers.

[1]. Kuwahata, Yoshihiro, and Takashi Minemoto. "Impact of Zn1-xMgxO: Al
transparent electrode for buffer-less Cu (In, Ga) Se2 solar cells." Renewable
energy 65 (2014): 113-116.

[2]. Wang, Mang, et al. "Electrodeposition of Mg doped ZnO thin film for
the window layer of CIGS solar cell." Applied Surface Science 382 (2016):
217-224.

[3]. Inoue, Yukari and Hala, Matej et al. "Optimization of buffer layer/i-layer
band alignment" in 42nd IEEE Photovoltaic Specialist Conference (IEEE,
New Orleans, 2015), pp. 1

10:00am AA-TuM-7 Tuning Properties of ALD Oxide and Sulfide Materials
for Photovoltaic Applications, Nathanaelle Schneider, IPVF-CNRS, France

INVITED
Atomic layer deposition (ALD) has unique capabilities that makes it very
attractive to several applications and in particular photovoltaics (PV).! It
allows the deposition of pinhole-free thin films, in relative soft conditions
(low temperature, low vacuum level), with finely tuned properties
(thickness, composition, ...) and conformal on high-aspect ratio and/or
large surfaces. However, such fine tuning is rarely straightforward and
simplistic view of monolayer per monolayer growth is never the case. This
is crucial when growing thin films with more than two elements as specific
surface reactions can impact the film growth. This is even more
pronounced for sulfide multinary compounds due to the higher propensity
of cation exchange, greater diffusion rates and unintentional annealing of
the labile sulfur.?

Such phenomena can be partly controlled by the right choice of
precursors,® adapting the order of precursor introduction®® or varying the
number of successive growth cycles.® A deep understanding of the surface
chemistry is also necessary and can be achieved by combining modelling
(DFT  calculations),’in-situ (such as  quartz-crystal microbalance
measurements)?*> and ex-situ characterisations (XPS fine profiling, ...).3®
The aforementioned unique ALD capabilities will be illustrated by examples
in PV devices such as Cu(In,Ga)Se»,%8 silicon nanowire® and perovskite solar
cells.?

1 X. Meng, X. Wang, D. Geng, C. Ozgit-Akgun, N. Schneider, and J.W. Elam,
Mater. Horiz. 4, 133 (2017).

2 H. Le Tulzo, N. Schneider, and F. Donsanti, Materials 13, 645 (2020).

3 N. Schneider, M. Frégnaux, M. Bouttemy, F. Donsanti, A. Etcheberry, and
D. Lincot, Mater. Today Chem. (2018).

4 H. Le Tulzo, N. Schneider, D. Lincot, G. Patriarche, and F. Donsanti, J. Vac.
Sci. Technol. A 36, 041502 (2018).

5 D. Coutancier, S.-T. Zhang, S. Bernardini, O. Fournier, T. Mathieu-
Pennober, F. Donsanti, M. Tchernycheva, M. Foldyna, and N. Schneider,
submitted.

6 N. Schneider, L. Duclaux, M. Bouttemy, C. Bugot, F. Donsanti, A.
Etcheberry, and N. Naghavi, ACS Appl. Energy Mater. 1, 7220 (2018).

7 C. Goehry and N. Schneider, J. Phys. Chem. C 121, 5871 (2017).

8 H. Le Tulzo, N. Schneider, D. Lincot, and F. Donsanti, Sol. Energy Mater.
Sol. Cells 200, 109965 (2019).

° F.J. Ramos, T. Maindron, S. Béchu, A. Rebai, M. Frégnaux, M. Bouttemy, J.
Rousset, P. Schulz, and N. Schneider, Sustain. Energy Fuels 2, 2468 (2018).

10:30am AA-TuM-9 Solar Cells Based on Phase-Pure Sb.S3 by Atomic Layer
Deposition Forming Planar and Coaxial Heterojunctions, Ignacio Minguez
Bacho, P Biittner, F Scheler, D Ddéhler, Friedrich-Alexander-University
Erlangen-Nirnberg, Germany; C Pointer, E Young, Lehigh University; J
Bachmann, Friedrich-Alexander-University Erlangen-Nirnberg, Germany

Interfaces of oxides and heavier chalcogenides layers in thin-film or
extremely thin absorber solar cells present defect states at the interface
and often a chemical incompatibility which results in dewetting issues.
Here, we establish atomic layer deposition (ALD) as a tool to overcome
these limitations. ALD allows one to obtain highly pure Sb,Ss as light
absorber layers, and we exploit this technique to generate an additional
interfacial layer consisting of ZnS with thicknesses between 0.2 and 2.0 nm.
This ultra-thin layer simultaneously eliminates dewetting, passivates defect
states at the interface and slows down interfacial charge recombination.
The ability of ALD to generate conformal coatings of porous substrates
allows us to generalize the materials system from planar stacks to coaxial
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heterojunctions based on cylindrical nanostructures. In this system, we
optimize length and layer thicknesses in dependence of the carrier
diffusion lengths and the light absorption coefficient systematically. We
achieve heterojunction solar devices with optimized power conversion
efficiency beyond 5.0 %.

10:45am AA-TuM-10 Metal Oxide Infilling of Quantum Dot Thin Films:
Charge Separation, Stabilization, and Solar Cell Formation, Fatemeh
Hashemi, R Crisp, J Alkemade, G Grimaldi, N Kirkwood, L Siebbeles, J van
Ommen, A Houtepen, Delft University of Technology, Netherlands

Colloidal semiconductor quantum dot (QD) thin films have various
applications in photovoltaic devices and as light emitters. This is due to the
controlled variation in their band-gap and ease of fabrication. However,
these thin films suffer from instability due to their inherent inclination
towards oxidative and photothermal degradation. Thus, to increase the
stability of these materials for fabricating QD-based electronic devices,
encapsulation or pore infilling processes are necessary. The pore infilling
process has been shown to also enhance the conductivity and carrier
mobility in the QD thin films. The encapsulation process should provide
protection against oxidation without hindering the electron transport
properties or causing sintering of the QDs. ALD is an ideal candidate for
such a process as is provides excellent control over the growth in the sub-
nanometer scale and results in conformal coating even in low
temperatures.

We perform ALD of two different metal oxides in atmospheric pressure for
the infilling and capping of QD thin films. We examine their effects on the
stability and carrier mobility of the coated QD films. InP QDs are chosen
because of their potential as light emitters (i.e. phosphors) across the
visible spectrum. This is due to their favorable bandgap and high
photoluminescence quantum yield. Furthermore, InP QDs exhibit multiple
exciton generation allowing for higher solar cell efficiency than traditional
materials. However, carrier mobility in QD films was too low for practical
applications until now.

We compare the results of amorphous TiO> with crystalline ZnO films
deposited with different thicknesses. The effects of the capping film
thickness of QD film on stability and carrier mobility are studied with
spectrophotometry  and  time-resolved  microwave  conductivity
measurements. We show that the inorganic matrix reduces the size of
tunnel barriers within the QD thin film hence increasing the carrier mobility
through the film without causing sintering of the QDs. Furthermore, our
results confirm that the stability of QD thin films is strongly improved when
the inorganic ALD coating is applied. The ALD encapsulation process would
open up the possibility of fabricating robust InP QD thin films for many
optoelectronic devices.

11:00am AA-TuM-11 ALD of Al,O3 on Perovskite Solar Cells: Role of Active
Interfacial Engineering, S Ghosh, N Mahuli, Shaibal Sarkar, Indian Institute
of Technology Bombay, India

Atomic Layer Deposition of ultrathin Al,Os on hybrid perovskite solar cells
drew significant attention due to the considerable improvement in the
overall device stability. In our laboratory, with intermittent current-
voltagemeasurements, the coated devices show the value of T80>7500
hours under ambient conditions. Subsequently, these coated devices are
found highly stable when measured in a cyclic manner for 7 days,
replicating the real-life day-night sequences. Such encapsulation is found
very effective as an oxygen barrier-layer and water-impermeable
membrane; hence contribute to the overall stability of these devices.

In this presentation, | would like to emphasize on our experimental
findings, subsequently supported by device simulation, which undoubtedly
reveals that the perovskite-spiroOMeTAD interfacial band-structure play a
detrimental role in initiating the degradation processes in the pristine
devices (device structure). We try to provide a comprehensive insight
depicting an apparently non-trivial active phenomenon resulted due to the
ALD grown Al;Os layer that supposedly be a passive component of the
entire device stack. Favored electronic modification of the spiro-
OMeTAD/perovskite interface resulted due to the Al,Os ALD provides
better charge extraction and lesser ionic accumulation, unlike the
unencapsulated devices, and hence offers better performance stability. Our
study indicates that essentially the ionic accumulation triggers the device
degradation that is eventually followed by materials degradation.
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ALD Applications
Room Van Rysselberghe - Session AA-TuA

ALD for Catalysis | & Il
Moderators: Stacey F. Bent, Stanford University, Rong Chen, Huazhong
University of Science and Technology

1:00pm AA-TuA-1 Design of Advanced Photocatalytic Materials by Atomic
Layer Deposition (ALD), Syreina Alsayegh, M Bechelany, F Zaviska, G
Lesage, Institut Européen des Membranes, France; A Razzouk, J Stephan,
Lebanese University, Lebanon

Due to the increasing contamination of our natural water resources by a
wide range of organic micropollutant (OMPs), there is a need for
developing new energy-efficient advanced oxidation processes for the
treatment of water contaminated by such refractory pollutants.

Photocatalysis has attracted much attention, due to its ability to degrade
toxic organic compounds in wastewater into environmental friendly
compounds such as CO, and water.

Among the various photocatalytic materials, titanium dioxide (TiO,) has
been widely used due to its high photocatalytic efficiency, high stability and
low toxicity. However, fast charge recombination and the narrow
absorption range in the UV spectrum; limit its photocatalytic efficiency
under visible-light irradiation.

In this work TiO, nanofibers were synthesized by electrospinning method.
In order to improve the photocatalytic activity under visible light, a
developed process based on atomic layer deposition (ALD) was used to
grow boron nitride (BN) and palladium (Pd) on these fibers. The
morphological, structural and optical properties of all fibers were
investigated by several characterization techniques such as Fourier-
transform infrared spectroscopy (FTIR), scanning electron microscopy
(SEM), Raman spectroscopy, X-ray diffraction (XRD), transmission electron
microscopy (TEM) and X-ray photoelectron spectroscopy (XPS). The
influence of chemical and physical properties on the photocatalytic
degradation of acetaminophen has been investigated. The results indicate
that acetaminophen is stable and difficult to be photodegraded in the
absence of photocatalyst. After 4h of visible light irradiation,
acetaminophen has been degraded up to 90% in the presence of TiO2-BN-
Pd nanofibers, compared to only 20% degradation with pure TiO>.

Based on these promising results, the development of ceramic
nanofiltration membranes coated with these highly photocatalytic
materials will be investigated. In parallel, a better understanding of the
photocatalytic oxidation pathways (based on by-product analysis) coupled
with toxicity tests (Vibrio Fisheri, Microtox) will be studied.

1:30pm AA-TuA-3 Atomic Layer Deposition of Manganese Oxide Ultra-
Fine Clusters on Titanium Dioxide Nanoparticles for Photocatalytic
Hydrogen Production: Experiments & Simulations, Saeed Saedy, R Verma,
Delft University of Technology, Netherlands; S Rhatigan, University College
Cork, Ireland; J Liu, Delft University of Technology, Ireland; M Nolan,
University College Cork, Ireland; R van Ommen, Delft University of
Technology, Netherlands

Atomic layer deposition (ALD) is an attractive method to synthesize
advanced functional nanomaterials e.g. photocatalyst: materials that use
light to drive chemical reactions. ALD enables depositing uniform
nanoparticles (NPs) on the support with controlled size, shape, and
morphology. We have deposited manganese oxide (MnO\) ultra-fine
clusters on titanium dioxide (TiO-2) NPs by means a fluidized bed ALD
reactor. Bis(ethylcyclopentadienyl)manganese ([(CzHs)CsHas]2Mn) and water
were used for ALD of MnOx clusters at 150°C. The microstructure and
surface chemistry of ALD synthesized MnO,/TiO2 samples were examined
using different methods including TEM, XPS, and XRD. The MnOy/TiO:
samples were employed as photocatalyst for solar production of Ha. In
addition, we have performed first principles studies of models of MnOx-
modified TiO2. We present detailed results on first principles modelling the
metal precursor step in ALD of MnOy on TiO; substrates.

TEM images of the samples revealed ultra-fine MnOy clusters uniformly
dispersed over TiO.. Powder XRD was not able to detect any reflection
corresponding to crystalline manganese oxide; indicating highly dispersed
MnOx. The surface chemistry study of ALD synthesized MnOy/TiO2 samples
using XPS revealed that the majority of manganese exists in Mn?* form.
Such oxidation state could be attributed to mild synthesis temperature
employed. This makes it possible to easily obtain the higher oxidation
states (i.e. Mn3* and Mn**) with further post-treatment of samples. In this
way a good balance between different oxidation states of manganese, that
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are crucial for enhanced photocatalytic activity, could be obtained. Density
functional theory (DFT) results show that a range of manganese oxidation
states can co-exist, along with oxygen vacancies and that the modification
of TiO2 with MnOx can enhance electron hole separation and trapping. Co-
existence of Mn?*, Mn3*, and Mn** in heterojunction of MnO,/TiO: facilitate
charge separation and electron-hole trapping, resulting in superior H:
productivity. The low temperature nature of ALD synthesis makes it
possible to obtain good balance between these diverse oxidation states in
final product; whilst the conventional wet chemistry methods require high
temperature calcination step to remove the residues of precursors and
solvent, which results in higher oxidation state of products as well as
resulting in large particles.

1:45pm AA-TuA-4 In situ Electrochemical APXPS Analysis of ALD Grown Cu
Catalyst for CO: Reduction, H Ali-Léytty, L Palmolahti, M Hannula, Jesse
Saari, Tampere University, Finland; K Lahtonen, Tampere University, Finlan;
H Wang, M Soldemo, A Nilsson, Stockholm University, Sweden; M Valden,
Tampere University, Finland

The grand challenge in artificial photosynthesis is to produce liquid solar
fuels from water and carbon dioxide. Unfortunately, current materials
solutions for a photocatalytic (PEC) solar fuel reactor lack efficiency,
selectivity towards liquid fuel products, and long-term stability. Cu based
catalysts are so far the most promising materials for the carbon dioxide
reduction reaction (CO2RR), whereas the selectivity of Cu catalyst towards
liquid products is strongly affected by the exact chemical composition and
structure. Recently, Eilert et al. suggested, based on in situ electrochemical
APXPS measurements on Cu foil, that the high activity of oxide-derived
copper towards CO2RR stems from subsurface oxygen that was proposed to
increase the CO binding energy and thus enhance the production of
methanol and multicarbon products [1]. This contradicts the alternative
hypothesis that assigns the activity to Cu20 on the surface, albeit no copper
oxide should be stable at reductive CO2RR conditions.

In this work, ALD grown Cu oxide thin film was analyzed in situ by
electrochemical APXPS at the HIPPIE beamline, MAX IV Laboratory. The
results show similar oxygen species on reduced ALD Cu oxide thin film to
what was assigned to subsurface oxygen in Ref. [1]. Therefore, the ALD
grown Cu oxide thin film combined with ALD TiO2[2-4] forms a promising
catalyst coating for photocathodes in solar fuel cells to produce methanol
and multicarbon products from carbon dioxide, water, and sunlight.

[1] A. Eilert, F. Cavalca, F.S. Roberts, J. Osterwalder, C. Liu, M. Favaro, E.J.
Crumlin, H. Ogasawara, D. Friebel, L.G.M. Pettersson, A. Nilsson, J. Phys.
Chem. Lett. 8 (2017) 285-290.

[2] M. Hannula, H. Ali-Loytty, K. Lahtonen, E. Sarlin, J. Saari, M. Valden,
Improved Stability of Atomic Layer Deposited Amorphous TiO:
Photoelectrode Coatings by Thermally Induced Oxygen Defects, Chem.
Mater. 30 (2018) 1199-1208.

[3] M. Hannula, H. Ali-Loytty, K. Lahtonen, J. Saari, A. Tukiainen, M. Valden,
Highly efficient charge separation in model Z-scheme TiO2/TiSi2/Si
photoanode by micropatterned titanium silicide interlayer, Acta Mater. 174
(2019) 237-245.

[4] H. Ali-Loytty, M. Hannula, J. Saari, L. Palmolahti, B.D. Bhuskute, R.
Ulkuniemi, T. Nyyssonen, K. Lahtonen, M. Valden, Diversity of TiOa:
Controlling the Molecular and Electronic Structure of Atomic-Layer-
Deposited Black TiO2, ACS Appl. Mater. Interfaces. 11 (2019) 2758-2762.

2:45pm AA-TuA-8 Atmospheric-Pressure Atomic Layer Deposited
Bimetallic MCu/CeO; Catalysts for Enhanced Removal of CO from Fuel-
Cell Hydrogen by Preferential Oxidation, £ Farmani Gheshlaghi, A
Irandoust, Fatemeh Gashoul, A Khodadadi, Y Mortazavi, University of
Tehran, Iran

Atomic layer deposition has recently been successfully used for uniform
deposition of catalyst reactive species on supports with remarkable
dispersion, intimate contact and stability. The hydrogen produced for
PEM—fuel cells usually contains about 1% CO, which electrically poisons the
fuel-cell. The CO can be removed at low temperatures by PROX.

Atomic layer deposition was used to deposit 2.3% Cu and either 0.3% Ni or
0.8% Ru on Ce0: and the resulting bimetallic catalysts were used in
preferential oxidation of CO in H»-rich feed (PROX).

Cu(acac), was reacted with CeO>—OH groups at 210 °C for 75 min and the
produced Hacac was monitored in a gas-cell in FTIR, followed by purging by
Ar and subsequently introduction of zero-Air for oxidizing the remaining
acac species at 350 °C for 30 min. The number of CeO—OH groups was
determined by Grignard reaction. The self-limiting deposition of (acac)Cu-
0-Ce0: was confirmed by monitoring Hacac FTIR peak at 1626 cm™. The
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sharp decay of CO: produced in the oxidation step of remaining acac ligand
was a further proof for self-limited deposition. The Catalyst average
particle sizes are in the range of 8.7-13.4 nm. 2.3wt% Cu was deposited on
ceria by ALD with a remarkable dispersion of 93% when 0.3wt% Ni was ALD
deposited on the CuO/CeO; the dispersion is still very high at 84%, while
the dispersion of the same NiCu/CeO; catalyst prepared by the
conventional method of impregnation is much lower at 66%. NiCu/CeO:
catalyst prepared by ALD reduces about 80-90 °C lower than the one
prepared by impregnation, indicating higher oxygen mobility required for
the PROX.

The CO conversion of catalysts in PROX is shown in Fig3 .The lowest Tso and
Teo, (i.e. temperatures at 50 and 90% CO conversion, respectively) were
observed for RuCu/CeO,. The NiCu/CeO; catalyst prepared by ALD showed
much higher activity corresponding to lower Tso and Tg than the one
prepared by impregnation. This catalyst showed a bifunctional synergy of
chemisorption and activation of CO on Cu species and mars van krevelen
oxidation using surface bimetallic nickel-copper oxide [1, 2]. In conclusion,
the NiCu/CeO; and RuCu/CeO; catalysts prepared by self-limiting ALD
method showed a remarkably high dispersion and activity in PROX.

1. Calzada, L.A,, et al., Synergetic effect of bimetallic Au-Ru/TiO2 catalysts
for complete oxidation of methanol. Applied Catalysis B: Environmental,
2017.207: p. 79-92.

2. Fiorenza, R., C. Crisafulli, and S. Scire, H2 purification through
preferential oxidation of CO over ceria supported bimetallic Au-based
catalysts. international journal of hydrogen energy, 2016. 41(42): p. 19390-
19398.

3:30pm AA-TuA-11 ALD Fabrication of BN Membranes: Environmental
Applications, Catherine Marichy, CNRS, France; W Hao, C Journet, V Salles,
UNiv Lyon 1, France INVITED
Boron nitride (BN) structures are very attractive materials with applications
in various areas such as in energy! and environmental domains?. In
particular, BN nanotubes (BNNT) have proven to be suited for conversion
of osmotic energy. Use of nanotubes arrays or membrane would thus allow
osmotic power harvesting under salinity gradients. BN nanostructures like
foams and nanotubes have also revealed to be promising for water
purification. ALD technique is an effective approach for surface
modification and fabrication of complex nanostructured materials3.
Recently, based on the polymer derived ceramics route, we developed a
two-step ALD process* that enables using polymer template and fabricating
various BN nanostructures.

Herein, the potential of ALD combined with PDCs for BN membranes will be
discussed and exemplified. Highly stable boron nitride nanotube (BNNT)
mats are fabricated, from low cost unwoven template, using the 2-step ALD
of BN. The obtained membranes display high quality BNNTs,
superhydrophocity and stability over a month in air and various pH
conditions. Thin material containing several thousands of BN tubes, are
also prepared, from a commercially available membrane. In particular,
using a double inversion of a polymer membrane combining ALD and PDC
vapor infiltration, good quality and large surface boron nitride membranes
are successfully elaborated with fine control of the through porosity in
term of shape (from annular to cylindrical pores) and size (from few tens to
hundreds nanometers)°. The ALD fabricated BN materials are characterized
in term of morphology and structure using TEM, SEM, EDS, XPS and Raman.
Particular attention is given to their use and performances in water
treatment.

1. Siria, A. et al. 06-Giant osmotic energy conversion measured in a single
transmembrane boron nitride nanotube. Nature494, 455 (2013).

2. Lei, W., Portehault, D., Liu, D., Qin, S. & Chen, Y. 07-Porous boron nitride
nanosheets for effective water cleaning. Nat. Commun.4, 1777 (2013).

3. Knez, M., Nielsch, K. & Niinistd, L. Synthesis and Surface Engineering of
Complex Nanostructures by Atomic Layer Deposition. Adv. Mater.19, 3425—
3438 (2007).

4. Hao, W., Marichy, C., Journet, C. & Brioude, A. A Novel Two-Step
Ammonia-Free Atomic Layer Deposition Approach for Boron Nitride.
ChemNanoMat3, 656-663 (2017).

5. Marichy, C. et al. Fabrication of BN membranes containing high density
of cylindrical pores using an elegant approach. RSC Adv7, 20709-20715
(2017).
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4:15pm AA-TuA-14 Highly Stable and Active Catalyst for Dry Reforming of
Methane via Molecular Layer Deposition Approach, Piyush Ingale, C
Guan, R Kraehnert, R Naumann d'Alnoncourt, A Thomas, Technische
Universitat Berlin, Germany; F Rosowski, BASF SE, Germany

Nickel based catalysts are typically used for the production of synthesis gas
by reforming reaction . Dry reforming of methane (DRM) is an attractive
reaction for production of synthesis gas by reduction of carbon dioxide.
However, Ni nanoparticles (NPs) used in DRM reaction suffer from severe
coking and sintering at high temperature which leads to decreased activity
of the catalyst 2. The challenge is to synthesize a catalyst with a high Ni
loading and dispersion that is stable under reaction conditions.

Molecular Layer Deposition (MLD) is a novel technique, which is a variant
of atomic layer deposition. Organic compound replaces H.O as ALD
reactant to form purely organic or hybrid inorganic-organic layers Bl. In our
study, we deposited thin hybrid inorganic-organic layers of alucone on
NiO/SiO; catalyst via alternative reaction of trimethylaluminium and
ethylene glycol at 150°C in a fixed bed reactor . The growth behavior of
alucone layers on NiO/SiO, powder was studied by in-situ mass-gravimetric
study. The synthesized catalytic materials were analyzed by N sorption,
XPS, XRD, HRTEM and XRF. The reference and MLD modified catalysts were
tested for activity and stability during dry reforming of methane at
different temperatures (500°C-800°C). Deactivation of a Ni/SiO. reference
catalyst was prevented by forming a defined porous net-like over-layer by
decomposition of sacrificial organic part of alucone, which prevented the
sintering and detachment of Ni nanoparticles by filamentous carbon.

References
[1] S. Arora, R. Prasad, RSC Adv., 2016, 6, 108668-108688.
[2] W. Jang, J. Shim, H. Kim, S. Yoo, H. Roh, Catal. Today, 2019, 324, 15-26.

[3] K. Kerckhove, M. Barr, L. Santinacci, P. Vereecken, J. Dendooven, C.
Detavernier, Dalton Trans., 2018, 47, 5860-587.

[4] P. Ingale, C. Guan, R. Kraehnert, R. Naumann d’Alnoncourt, A. Thomas,
F. Rosowski, Catalysis Today, submitted.

4:30pm AA-TuA-15 Using ALD to Probe Support and Promoter Effects for
Syngas Conversion Catalysts, S Nathan, A Asundi, Stanford University; A
Hoffman, A Boubnov, S Bare, SLAC National Accelerator Laboratory; Stacey
F. Bent, Stanford University

With the intensifying global need for alternative energy and fuels, there is
strong interest in the development of efficient catalysts that can drive the
chemical conversion of renewable resources into useful products. One
promising pathway is to catalytically convert synthesis gas (syngas, CO + H2)
to oxygenates. However, a commercial catalyst that converts syngas to
desirable products such as ethanol and other higher oxygenates has not yet
been developed due to the many kinetically favorable side reactions that
shift selectivity away from the desired products. We study the conversion
of syngas to synthetic liquid fuels and high-value chemicals using supported
metal, heterogeneous catalysts. Two different examples will be described
in which atomic layer deposition (ALD) is used to precisely-modify the
catalysts to probe support and promoter effects. First, the promotion of
rhodium-based catalysts, which have intrinsic selectivity towards desirable
higher oxygenate production, is explored using metal oxides deposited by
ALD to modify Rh nanoparticles with monolayer-precise amounts of MoOs.
We show that the promoted catalysts exhibit an increase in both activity
and oxygenate selectivity relative to unpromoted Rh nanoparticles, and
that this is the result of formation of a novel catalyst structure. The second
system is cobalt-based catalysts. Recently, interest has risen in Co2C
catalysts for oxygenate production. We will describe how introducing a ZnO
promoting overlayer on Co/SiO2 by ALD significantly enhances oxygenate
selectivity by enabling Co.C formation during syngas reaction. By exploring
several different metal oxide supports, we will show that the composition
of the support surface strongly controls whether ZnO-promoted Co can
transform into the catalytically-selective Co2C. Synchrotron-based studies
provide insight into the mechanisms by which the support and promoters
change reactivity, while density functional theory (DFT) calculations reveal
the reaction pathways on the ALD-modified catalyst surfaces. The outlook
for atomic scale surface modification using ALD to synthesize and study
catalytic materials will be discussed.
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AA-TuP-8 Stabilizing Red Fluoride LED Phosphors using Atomic Layer
Deposition, R Verstraete, H Rijckaert, Geert Rampelberg, Ghent University,
Belgium; E Coetsee-Hugo, M Duvenhage, H Swart, University of the Free
State, South Africa, P Smet, C Detavernier, D Poelman, Ghent University,
Belgium

Red fluoride phosphors, such as K;SiFs:Mn** [1-2], are now one of the key
red components of white light-emitting diodes (wLEDs), e.g. in display
backlighting. The [MnFs]*> complexes show a narrow luminescence band at
630 nm upon blue excitation, yielding saturated red emission in a spectral
region in which the human eye sensitivity is still fairly high, which is an
advantage over Eu2+ doped nitride phosphors.

Despite the excellent optical properties of many fluoride phosphors, a
remaining hurdle is their moisture sensitivity. Hence, surface passivation of
fluoride phosphors has been an important topic in recent literature [3-5].
Conventional passivation methods are based on wet chemical processes,
potentially degrading the pristine material. Moreover, in heterogeneous
core-shell approaches, the fluorine terminated surface of the core shows a
lack of functional sites (e.g. hydroxyl groups) inhibiting efficient bonding
with typical shell materials.

In this work, the use of atomic layer deposition (ALD) for growth of Al,O3
and TiO: seed layers on fluoride phosphor particles is investigated. The
coated phosphors have hydroxyl-saturated surfaces that are compatible for
further bonding with hydrophobic shells. It was found that Al.O3 seed
layers suffer from blistering, pore-formation and delamination. In contrast,
conformal and uniform layers of TiO> could be grown. Unlike the untreated
phosphor, the TiO; coated phosphor could easily be further treated with a
hydrophobic shell [6].

(1) Sijbom, H. F. et al., K2SiF6:Mn4+ as a Red Phosphor for Displays and
Warm-white LEDs: a Review of Properties and Perspectives. Opt. Mater.
Express 2017, 7, 3332-3365.

(2) Verstraete, R. et al., Red Mn4+-Doped Fluoride Phosphors: Why Purity
Matters. ACS Applied Materials & Interfaces 2018, 10, 18845-18856.

(3) Nguyen, H. D. et al., Waterproof Alkyl Phosphate Coated Fluoride
Phosphors for Optoelectronic Materials. Angewandte Chemie 2015, 54,
10862-10866.

(4) Murphy, J. E. et al., PFS, K2SiF6:Mn4+: the Red-line Emitting LED
Phosphor behind GE's TriGain Technology™ Platform. SID Symposium
Digest of Technical Papers 2015, 46, 927-930.

(5) Arunkumar, P. et al., Hydrophobic Organic Skin as a Protective Shield for
Moisture-Sensitive Phosphor-Based Optoelectronic Devices. ACS Applied
Materials & Interfaces 2017, 9, 7232-7240.

(6) Verstraete, R. et al., Stabilizing Fluoride Phosphors: Surface
Modification by Atomic Layer Deposition. Chem. Mater. 2019, 31, 7192-
7202

AA-TuP-9 Modulated VO. Phase Change Properties by Ge Doping,
Guandong Bai, K Niang, J Robertson, University of Cambridge, UK

VO: shows an abrupt phase change from insulating to metallic at ~ 68 °C.
Because of this metal-insulator transition (MIT) property, we can make
phase change switch with VO.. A functional random-access memory usually
requires large device arrays and has a higher working temperature than 68
°C. Atomic layer deposition (ALD) has the advantage of good large area
uniformity and conformality, therefore is suitable for memory applications.

To raise the VO-; transition temperature (Twir), one possible method is
doping. Among various dopants that have been investigated, Mg lowers
the Tmir and Si shows mixed results, Ge is one of the few able to raise it"23.
ALD can perform doping by inserting dopant cycles into vanadium
precursor cycles, and the doping level can be fine controlled by varying the
cycle number ratio. We used a Savannah ALD 100 system to deposit
amorphous Ge-doped VO: thin films, using tetrakis ethylmethylamino
vanadium(lV) (TEMAV, heated at 105 °C) and germanium (IV) ethoxide
(TEOGe, not heated) as the V and Ge precursor, respectively, and H20 (not
heated) as oxidizer. The 4-inch Si/SiO-, substrates were kept at 150 °C
during deposition. We addressed the low growth rate due to the low
vapour pressure of TEMAV by developing multiple pulsing method to
maximize the efficiency of the vanadium dose, reaching a growth rate of
0.6 A per cycle. The inserted Ge cycle number percentage varied from 0 to
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10%. The as-deposited thin films are then crystallized by post-annealing at
450 °C in an Ar/O; ambient in a quartz furnace.

We analyzed the properties of Ge-doped VO thin films at room
temperature using spectroscopic ellipsometry (J. A. Woollam M-2000),
AFM, XRD (Bruker D8 DAVINCI), Raman spectroscopy (Horiba HR800). We
confirmed phase change property by checking resistivity on a Keithley 4200
parameter analyzer using a four-point probe measurement and varying the
sample temperatures between 25 and 120 °C. Ellipsometry mapping shows
good thickness uniformity across the 4-inch wafer. Raman spectra and XRD
confirmed the +4 valency of vanadium. AFM images show a clear
topography change: as the Ge doping increases, grain size decreases and
roughness increased from ~2.6 nm to ~5.2nm. Electrical measurement
shows a decrease of MIT on-off ratio with the increase of Ge doping, from ~
103 at undoped to ~ 102 with high Ge doping. However, Twir- increases from
~68 °C to ~78 °C, proving a modulated VO phase change property by Ge
doping.

1 N. Wang, et al. Journal of Materials Chemistry C 3, 6771-6777 (2015).
2 H. Zhang, et al. Applied Surface Science 331, 92-97 (2015).
3 A. Krammer, et al. Journal of Applied Physics 122, 045304 (2017).

AA-TuP-11 Optical Fibers with TFBGs as Sensors, Eden Goodwin, D
Mandia, S Barry, Carleton University, Canada

Tilted Bragg gratings in optical fibers through periodic changes to the core
refractive index (RI) result in a reflection spectrum from the surface that
permits interrogation of the surrounding refractive index (SRI). This
sensitivity to the SRI has been used as sensor scaffold for biosensors and
postulated as a mechanism exploitable for in-situ deposition sensing during
ALD processes.

In order to monitor film growth in real time, two orthogonal modes of light
are used: Transverse electric (TE)- and transverse magnetic (TM)-polarized.
TE-polarized light creates an electric field in an azimuthal fashion that is
parallel to the deposited film boundary at the fiber’s surface, while TM-
polarized light creates an electric field radially, resulting in a field that is
perpendicular. These different modes interact with the surrounding
environment in drastically different fashion. Through in situ analysis of
these two modes, we were able to observe the insulator-to-metal
transition of ALD deposited gold from 4.2-5.5nm, demonstrating an
optically conductive film. This was independently confirmed by four-point
probe (4PP) measurements.

We also determined the SRI sensitivity of ALD deposited gold and alumina
coated films of various thicknesses. The unprecedented level of sensitivity
observed in gold coated fibers hold prospects for use in biosensing
applications, particularly as a tool for optical aptasensors (biosensors
utilizing single strands of DNA called aptamers) offering a cost effective,
label free biomolecule detection method. This presentation will discuss the
fabrication of a TFBG sensor as used in detection of gold metal deposition,
and further discuss a framework for biosensing using gold-tethered DNA
aptamers.

AA-TuP-14 Photocatalytic Lithography with Atomic Layer Deposited TiO:
Films to Tailor Biointerface Properties, Sofie Vandenbroucke, Ghent
University - IMEC, Belgium; F Mattelaer, Ghent University, Belgium; K Jans,
IMEC, Belgium; C Detavernier, Ghent University, Belgium; T Stakenborg, R
Vos, IMEC, Belgium

Heterogeneous substrates with different functionalities are key for the
production of micro- and nanostructures in various applications. For
instance, the biointerface in biosensors and lab-on-a-chip devices comprise
bioreceptor molecules specifically bound to the biosensor areas to enable
analyte detection, while an antifouling layer is deposited onto all other
parts to prevent loss of the analyte by non-specific adsorption. Patterns of
self-assembled monolayers (SAMs) are often used for these purposes, but a
high-throughput production process that enables patterning on a large
scale is not available.

In this work, direct photocatalytic lithography is used to generate a spatial
pattern of an azido-containing SAM (N3-SAM) for the specific binding of
biomolecules, and a polyethylene glycol SAM (PEG-SAM) in other areas to
avoid non-specific binding. First, the degradation of N3-SAM is monitored
as a function of UV exposure time for three different thicknesses. The 10
nm and 20 nm thick ALD TiO-; films are found to remove the hydrophobic
C-chains and azido groups already after 3 min of UV exposure time, while
the 5 nm thick films present very limited photocatalytic activity. X-ray
diffraction measurements and a wet etching procedure shows that the
activity is related to the crystallinity of the material as-deposited.
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Next, a biofunctional pattern is successfully created using thin ALD TiO:
films (< 20 nm) that are anatase-rich as-deposited, a conventional
lithography mask and a short exposure time up to 5 min to a simple 308 nm
UV-lamp. The effectiveness of this approach is visualized by coupling
fluorescently labelled antibodies to the patterns. A schematic illustration of
the patterning procedure and the resulting patterns can be seen in figure 1.
It is found that the technique is very sensitive to the exposure time. An
exposure time of 3 min leads to printed features that are comparable to
their actual size on the photomask, but an incomplete removal of the Ns-
SAM in the exposed areas due to the influence of the soda lime glass mask
on the irradiation. A longer exposure time of 5 min on the other hand, can
successfully remove all N3s-SAM from the exposed areas but results in some
broadening of the printed features.

The patterning technique offers the opportunity to use such TiO2 coatings
for patterning inside the microfluidic channels of a lab-on-a-chip device as
ALD is known for the uniform and conformal coating in high-aspect ratio
features. In addition, the technique can be implemented in a high-
throughput production environment as additional processing steps are
limited and short UV exposure times can be used.

AA-TuP-15 Enhanced Activity and Selectivity of Co-Pt/y-Al.Os Fischer-
Tropsch Catalyst by Atomic Layer Deposited Al.Os Overcoat, Laura
Keskiviili, P Eskelinen, N Heikkinen, M Reinikainen, VTT Technical Research
Centre of Finland, Finland; M Putkonen, University of Helsinki, Finland
Fischer-Tropsch synthesis is a widely used process where natural gas is
converted to synthetic fuels by aid of metal catalysts, e.g. cobalt. However,
leaching, sintering and coking undermine the process by decreasing the
catalyst activity and selectivity. Atomic layer deposition (ALD) provides a
pathway to create an overcoat to protect active sites and stabilize the
particles on the support.%? In our study, we used a Picosun R-200 ALD
reactor with a POCA powder coating system to deposit thin Al:Os
overcoatings (TMA+Hz0, 15-40 cycles, 150 °C) on porous Co-Pt/y-Al,Os3 FT-
catalysts. After deposition, we annealed the catalyst in N, at 420 °C.
Catalysts were characterized by nitrogen adsorption-desorption with
Brunauer-Emmet-Teller (BET), Ha.-chemisorption, Scanning Electron
Microscopy (SEM) and X-Ray Diffraction (XRD) techniques. Catalytic
performance was studied using a tubular fixed-bed reactor system.

Our FT catalyst with particular Al,Os coating was remarkably more active
than plain catalyst without overcoat. The number of cycles and annealing
had a tremendous effect on catalyst properties. The catalyst with 35 cycles
of alumina showed the highest activity, up to 53%, without significant loss
of selectivity towards heavier hydrocarbons (Figure 1). In addition, there
was a noteworthy decrease in the olefin to paraffin ratio of light
hydrocarbons. Based on our characterization, the altered -catalyst
properties result from the reformed surface structure of the catalyst and
cobalt particle stabilization due to the annealed overcoating. The cobalt
particle size decreased (XRD, chemisorption), surface area increased (BET)
and roughening of the overcoated and annealed catalyst surface was
detectable in the SEM images. We claim that these changes are due to the
densification and a change of the composition of the overcoat, leading to a
porous structure (with exposed) and new artificial active sites on the
catalyst.

This project has received funding from the European Union's Horizon 2020
research and innovation programme under grant agreement No 768543.

[1] Feng, H., Lu, J., Stair, P., Elam, J. Alumina Over-coating on Pd
Nanoparticle Catalysts by Atomic Layer Deposition: Enhanced Stability and
Reactivity. Catal Lett (2011) 141, 512-517.

[2] O’Neill, B., Jackson, D., Lee, L., Canlas, C. et al. Catalyst Design with
Atomic Layer Deposition. ACS Catal. (2015) 5, 1804-1825.

AA-TuP-23 Ferroelectricity of Ferroelectric HfxZri-«O2/Antiferroelectric
ZrO; Stack Structure Fabricated by Atomic Layer Deposition, Takashi
Onaya, Meiji University, Japan; T Nabatame, National Institute for
Materials Science, Japan;, Y Jung, University of Texas at Dallas; H
Hernandez-Arriaga, The University of Texas at Dallas; J Mohan, University
of Texas at Dallas; H Kim, A Khosravi, The University of Texas at Dallas; N
Sawamoto, Meiji University, Japan, C Nam, E Tsai, Brookhaven National
Laboratory; T Nagata, National Institute for Materials Science, Japan; R
Wallace, The University of Texas at Dallas; J Kim, University of Texas at
Dallas; A Ogura, Meiji University, Japan

It has been reported that Hf\Zr1-«O2 (HZO) thin films show ferroelectric (FE)
behavior over a wide Hf:Zr composition range, while pure HfO; and ZrO.
layers generally exhibit paraelectric and antiferroelectric (AFE) behaviors,
respectively. The characteristics of HZO/high-k stack structures, such as
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HZO/Al,0s, have been studied for the future memory device applications.
[1] However, it is still not clear how the AFE-ZrO, film affect the
ferroelectricity of HZO film when the ZrO; is laminated with the HZO film.
In this work, we studied the ferroelectricity and crystallinity of HZO/ZrO>
(HZ/Z) stack structure fabricated using atomic layer deposition (ALD).

The TiN/HZ/Z/TiN capacitors were fabricated as follows: An HZO film was
deposited on TiN bottom-electrode by ALD at 300°C using
(Hf/Zr)[N(C2Hs)CHs)a (Hf:Zr = 1:1) cocktail precursor and H,O gas. The
thickness of the HZO film was varied from 0 to 10 nm. Next, a 10-nm-thick
ZrO; film was deposited at 300°C using (CsHs)Zr[N(CHs):]s and H.O gas.
Then, TiN top-electrode was fabricated by DC sputtering. Finally, post-
deposition annealing (PDA) was performed at 600°C for 1 min in a N
atmosphere. The capacitors with HZO/HfO, (HZ/H) stacks and HZO single
film were prepared as references.

For the grazing incidence X-ray diffraction (GI-XRD) patterns, the patterns
of the HZ/H case showed the peaks from paraelectric monoclinic (M)
phase. On the other hand, the peak from FE-orthorhombic, tetragonal, and
cubic (O/T/C) phases was obtained for the HZ/Z case, while those from M
phase were suppressed, indicating that the HZ/Z stacks consisted mainly of
O/T/C phases. For the polarization-electric field (P-E) curves, the HZ/H
stacks showed paraelectric properties regardless of the HZO thickness. On
the other hand, the P-E loops of the HZ/Z stacks changed from AFE to FE
behavior as the HZO thickness increased. Therefore, the remanent
polarization (2P;) of the HZ/Z stack gradually increased with the HZO
thickness. Moreover, the HZ/Z stack with the HZO thickness of 10 nm
showed the highest 2P, of 14 uC/cm?, which was higher than that (13
uC/cm?) of TiN/HZO (10 nm)/TiN capacitor. It was reported that the pure
ZrO; film can exhibit FE behavior. [2] Thus, these results suggest that the
ZrO: films could exhibit FE properties as the HZO thickness increased.

In conclusion, the properties of the HZ/Z stacks changed from AFE to FE
behavior as the HZO thickness increased, which indicating that the ZrO,
film of the HZ/Z stack could exhibit FE properties.

This work was partially supported by JSPS KAKENHI (JP18)22998).
[1] M. Si et al., ACS Appl. Electron. Mater. 1, 745 (2019).
[2] S. Shibayama et al., J. Appl. Phys. 124, 184101 (2018).

AA-TuP-24 Study on Optical and Electrical Properties of Zn(0,S) Films
Deposited by Atomic Layer Deposition (ALD), N Koothan, Yu-Hsuan Yu, C
Kei, W Cho, T Chou, Taiwan Instrument Research Institute, Republic of
China

Zn(0,S) is considered to replace CdS buffer layer in CIGS photovoltaic
devices to avoid the use of toxic Cd. The efficiency of solar cells can be
improved with the ideal conduction band offset(CBO), which can be
optimized by adjusting the composition ratio between oxygen to sulfur.
The buffer layer in CIGS requires full coverage with a pore-free, uniform
layer. Therefore, ALD is adapted to deposit Zn(0O,S) because it offers precise
thickness control and conformal coverage.

A home-built ALD system was used to grow Zn(0O,S) films, where Diethylzinc
(DEZ), H,0 and H.S were used as a metal source, oxygen source and sulfur
source respectively. The ZnO ALD cycle sequence is 0.2 s DEZ, 0.1 s of H,0
separated by 10 s of N2 purge, whereas, the ZnS ALD cycle sequence is 0.2 s
DEZ, 0.1 s of HS separated by 10 s of N2 purge. Fig.1 shows a supercycle in
deposition progress of Zn(O,S), where m number of ZnO cycle and n
number of ZnS cycles were deposited alternately. Zn(O,S) films with
different ratios of m : n (ZnO:ZnS) suchas3:1,5:1,7:1and 9: 1 were
fabricated in this study. The composition analysis of Zn(0O,S) films was done
by XPS. The optical and electrical properties were measured by UV-vis
spectrophotometer and Hall measurement, respectively.

The Zn(0,S) films were deposited at 200°C with a growth rate of 1.6A/cycle
for ZnO and 1A/cycle for ZnS. TEM results in Fig. 2 showed that the Zn(0,S)
films can be fabricated by ALD with good conformality. Absorbance in Fig.3
shows that the absorbance of Zn(0,S) was larger than pure ZnO and ZnS
within visible light wavelength.

AA-TuP-25 Atomic Layer Deposition of Highly Dispersed Manganese
Oxide on Mesoporous Silicon Oxide for Selective Catalytic Reduction of
Nitrogen Oxides, Saeed Saedy, Delft University of Technology,
Netherlands;, D Urbanas, P Baltrénas, Vilnius Gediminas Technical
University, Lithuania; R van Ommen, Delft University of Technology,
Netherlands

Atomic layer deposition (ALD) is a reliable method to produce catalysts in a
highly controlled manner. The low temperature nature of ALD makes it
possible to obtain different metal oxide nano-coatings at temperatures
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considerably lower than what is required to obtain the final product using
conventional wet chemistry methods. Selective catalytic reduction of
nitrogen oxides using ammonia (NOx NH3-SCR) is demonstrated as the most
efficient NOyx abatement technology among different NOx removal
methods. The commercially available NH3-SCR catalysts suffer from high
temperature operational condition, i.e. 300-450°C. This requires the
catalyst bed to be installed prior to desulfurization and dust removal units;
this initiates catalyst deactivation by sulfur-containing compounds and
dust. Manganese oxide (MnOj) catalysts have a superior NH3-SCR activity at
temperatures lower than 250°C; the low temperature SCR activity of MnOx
catalysts is attributed to the excellent redox ability of MnOyx and the various
oxidation states of manganese (Mn?*, Mn3* and Mn*) which are necessary
to complete the NH3-SCR reaction cycle. Since crystalline MnOx does not
contribute effectively to NH3-SCR, the dispersion of MnOy strongly affects
the LT SCR activity. Accordingly, the conventional methods of catalysts
synthesis, e.g. precipitation and impregnation, are not suitable for
preparation of MnOx-based SCR catalysts, because they often fail to
achieve highly-dispersed supported nanoparticles (NPs). These methods
usually require high temperature post-treatment resulting in improved
crystallinity of NPs and decreased dispersion.

In this work we have employed fluidized bed ALD for deposition of highly
dispersed MnOx on mesoporous silica (m-SiOz) aiming at low temperature
NH3-SCR catalyst. The ultra-fine MnOx NPs were deposited on m-SiO2 at
150°C and 1 bar. The XPS spectra of ALD-synthesized MnO,/m-SiO;
catalysts revealed three oxidation states of Mn?*, Mn3*, and Mn** in these
samples. However, powder XRD was not able to detect any crystalline
phases of MnO;, suggesting that the crystalline MnOy phase is avoided via
ALD synthesis; consistently, the MnOx NPs were scarcely observable using
TEM imaging. This suggests extreme dispersion of MnOx over m-SiOz. The
changes in surface area of support before and after ALD of MnOy,
measured using BET method, was also negligible (ca. 448 m2g?); this
indicates that MnOx is highly dispersed over support without pore clogging.
The obtained MnO,/m-SiO, with such characteristics provide a promising
catalyst for low-temperature selective catalytic reduction of nitrogen
oxides.

AA-TuP-26 Effect of Deposition Temperature on the Crystallinity and
Polarization of Ga-doped HfO: Films by Atomic Layer Deposition, Ju-
Young Jeong, H Sohn, Y Han, Yonsei University, Republic of Korea
Ferroelectric random access memory(FRAM) is considered as one of next
gengration memoy devices due to its merits such as low power
consumption and fast operation speed.[1] Recently, HfO; thin films with
non-centrosymmetric orthorhombic phase of the space group of Pc2:
attracted intensive attention because of their ferroelectric property. Also,
effects of doping, stress, and substrate were studied to enhance the
ferroelectricity of HfO, films. [2] It was reported that the ferroelectric
behavior of HfO,was affected by conditions such as deposition and post
annealing temperatures in addition to alloying elements.[2]

In this study, Ga-doped HfO: (Ga-HfO:)films were deposited at various
temperatures, ranging from 300°C to 340°C . Ga-HfO: films were grown on
bottom electrodes of TiN by atomic layer deposition with
Tetrakis(ethylmethylamino)-hafnium(TEMA-Hf), Trimethyl-gallium (TMG)
as precursors and ozone as the oxidant. Then, top electrodes of 15nm-thick
TiN were deposited by sputtering. And the post annealing was conducted
by rapid thermal annealing (RTA) in N2 atmosphere at 600 °C during 20s.

Chemical composition and bonding of Ga-HfO: films were investigated by X-
ray photoelectron spectroscopy (XPS). Structural properties were examined
by Grazing Incidence X-ray diffraction (GI-XRD). The ferroelectric behaviors
of Ga-HfO; films were measurened by P-V, PUND methods with electric
pulses of 3.3 MV/cm at 50 kHz and the endurance of ferroelectric
switching, in addition.

Ga concentration and the non-lattice oxygen in Ga-HfO film were
estimated to be 5.9 % and 17. 2 %, respectively. GI-XRD shows an increased
intensty in nano-crystalline peak with increasing deposition tempreature.
But the remanent polarization of Ga-HfO: film was decreased with
increasing deposition tempreature.
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AA-TuP-27 Low Damage Remote Plasma ALD of Dielectric Layers on
Graphene, Michael Powell, Oxford Instruments Plasma Technology, UK; B
Canto, M Otto, S Kataria, AMO GmbH, Germany; A O'Mahony, O Thomas,
Oxford Instruments Plasma Technology,; H Knoops, Eindhoven University of
Technology, Netherlands; D Neumaier, M Lemme, AMO GmbH, Germany; R
Sundaram, Oxford Instruments Plasma Technology

As electronic devices become ever smaller and with the push for greater
efficiency, 2-dimensional materials are becoming increasingly more
desirable.! Amongst 2-D materials, graphene is one of the most widely
researched - this is due to the extraordinary charge carrier concentration
and mobility of the electrons in this material. Although graphene is
excellently suited for a wide range of applications, it requires the
deposition of both dielectric as well as encapsulation/barrier layers,? to
modulate the electrical response from the graphene as well as physically
protecting it from damage.

ALD is a technique that allows uniform and precise control of dielectrics,
deposited by a soft/low damage route. Thermal ALD processes,
unfortunately, often suffer from poor nucleation when deposited on
graphene and also poor adherence of dielectric layers deposited on
graphene. This presents challenges, as graphene is susceptible to damage
by both radicals/ions as well as high temperatures, meaning that many
routes to depositing these dielectric/barrier layers can result in poor device
quality.*

We will describe how short, low power remote plasma processing can
result in high quality and conformal Al.Os dielectric layers deposited on
graphene surfaces with low damage, as demonstrated by ellipsometry
maps and Raman spectroscopy (fig 1). We will further show that by utilising
a stacked structure, where h-BN is incorporated between the graphene and
alumina layers, damage is further reduced to the graphene during
deposition. We will demonstrate that these layers have good electrical
properties with high throughput/processing times; which is essential for
scaling graphene devices for industrial processes. Furthermore, plasma
processing of the dielectric layers allows thermally sensitive substrates to
be used for device construction further expanding the scope for device
construction.
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AA-TuP-30 Design of Li-Containing Layers with LIHMDS, Andreas
Werbrouck, F Mattelaer, T Dobbelaere, M Minjauw, Ghent University,
Belgium; F Munnik, J Julin, Helmholtz-Zentrum Dresden-Rossendorf,
Germany; J Dendooven, C Detavernier, Ghent University, Belgium

ALD will be a key technique for solid electrolyte applications and protective
films on Li-ion battery electrodes. Its conformality, uniformity and
thickness control are key selling points no other technique can match.
While a lot of simple oxides can be deposited for battery applications,
battery performance could greatly benefit from the further development of
lithium-containing processes.

Lithium hexamethyl disilyl azide (LiIHDMS) is one of the few precursors
suitable for the atomic layer deposition of lithium-containing layers. Earlier
results with LIHMDS which are relevant for solid electrolyte applications
are the growth of lithium silicate with Os*?, crystalline LisPOs with
trimethylphosphate (TMP)®> and amorphous LIPON with diethyl
phosphoramidate (DEPA)* as a coreactant. From the literature it is clear
that in some cases LiIHMDS exhibits a dual source behavior, incorporating
lithium as well as silicon in the films, while in other processes it only
deposits lithium.

We developed a new, simple ALD process to deposit lithium silicate with
LIHMDS and O: plasma. The films were characterized with in-situ
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ellipsometry, ERD and XPS (figs.1 and 2). Lithium and silicon are both
present in the deposited films.

With the aim of depositing a lithium silicate/phosphate, we intermixed the
LiIHMDS-0:* process with TMP in an ABC/ACB way. These processes were
as well self-saturating, and the stoichiometry of the resulting films was
measured by XPS/ERD.

Recently we developed a new way to conduct mass spectrometry®. Our
method allows to obtain a measurement of all masses as a function of time
during a full ALD cycle (fig. 3). This way the reaction products arising in an
ALD process can be fingerprinted and identified. We employed this method
to the new LiSiOx process with Oz plasma, the known LisPO4 process, and
the LIHMDS/O,*/TMP and LiHMDS/TMP/O.* process.

The composition of the films deposited with these mixed processes
combined with the mass spectrometry measurements provided us with
more insight in the dual-source behavior of LIHMDS and how it is affected
by the preceding and succeeding precursor.

1 ). Hdmaldinen, F. Munnik, T. Hatanp&, J. Holopainen, M. Ritala, and M.
Leskeld, Journal of Vacuum Science & Technology A 30, 01A106 (2011).

2Y. Tomczak, K. Knapas, M. Sundberg, M. Leskel&, and M. Ritala, (2013).

3 J. Hamalainen, J. Holopainen, F. Munnik, T. Hatanp3s, M. Heikkild, M.
Ritala, and M. Leskeld, J. Electrochem. Soc. 159, A259 (2012).

4 M. Nisula, Y. Shindo, H. Koga, and M. Karppinen, Chem. Mater. 27, 6987
(2015).

5 A. Werbrouck, F. Mattelaer, J. Dendooven, and C. Detavernier, in Atomic
Layer Deposition, 19th International Conference, Abstracts (2019).

AA-TuP-32 Resistive Switching in Titanium-Aluminum-Oxide Thin Films
Grown by Atomic Layer Deposition, Joonas Merisalu, T Arroval, A Kasikov,
K Kukli, A Tamm, J Aarik, University of Tartu, Estonia

Resistive switching (RS) phenomena in solid thin solid films have gained a
lot of interest during the last decade offering potential for fabricating a
new generation of non-volatile memory devices named resistive random
access memories (RRAMs) [1].

As there are a lot of materials discovered with resistive switching
properties, the explanation of RS mechanisms is complicated [2]. Intense
research is going on and devoted to the modifications of the RS media,
together with the interpretation of their electrical characteristics obtained
from various metal-insulator-metal (MIM) structures. In the present work,
electrical characteristics of RS in titanium aluminum oxide thin films are
studied.

The electrically evaluated samples have MIM structure which differ from
each other by the titanium-aluminum oxide multi-layer insulator film
construction. All the films were deposited on Si substrate pre-covered with
RuO: layers that acted as common bottom electrode. The insulator layers
were prepared by atomic layer deposition at 350 °C from TiCls, AI(CHs)s and
H20.

The dielectric is a thin film containing layers of TiO2 and Al.0s;, was
constructed by varying ordinarily deposited TiO: layers with the layers of
TiO2 which were deposited as a triple precursor process. This means that
the pulse of titanium precursor was followed by aluminum precursor pulse
led to the reaction chamber after a purge period and, then, the formation
of oxide layer in a single cycle was completed by application of oxygen
precursor, H20, pulse. The growth rate of reference TiO: layers was 0.05
nm/cycle [3]. The growth rate of TiO2:Al.Os layer was 0.15 nm/cycle [4].
The atomic ratio Al/(Al + Ti) was 0.6 [4].

The top electrodes of Pt were deposited through a shadow mask using
electron beam evaporation.

Electrical characheristics were measured as voltage sweeps using Cascade
Microtech EPS-150 probestation and Keithley 2636A. All studied samples
showed bipolar RS properties. Clockwise bipolar RS was recognized
dominantly in samples where Al,Os concentration was lower. The samples
that contained more Al;Os tended to show signs or even full repetitive
cycles of counterclockwise RS. It was also noticed that Ron/Rofr ratio
between low resistance state (LRS) and high resistance state (HRS) became
higher when there was more Al>Os present in the film.
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AA-TuP-34 New Hydrazine Based Precursors For Semiconductor
Fabrication, Wolf Schorn, O Briel, R Karch, Umicore AG & Co. KG, Germany;
W Stolz, NAsP 11I/V GmbH, Germany

Continuous scaling of semiconductor devices sometimes can only be
achieved by introducing new materials with improved properties. CVD and
ALD processes are increasingly used to meet required film conformalities of
complex three-dimensional structures exhibiting specific electrical
properties.

A new class of substances has proven to be a potential candidate for
ALD/CVD processes, metal complexes based on the ligand N,N’-
bisdimethylaminoacetamidine (Hbdma), whose properties combine high
volatility with high reactivity. In addition, this class of ligands can be used
to prepare complexes where the metal cations are solely surrounded by
hydrogen and nitrogen atoms aiming at minimizing unwanted carbon
impurities in deposited films.

We present various Group Ill complexes based on the bdma ligand, their
thermal characterization, as well as first deposition tests with the complex
[Ga(bdma)H.]. Furthermore, Bdma is a versatile ligand which can stabilize
and volatilize many metal complexes based on main group elements such
as Ge or B as well as transition metals such as Ni or Fe. Herein we wish to
give an outlook of further work in progress.

Literature:

»,Novel nitrogen/gallium precursor [Ga(bdma)H2] for MOVPE", E. Sterzer,
A. Beyer, L. Nattermann, W. Schorn, K. Schlechter, S. Pulz, J. Sundermeyer,
W. Stolz, K. Volz, J. Cryst. Growth 2016, 454, 173-179.

»Metal complexes with N-aminoamidinate ligands”, J. Sundermeyer, W.
Schorn, R. Karch, W02012/113761

“Amidrazone, Hydrazidine und Formazane: Hydrazin-basierte Liganden zur
Darstellung fllichtiger Metallverbindungen®, W. Schorn, PhD-Thesis, 2012

AA-TuP-39 The Use of ALD Layers for Hermetic Encapsulation in the
Development of a Flexible Implantable Micro Electrode for Neural
Recording and Stimulation, David Schaubroeck, IMEC - Ghent University,
Belgium; C Li, Ghent University - IMEC, Belgium,; R Verplancke, D Cuypers,
M Cauwe, M Op de Beeck, IMEC - Ghent University, Belgium

The use of electronic microsystems as medical implants gains interests due
to the combination of superior device functionality with extreme
miniaturization. Electronic devices are not biocompatible and will suffer
from corrosion, hence a very good hermetic device encapsulation is of
utmost importance. The hermetic sealing of implantable electronics
requires extremely good bi-directional barrier properties against diffusion
of water, ions and gases. Moreover, extremely long biostability against
body fluids and biomolecules is an important requirement for the barrier
materials. In this work, an ALD multilayer of AlOx and HfOx in combination
with flexible polyimide is used as a flexible hermetic encapsulation of an
electronic CMOS chip which serves as an implantable probe (so called hd
TIME (active high-density transverse intrafascicular microelectrode) probe)
for neural recording and stimulation [1]. The main part consists of a 35um
thin CMOS chips with electrodes on top encapsulated with alternating
layers of spin coated polyimide (PI2611) and biocompatible ALD layers.

The total encapsulation is developed to provide excellent barrier
properties. Each ALD stack (ALD-3) consists of AlOx (20 nm) capped on both
sides with HfOx (8 nm) to avoid hydrolysis of AlOx. The ALD deposition
temperature is 250°C. Special attention is payed to the adhesion of the ALD
layers toward polyimide and vice versa. 3 to 4 PI/ALD-3 dyads are used for
the total encapsulation, since long term implantation of the medical device
is envisaged. Testing however is done using only a part of the total
encapsulation, in order to enable to learn about the barrier properties in a
reasonnable timeframe. The WVTR of a PI/ALD-3/PI film reached a value of
2.1 10" g/m?day (38°C and 100% RH), the total encapsulation with 3 to 4
dyads will lead to WVTR’s in the order of 10-°g/m?day. The same PI/ALD-
3/PI film has been deposited on structured copper meanders and is
exposed to PBS at 60°C for 3.5 years (equivalent to 17.5 years at 37°C) [2].
Up till now, no change in Cu resistivity has been observed proving the
excellent barrier properties of the PI/ALD-3/PI film.

[1] Rik Verplancke et al., 2020 J. Micromech. Microeng., 30, 015010
[2] Changzheng Li et al. 2019 Coatings, 9, 579
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AA-TuP-41 The Effect of Electrode Material and Doping Concentration on
Physical and Electrical Properties by Using Thermal and Plasma-Assisted
Atomic Layer Deposition in Ferroelectric Zr-doped HfO; Dielectrics, P Juan,
Ming Chi University of Technology, Republic of China, Wen-Hao Cho,
Taiwan Instrument Research Institute, Republic of China, C Chen, National
Applied Research Laboratories, Republic of China; C Kei, Taiwan Instrument
Research Institute, Republic of China

Zr-doped HfO; dielectric layers with TaN and/or TiN as the metal electrode
for sandwich-like metal-insulator-metal capacitors were fabricated. The Zr-
doped HfO: layers i.e., Hfo.75Zr0.2502, Hfo.sZros02, Hfo.25Zr0.7502 were designed
by the stacking of HfO, and ZrO; thin-film using the thermal and plasma-
assisted atomic deposition (ALD). The precursors used for HfO2 and ZrO:
depositions were TEMAHf and TEMAZr with water vaporing and oxygen
ambient, respectively. The thicknesses per cycle obtained from the
converged regime are 0.112 nm/ cycle for thermal and 0.117 nm/ cycle for
plasma in HfO: films, respectively. While the thicknesses per cycle obtained
are 0.111 nm/ cycle for thermal and 0.118 nm/ cycle for plasma in ZrO;
films, respectively. Each sub-stacked layer of same atomic species was fixed
to 5 cycles and the total thickness of Zr-doped HfO. was controlled to 20
nm. From the XRD patterns, the dielectric film is easier to be crystallized at
post-annealing temperature of 450°C for thermal than that of 600°C for
plasma. The intensity of tetragonal phase increases with increasing the
doping amount of Zr for both thermal and plasma conditions. Secondary
phases of TaO and TiZrOx are shown with TaN and TiN as the electrodes in
thermal, but only Ti-related phase is observed in plasma scheme. The
electrical properties of current-voltage and capacitance-voltage are
measured and compared. A subthreshold voltage is severely shifted and
the subthreshold slope is worse for samples with thermal condition. It
indicated that high interface densities between dielectric film and silicon
substrate is suggested and quantified by the conduction method. In a low
doping concentration of Zr, the behavior of ferroelectricity is attributed to
the formation of a non-centrosymmetric orthorhombic phase of space
group Pbc2;, which was found in the presence of TiN for plasma and TaN
for thermal conditions.

AA-TuP-42 Pbl; Growth for Solution ALD for PV Application, Maissa K. S.
Barr, S Nadiri, C Asker, Friedrich-Alexander University of Erlangen-
Nlrnberg, Germany, K Forberich, Friedrich-Alexander University of
Erlangen-Nirnberg, i-MEET, Germany;, F Hoga, T Stubhan, H Egelhaaf, ZAE
Bayern - Erneuerbare Energien, Germany, C Brabec, Friedrich-Alexander
University of Erlangen-Nirnberg, i-MEET, Germany; J Bachmann, Friedrich-
Alexander-University Erlangen-Niirnberg, Germany

The transfer of the principles of atomic layer deposition (ALD) is possible in
the liquid phase. The precursors are dissolved in a solvent and they are
sequentially injected in a microfluidic chamber. This is also a generalization
of already established methods such as the ‘layer by layer’ growth or the
‘successive ion layer adsorption and reaction’ (SILAR). 'Solution ALD' (sALD)
shares the fundamental properties of standard ‘gas ALD’ (gALD), specially
the self-limiting growth and the ability to coat porous structures. In the
following the targeted field is photovoltaic. A great deal of interest has
appeared on a new generation of material for solar cells application.
Among them the perovskites are particularly interesting and the most
studied one is CHsNHsPbls (MAPI). The existing deposition methods such as
spin coating or vapor-deposition techniques do not allow a control at the
atomic level. ALD has been used to deposit PbS but it needed a two-step
conversion method to obtain a perovskite [1] . Therefore, a new process
based on sALD has been developed to deposit Pbl,. It allows the use of
inexpensive lead salt and it is easy to process. Then, the Pbl, can be easily
converted to MAPI. The Pbl, deposition is achieved with Pb(NOs). and Lil
via s-ALD on large samples (up to 10 cm*10 c¢cm). The ALD behavior is
shown from the linear dependency the thickness in function of the number
of cycles as well as from the saturation curves. The influence of the
deposition parameters on the morphology, the crystalline structure and
the chemical composition are investigated by scanning electron
microscopy, atomic force microscopy, grazing incidence x-ray diffraction
and x-ray photoelectron spectroscopy. The growth of Pblz has been studied
on different oxides with different chemical pre-treatment. Later, the
obtained Pbl; is converted to MAPI by vapor annealing. The influence of
the temperature, the time and the type of gas on the conversion are
investigated on the different substrates. Furthermore, the influence of the
ALD parameters on the properties of the perovskite layer were studied.
Thus, the Perovskite layer has been integrated into a solar cell.

[1] B. R. Sutherland , S. Hoogland , M. M. Adachi, P. Kanjanaboos, C. T. O.
Wong, J. J. McDowell , J. Xu, O. Voznyy, Z. Ning, A. J. Houtepen , and E. H.
Sargent, Adv. Mater., 27, 53-58, 2015
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AA-TuP-43 A Combinatorial Approach to the Ferroelectric Properties in
Hf\Zr1xO2 Deposited by Atomic Layer Deposition, J/ Mohan, University of
Texas at Dallas; S Kim, Kangwon National University, Republic of Korea; H
Hernandez-Arriga, The University of Texas at Dallas; Yong Chan Jung,
University of Texas at Dallas; T Onaya, Meiji University, Japan, H Kim, N
Kim, K Kim, The University of Texas at Dallas; A Ogura, Meiji University,
Japan; R Choi, Inha University, South Korea, M Sung, Hanyang University,
Republic of Korea; J Kim, University of Texas at Dallas

The ferroelectricity and anti-ferroelectricity of doped HfxZr1xO2 (HZO) have
been extensively studied in the literature since its first report by the Muller
et al [1]. The best ferroelectric properties were observed at the near 50-50
composition ratio of HfO-2 and ZrO, in most of the reported literature,
which could be attributed to the observation of the non-centrosymmetric
orthorhombic phase in the polycrystal (space group Pca2i) [2]. Super-cycle
ALD has been commonly used as a technique to fabricate HfxZr1xO2 with
various compositions and careful study of the compositions in the near 50-
50 composition is quite tedious. Hence, a combinatorial approach [3] with
saturated/non-saturated Hf and Zr precursor can be used to effectively
provide the relationship between small changes in composition across the
wafer to the ferroelectric and dielectric properties in the film.

In this study, the ferroelectric properties of HZO was studied on MIM
capacitors using Titanium Nitride electrodes HZO was deposited using
TDMA-hafnium (Hf[N(CHs)2]s), TDMA-zirconium (Zr[N(CHs)2]4), and O; as
the Hf-precursor, Zr-precursor and oxygen source respectively at 250°C.
The precursor temperatures were set at 75°C during saturation for both Hf
and Zr precursors and after reducing the precursor time to 60°C and the
pulse time to 0.1s, a gradient in the HfO2 and ZrO: deposition rates were
observed, as shown in figure 1. Using a combination of a gradient in the
HfO. deposition with a saturated ZrO: deposition and vice-versa, a
composition difference across the wafer was obtained. Blanket TiN (90 nm
thick) electrodes were deposited using magnetron RF sputtering before
and after the HZO deposition as the electrodes. Then, rapid thermal
annealing was done at 400°C in an N2 atmosphere for 60s to crystallize the
HZO films. A conventional photolithography/etching process was used to
make capacitors of different diameters. Grazing Incidence X-ray Diffraction
(GIXRD) confirms that the ferroelectric orthorhombic phase is stable for
HZO deposited also verified by high resolution Transmission Electron
Microscopy.

This work was supported partially by Creative Materials Discovery Program
on Creative Multilevel Research Center (2015M3D1A1068061) through the
National Research Foundation (NRF) of Korea funded by the Ministry of
Science, ICT & Future Planning, partially by NRF of Korea (grant No:
2019R1F1A1059972) and partially by the Fostering Global Talents for
Innovative Growth Program (No. PO008750) through KIAT and MOTIE.

[1]J. Muller et al, Ap pl. Phys. Lett. 99 112901 (2011)
[2] M.H. Park et al, ACS Appl. Mater. Interfaces8 (24) 15466 (2016)
[3] K. W. Kim et al, PNAS, 104 (4) 1134 (2007)

AA-TuP-46 Structure, Morphology and Mechanical Behavior of ALD TiSiN
films, Hae Young Kim, S Chugh, A Dhamdhere, B Nie, S Rathi, N Mukherjee,
Eugenus, Inc.

As the generation of memory devices evolve, the successful fabrication of
high aspect ratio (HAR) features becomes more and more challenging.
Apart from the traditional patterning, deposition and etch related issues,
structural stability of these HAR structures becomes a critical parameter in
determining the overall device yields. Specifically, the failure modes such as
bending, cracking and toppling are commonly observed when metal films
with unoptimized mechanical properties (stress, hardness and elasticity)
are deposited into these HAR structures.

In the current study, we present our findings on the mechanical properties
such as nano-hardness, and elasticity of the multicomponent Ti-Si-N films,
an excellent alternative to TiN films. These films were grown using ALD
technique on the Eugenus 300mm QXP commercial single process module,
multi-wafer system. Film thickness and Si content were varied, and the Ti-
Si-N films were investigated by characterization techniques such as X-ray
diffraction (XRD), high resolution transmission electron spectroscopy
(HRTEM), and Nanoindentation.

It was found that the Ti-Si-N films with intermediate Si% to have the
highest nanohardness. The maximum nanohardness of the film was
achieved as high as 2 20 GPa, which is two times higher than the TiN film
as shown in Figure 1. Zhang et al.! also reported similar trend in the
nanocomposite Ti-Si-N films. Their as-deposited films show nanocomposite
structure with nano TiN grains embedded in an amorphous SixNymatrix. It
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was observed that TiN crystallites become very small at increased SixNy
content (Figure 2).! Thus, under mechanical loading the material only
reacts by grain boundary sliding which requires more energy than
deformation by dislocation movement, therefore, higher hardness is
achieved. At high Si-dose, the mean grain separation becomes so wide, that
cracking takes place in SixNymatrix, thereby reducing the hardness.!

Additionally, control of Si% in the Eugenus Ti-Si-N film enables tuning of the
morphology from polycrystalline to fully amorphous with optimum
resistivity; in all cases, excellent step coverage on high aspect ratio
structures were obtained.

AA-TuP-61 The Influence of ALD-ZnSnO Buffer Layer Process Conditions
on the Characteristics of Tin Sulfide Thin Film Solar Cells, Jae Yu Cho, J
Heo, Chonnam National University, Republic of Korea

Choice of suitable n-type buffer layer to form favorable heterojunction is
one of the promising criteria to achieve a high performance thin film solar
cell (TFSC). Till date, CdS has been used as standard buffer layer for various
TFSCs. However, the Cd-free alternative buffer layers are always in demand
to increase environmental compatibility of such TFSCs. In this regard,
atomic layer deposition (ALD) has already been proven as a potential
technique to obtain conformal and ultrathin buffer layers.

In 2014, ~4.36% efficiency of SnS TFSCs with ALD-Zn(O,S) buffer layer has
been reported by R. G. Gordon group, which is the best SnS TFSCs reported
so far [1]. In this work, the application of ALD-ZnSnO (ZTO) buffer layer was
investigated for SnS TFSCs. Initially, ZTO films were characterized for
variable process conditions. Finally, the performance of the TFSCs was
tested with ALD-grown ZTO buffer layers and the highest efficiency of
4.93% was achieved with the Voc = 436 mV, Jsc = 24.0 mA/cm?, and FF =
0.47. The detailed analysis of the influence of ALD conditions on the device
performance will be presented.

AA-TuP-64 Innovative ALD Industrial Services, Joél Matthey, P Steinmann,
L Steinmann, B Steinmann, Positive Coating SA, Switzerland

Positive Coating provides thin-film coating services based on magnetron
sputtering and atomic layer deposition technologies. Combining the
benefits of both processes, the company is mainly active in the luxury
sector. Positive Coating is the pioneer that has brought ALD within the
Swiss watchmaking industry as early as 2014. Heading now for
diversification, Positive Coating makes its knowledge and expertise
available to other industrial applications. Based on innovation and quality,
it stands as a partner to develop custom-made activities related to surface
engineering. New challenging applications in the medical field will be
addressed. In the presentation, two patented processes will be discussed.
Firstly, a unique method to produce two-tone components without organic
masking. Secondly, a ultra-white coating that combines electroplating and
ALD technologies. Finally, commercial applications and examples will be
presented.

AA-TuP-66 Antireflection Coating on PMMA Substrates by Atomic Layer
Deposition (ALD), Pallabi Paul, Friedrich Schiller University, Germany,; K
Pfeiffer, Fraunhofer Institute for Applied Optics and Precision Engineering
I0F, Germany; A Szeghalmi, Friedrich Schiller University, Germany

Atomic layer deposition (ALD) is a promising chemical coating technology
for growing conformal films on high aspect ratios as well as complex
shaped substrates. ALD is a cyclic process, which is based on sequential and
self-limiting reactions of precursors with the available functional groups on
substrate surface. In contrast to conventional physical vapour deposition
(PVD) methods where shadowing may occur on strongly curved surfaces
leading to thickness gradient, ALD can produce uniform and conformal
films on arbitrarily shaped surfaces due to the self-saturating surface
reactions and precise thickness control at the nanometer range.

Thermoplastics like poly(methyl methacrylate) (PMMA) has been widely
used in producing various optical components like freeform surfaces,
aspheric lenses, Fresnel lenses and many other diffractive optical elements.
PMMA has a high transmission in the visible spectral range, excellent
hardness and high Abbe number enabling it as an important alternative to
glass optics. However precision coatings on plastics are rather challenging
due to the tendency of crack formation and typically low adhesion of the
dielectric coatings to the polymer surface. Since the optimized process
parameters on glass substrates cannot be directly transferred to plastics,
an explicit polymer specific research is required to functionalize polymers.

In this work, optimization of ALD processes to develop uniform,
homogeneous and dense optical thin films of Al,Os, TiO2 and SiO2 on PMMA
has been carried out. Upon examining the optical properties and
mechanical stability of thin films, a five-layer antireflection coating on
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PMMA is demonstrated. While uncoated PMMA substrates have a
reflectance of nearly 8% in the visible spectral range, the reflectance of
double-sided antireflection coated PMMA does not exceed 1.2% in the
spectral range of 420 nm — 670 nm with a total average reflectance of only
0.7%. Microscopic analysis of the cross-hatch areas on PMMA indicates
superior adhesion and excellent environmental stability of the ALD
coatings. Furthermore, 3D conformal growth of ALD films has been
exploited on PMMA dome ensuring identical spectral response along the
entire dome surface. These investigations enable a possible route by ALD to
deposit uniform, crack-free, adhesive and environmentally durable thin
film layers on sensitive thermoplastics like PMMA.

Reference:
1. Paul et al., Coatings 2020, 10(1), 64.

AA-TuP-68 Effect of Thermal Stability of Precursor on Electrical Properties
of TiN/ZrO./TiN Capacitor, Younsoo Kim, S Ryu, Y Cho, Samsung
Electronics Co., Inc., Republic of Korea, N Yamada, ADEKA Corporation,
Japan; J Choi, H Lim, Samsung Electronics Co., Inc., Republic of Korea

As design rule of semiconductor device decrease continuously, various
high-k materials have been evaluated including ZrO,, HfO;, TiO,, and
(Ba,Sr)TiOs [1-5]. Among of them, ZrO; is the most commonly used as a
dielectric material of capacitor in DRAM (Dynamic Random Access
Memory). However, it was difficult to develop high quality ZrO; process in
3-dimensional structure because ZrO, ALD (Atomic Layer Deposition) didn't
show an ideal behavior.

In this study, we investigated deposition behavior of ZrO, ALD using 1:1
mixture (TEMAZ+EMA) of TEMAZ [Tetrakis (EthylMethylAmino)Zirconium]
and EMA (EthylMethylAmine). TEMAZ+EMA showed 20°C higher thermal
stability and 10°C higher decomposition temperature than those of TEMAZ.
The thermal stability of precursors is related to the number of effective
electron around the central metal. It is assumed that TEMAZ+EMA
precursor is stabilized because Zr atom in the precursor is coordinated by
EMA and the number of effective electron around Zr atom increase.

We compared electrical characteristics of the TiN/ZrO,/TiN capacitor using
TEMAZ and TEMAZ+EMA. The leakage current density and Schottky barrier
heights were significantly improved at ZrO: films deposited using
TEMAZ+EMA. We will present the correlation between physical properties
of precursors and electrical properties of ZrO; films.

References

1. K. Kim, IEEE Int. Electron Dev. Meeting 323, 2005.

2. D.S. Kil et. al., VLSI Tech. Dig. 38, 2006.

3. J.-M. Lee et. al., IEEE Electron Dev. Lett. 38(11), 1524, 2017.
4.S. K. Kim et. al., Adv. Mater. 20, 1429, 2008.

5.J.J.Joo et. al.,, Appl. Phys. Lett. 70, 3053, 1997.

AA-TuP-70 Mechanism of Leakage Variation with Aspect Ratio in ALD
High-k ZrO, and HZO Dielectrics, Martin McBriarty, R Clarke, S Barabash, K
Littau, Intermolecular

DRAM capacitors require ALD of ultrathin high-k dielectrics, such as ZrO: or
(Hf,Zr)O2 (HZO), throughout high aspect ratio (HAR) features. However,
device performance may be compromised by trap states and other defects
due to non-ideal ALD at high aspect ratios, constraining achievable
capacitance. We demonstrate a simple, low-cost lateral high aspect ratio
(LHAR) platform to link material properties, ALD process parameters, and
device performance as a function of equivalent aspect ratio. Metal-
insulator-metal capacitor (MIMcap) structures were prepared with physical
vapor deposited TiN electrodes and ALD ZrO. or HZO dielectrics grown in
the LHAR test structure using metal-organic precursors (ZyALD, ZrD-04,
TDMAHf, HfD-O4) and ozone. As expected, the ALD film thickness
decreases with equivalent aspect ratio. However, we also observe intrinsic
variation of the leakage performance, indicating increasingly non-ideal ALD
behavior deeper in the trench. Physical characterization and kinetic
modeling of the deposition process explains these trends, informing future
process design to mitigate defects which worsen leakage at high aspect
ratios.

AA-TuP-73 Atomic Layer Deposition Zinc-Doped Alumina and Alucone at
Room Temperature for Flexible and Transparent Gas Permeation Barriers,
Shiv Bhudia, S Wack, N Adjeroud, J Guillot, Luxembourg Institute of Science
and Technology, Luxembourg;, D Blondin, Met-Lux S.a.; R Leturcg,
Luxembourg Institute of Science and Technology, Luxembourg

Gas permeation barriers are widely employed in many technological
applications. From medium barrier properties (Oxygen transmission rate,
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OTR = 1 cc m2 day* bar?; Water vapour transmission rate, WWTR =1 g m
2day?) as in the food packaging industry. To very high barrier properties (
OTR = 10° cc m2 day ! bar?; WVTR = 1 g m2day?) such as in flexible organic
opto-electronics. Here, it is even more critical to avoid the presence of
water and oxygen in the active layer.

Although, many solutions are available for high performance barriers, they
typically are rigid (glass) or opaque (metal coatings) solutions, and
polymeric substrates lack the capability of delivering high gas barrier
properties by themselves. One promising strategy is to coat the polymeric
substrate with defect free thin-films.

Atomic layer deposition (ALD) of amorphous alumina show very promising
properties for passivation or encapsulation layers, in organic opto-
electronics, but the deposition conditions usually require temperatures
above 100 °C or highly oxidative conditions (ozone or oxygen plasma) to
obtained reasonable deposition rates and high density material. A method
for producing high quality alumina below 60°C, using low oxidative
conditions would be highly welcome for the highly sensitive materials used
in organic electronics

In this work, we propose a new process for low-temperature atomic layer
deposition (ALD) of high-quality gas permeation barrier based on alumina
on PET substrates. These can be employed in a multi stack structure of
organic and inorganic thin-film layers for ultra-low gas permeation barrier
for flexible and transparent polymeric substrates.

By incorporating up to 5 at. % Zinc as dopant during the deposition of
alumina, we demonstrate the ALD of high-quality alumina at room
temperature, with ALD cycles times below 1 minute. The gas barrier
properties of this new material, with oxygen and water vapour
transmission rate (Mocon test), show barrier properties comparable with
alumina deposited at 80°C. Furthermore, the physical diffusion mechanism
of a gas through a thin-film gas barrier layer is investigated; For such
purpose we developed an in-house He permeation tester.

AA-TuP-74 ALD Encapsulation of QD-Polymer Composite Films for
Luminescent Applications, Natalia Zawacka, R Petit, J Kuhs, P Smet, C
Detavernier, Z Hens, Ghent University, Belgium

Because of their high photo-luminescence intensity, quantum dots (QDs)
are a promising material for absorbing and converting light in photonic
applications. However, they are very sensitive to the environmental
conditions and their degradation presents major challenges. Many of the
most promising technological applications of luminescence require thin
films. Film deposition technology is well-established in the industry with a
number of different techniques used for the manufacturing of both
polymeric and inorganic thin films. From industrial point of view, the
fabrication of QD-in-polymer composite films is extremely relevant.
However, despite many potential advantages, the development of such
composite films has been inhibited by the instability of the QDs when
embedded into a polymer layer.

Here, we propose a two-layered thin film architecture and its fabrication
method based on industry-compatible processing techniques. The strategic
approach includes a combination of a QD-in-polymer composite film,
overcoated with an additional oxide layer deposited via the ALD technique
as an encapsulation layer. This assembly offers an increased stability, and
provides a simple architecture for various luminescent thin film based
applications.

An extensive study was undertaken where the degradation trends of QDs
photoluminescence were assessed during the ALD process, investigating
the influence of different precursors and gasses, as well as subsequent
ageing tests in controlled ambient. We fabricated and tested a medium size
(5x5cm?) device, using these highly scalable processes proving that it may
represent a practical route to real-life applications of QD-based
Luminescent Solar Concentrators.

AA-TuP-78 ALD-Grown Aluminum Oxide Coatings for Nuclear
Applications, Boris Paladino, M Vanazzi, Italian Institute of Technology,
Italy; S Bassini, M Utili, ENEA (Agenzia nazionale per le nuove tecnologie,
I'energia e lo sviluppo economico sostenibile), Italy; F Di Fonzo, Italian
Institute of Technology, Italy

Nuclear energy is one of the main characters in the power production field,
and it is expected to experience a great development in the next future.
Among the several new designs of power plant, the fusion reactor will be a
substantial turning point in the energy sector. At the time being, issues
related to materials compatibility persist. According to the most relevant
design, fusion reactors will take the Tritium-Deuterium fusion as the
reference reaction for power generation. Thus, the availability of Tritium to
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fuel the reactor core assumes relevant importance. The breeding process
represents one of the main focus points of technological R&D activities and
the inhibition of Tritium permeation is mandatory to achieve Tritium
balance in the reactor chain: once Tritium is produced, an adequate
permeation barrier is required to confine it. In addition, since the breeding
material is the liquid eutectic alloy Pb-16Li, corrosion issues arise from the
interaction of this medium with structural steels. A viable solution to
mitigate the effects of both permeation and corrosion is the deposition of a
protective barrier. We report on the preliminary studies about
multifunctional nanoceramic Aluminium Oxide coatings grown by Atomic
Layer Deposition (ALD) technique. The samples produced were initially
characterized by means of SEM, AFM and XRD. The coatings are dense,
compact and uniformly covering the whole substrate. From XRD analysis it
is possible to understand that the deposited material is amorphous in
structure, since no sharp peaks were detected. Corrosion tests in static Pb-
16Li at 550°C for 2000h showed that the coating is able to protect the steel
substrate mitigating the dissolutive process of the liquid medium. Finally,
permeation tests with Hydrogen are still ongoing, but the preliminary
results are promising. To conclude, ALD technique represents one of the
few viable solutions for materials protection for the structural steels of the
breeding blanket. Deeper characterization of the coating (nanoindentaion
and thermal cycling) and longer corrosion tests are already planned.

AA-TuP-79 Atomic Layer Deposited Nitrogen Incorporated MoOx Films:
Electrical and Electrochemical Properties, Arpan Dhara, Ghent University,
Belgium; D Saha, S Mitra, S Sarkar, Indian Institute of Technology Bombay,
India

Oxynitrides or nitrogen incorporated transition metal oxides are rapidly
gaining attention in materials research because of their tunable electrical
and optical properties. They offer usage in variety of applications like
photocatalysis, phosphors, electrochemical energy storage, magnetic
materials etc. Primary changes in the material properties after
incorporation of nitrogen occur due to the difference in electronegativity,
electronic charge and polarizability between oxygen and nitrogen atoms.
However, effective and homogeneous doping in the host material is a
major practical issue till date. Constructive ways to increase the
conductivity without significantly altering the materials chemical properties
after doping are still a challenge. Usually nitrogen incorporation is carried
out by annealing oxides under NHz or N»/H: gas environment. In such
circumstances the metal ions are sensitive to reduction which results in the
formation of undesirable phases in the doped materials. Also the possibility
of dopant inhomogeneity is a major drawback towards obtaining good
quality doped materials.

In this work we report, nitrogen-incorporated amorphous molybdenum
oxide (MoOx:N) thin films synthesized by atomic layer deposition (ALD) at
relatively lower temperature of 170°C. One ALD cycle of molybdenum
nitride (MoN) is sandwiched for nitrogen incorporation between two
MoOx layers. The concentration of nitrogen is controlled by varying the
ratio of MoOx/MoNx layers. Quartz crystal microbalance (QCM)
measurement is carried out to study the mass change after every single
precursor dosed into the reactor. Secondary lon Mass Spectra (SIMS)
shows homogeneous distribution of nitrogen throughout the as-deposited
films. Hence, uniform N-atom inclusion is adequately achieved at the
reaction temperature. It is observed that conductivity of MoOyx films
increase with increase in nitrogen concentration. Room temperature and
low temperature electrical properties of different films are also studied in
detail to understand the transport mechanism with and without nitrogen
incorporation.

Both pristine and N-incorporated MoOx layers are deposited on high
surface area carbon nanotubes (CNTs) and applied as anode material in
lithium ion batteries. As expected, addition of nitrogen helps to improve
the electrochemical performance because of the increased ionic and
electronic conductivity.

AA-TuP-82 Improvement of Thin-Film Transistor Performance in Atomic
Layer Deposited SnO Film by Thermal Annealing Process, J Lee, Su-Hwan
Choi, Hanyang University, Republic of Korea, B Park, EM Index, Republic of
Korea; J Sheng, J Park, Hanyang University, Republic of Korea

SnO thin films was deposited by the thermal atomic layer deposition (ALD)
method using N,N’-tert-butyl-1,1-dimethylethylenediamine stannylene(ll)
as a precursor and water as reactants. The deposited SnO thin films were
thermally annealed in vacuum ambient. During thermal annealing SnO thin
film transformed to SnO tetragonal from amorphous phase with the
increasement of surface roughness. Also, electrical properties (carrier
concentration, resistivity) could be easily controlled by employing post

5:30 PM



Tuesday Afternoon Poster Sessions, June 30, 2020

thermal annealing treatment, SnO showed metallic to semiconductor
transition as annealing temperature increased, owing to the change of the
chemical bonding state existed in SnO. The combined studies of density
functional theory (DFT) calculations and experimental analyses showed
different density of state (DOS) depending on the defect site and chemical
bonding state, could explain the change of electrical properties. The
fabricated thin film transistors (TFT) showed on/off current ratio of
1.27 X 10° and field effect mobility of 0.98 cm?/Vs. The TFT bias stability
were measured and SnO TFT showed good stability
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AA-TuP-87 Atomic Layer Deposition Platform in Luxembourg — Review of
Emerging Applications for Sensors, MEMS, Energy Harvesters,
Transparent Electronics and Coated Powder for Composites, Noureddine
Adjeroud, Luxembourg Institute of Science and Technology, Luxembourg
The Luxembourg Institute of Science and Technology (LIST) proposes a
large atomic layer deposition (ALD) platform with complementary tools for
the development of new coating processes and the improvement of
existing ALD processes. The platform allows processing of various types of
inorganic or organic substrates, flat or 3D objects, flexible substrates and
powders by FBR (Fluidized Bed Reactor) with up-scaling capabilities. The
ALD platform is completed by other thin film deposition facilities (MOCVD,
PVD), by cleanroom microfabrication capabilities to realize functional chips,
and by a characterization platform (SEM-EDS, ellipsometry, contact angle,
XRD, XPS, SIMS, AFM, UV-Vis-NIR spectrophotometry, Raman,
photoluminescence, 1(V), Resistivity) for quality control of the deposited
thin films. This abstract is aiming to present ALD activities of our platform
covering the requests and specifications from fundamental Research
partners on breakthrough materials to the development and small
production processing for industrial partners. A selection of ALD
developments will be presented in the framework of LIST research and
development projects addressing MEMS (MicroElectroMechanical Systems)
and sensors (Figure 1), Energy Harvesters (Figure 2), Multilayers
(Transparent Conducting Oxides and AI203) for transparent electronics
(Figure 3), Example of Ag nano wires covered with conformal ALD ZnO film
(Figure 4) and fillers’ coating for composites (5).

By the means of thermal ALD and Plasma-Enhanced ALD (PEALD), we
developed a library of different thin films and multilayers processes
including oxides (ZnO, TiO., Al20s, SiO2, MgO), nitride (AIN, TiN), metals (Ag,
Co, Ni) aiming both fundamental Research and applicative systems.

AA-TuP-89 Atomic Layer Deposited Films for Solar Cells Application, Karol
Frohlich, CEMEA/Institute of Electrical Engineering, SAS, Slovakia; M
Mikoldsek, Institute of Electronics and Photonics, SUT, Slovakia; R Subair, V
NaddZdy, Institute of Physics, SAS, Slovakia, A Rosovd, E Dobrocka, M
Precner, Institute of Electrical Engineering, SAS, Slovakia, M Jergel, E
Majkovd, Institute of Physics, SAS, Slovakia

Atomic layer deposition (ALD) is exceptional deposition technique because
it allows for growth of high quality films on large substrates at low
deposition temperatures. In our contribution ALD was employed for
preparation of ZnO-based transparent conducting electrodes and for
encapsulation of fabricated solar cells using Al,Os.

Al-doped ZnO films were used for transparent conducting electrodes.
Deposition was carried out at temperatures between 150 and 250 °C on Si
and quartz substrates. Diethyl zinc and trimethyl aluminium were used as
precursors and water vapours as reactant. Al-doping was performed by
inserting Al.O3 cycles in ZnO growth. Deposition of 1 Al,O3 layer per 7
deposited ZnO layers gave the best results. Resistivity of the Al-doped ZnO
films depended on the deposition temperature and film thickness.
Transition electron microscopy revealed typical columnar growth of the
films with fine grained polycrystalline region close to the substrate. The
films prepared at 250 °C exhibited 002 texture and for the thickness above
100 nm showed resistivity of 1 mQcm. This corresponds to the sheet
resistance of 40 Q/square. Hall measurement revealed electron
concentration of 4*¥*10%° cm and mobility in the range of 10-20 cm?Vs™.
Optical transmittance of the films was higher than 80% in the wavelength
range between 400 and 900 nm for the thickness up to 350 nm.

Inorganic-organic hybrid perovskite solar cells suffer from poor stability in
ambient atmosphere. Oxygen and moisture are believed to be reason for
the solar cell degradation. To protect the cells against ambient atmosphere
influence ALD prepared Al:Os films were employed for encapsulation.
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Trimethyl aluminium was used as a precursor while water vapours were
applied as reactant. Deposition of the Al,Os films took place at 50°C.

Power conversion efficiency of the solar cell encapsulated by 25 nm Al.Os
thin film deposited using water vapours as reactant decreased to 87% while
unprotected solar cell degraded below 50% of its initial value after 40 days
in ambient atmosphere. Potential cause of the perovskite solar cell
degradation and its link to the basic solar cell characteristics is discussed.

This study was performed during the implementation of the project
Building-up Centre for advanced materials application of the Slovak
Academy of Sciences, ITMS project code 313021T081 supported by
Research & Innovation Operational Programme funded by the ERDF.

AA-TuP-95 Biocompatibility of ALD Coatings on Nano- and
Microstructures: Cell Viability Studies of Murine and Human Induced
Stem Cell-Derived Neurons, Robert Zierold, J Harberts, C Fendler, M
Siegmund, M Schnelle, R Blick, Universitat Hamburg, Germany

Micro- and nanostructured substrates form a powerful tool for building
next-generation medical devices. Especially, controlled interaction of
neuronal cells—a building block of the central nerve system—with the
substrate allow for sensing, stimulation, gene transfection and drug
delivery paving the way for developing novel conceptual devices such as
integrated solar cell nanowires for retina implants, artificial bio-computing
circuits, and model systems for neurodegenerative diseases, to name a
few.

One key prerequisite is the long-term biocompatibility of the surface to
allow for fully functional neuronal outgrowth and cell viability. However,
functional nano- and microstructured devices are often based on
semiconductors or polymers which contain toxic materials. During cell
culturing, cellular uptake of harmful components potentially influences the
stem cell differentiation process, the neuronal outgrowth or the
electrophysiological properties, and can ultimately induce the cell death.

Atomic Layer Deposition (ALD) is ideally suited to conformally coat micro-
and nanostructures. Often ALD of standard oxides, such as silica, titania,
and alumina, are claimed to be biocompatible; however, data reporting on
cell viability are mostly missing in these studies.

Herein, we present cell viability studies on different micro- and
nanostructured substrates coated by ALD with standard oxides of varying
thicknesses and subsequently used for neuronal cell cultivation. The
determined cell viabilities are compared to plain Petri dish control
substrates and well established biocompatible parylene C coatings by
chemical vapor deposition.

In detail, we investigate ALD-coated 3D-printed cavity structures and
freestanding nanowire arrays for outgrowth of murine and human induced
stem cell-derived neurons. We show that cell viability—utilizing a viability
assay with subsequent confocal microscopy—and full electrophysiological
integrity—investigated by patch-clamping of individual cells—is maintained
on the micro- and nanostructures.

Our results suggest that biocompatible thin film coatings can be in fact
achieved by ALD. This property in combination with the ability of conformal
coating renders ALD to an economically feasible key technique for
application in micro- and nanostructured lab-on-a-chip devices interfaced
with human cells.

Harberts et al., RSC Advances 9 (2019), 11194
Fendler et al., Advanced Biosystems 3 (2019), 1800329

AA-TuP-96 Low-Temperature PEALD of Ga.0s; Using TMGa and O; Plasma,
Ali Mahmoodinezhad, C Janowitz, BTU Cottbus-Senftenberg, Germany; F
Naumann, P Plate, H Gargouri, SENTECH Instruments GmbH, Germany,; K
Henkel, J Flege, BTU Cottbus-Senftenberg, Germany

Gallium oxide (Ga:03), a transparent semiconducting oxide, is promising for
a wide range of applications in the fields of electronics, optoelectronics,
and sensors [1]. For specific applications, low deposition temperatures are
required to maintain the individual material properties of subjacent layers
realized in prior process steps. The use of plasma-enhanced atomic layer
deposition (PEALD) on the one hand and of a gallium precursor exhibiting a
high vapor pressure on the other hand facilitates the deposition at lower
substrate temperatures.

Hence, in this work thin Ga.0s layers were deposited by PEALD with
alternating pulses of trimethylgallium (TMGa) as gallium precursor and
oxygen (02) plasma at substrate temperatures in the range of 80 to 200 °C.
The layers were prepared on silicon wafers in the SENTECH SI PEALD
system [2] and subsequently characterized by spectroscopic ellipsometry
(SE), X-ray photoelectron spectroscopy (XPS), and electrical measurements.
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In the SE measurements a linear thickness evolution with a growth rate of
~0.66 A per cycle and an inhomogeneity of < 2% across 4” wafers were
found for all samples. While the refractive index of the Ga0s thin films is
independent of temperature (1.86 + 0.01 at 632.8 nm), the bandgap
slightly decreases from 80°C to 200 °C (4.68 eV to 4.57 eV).
Correspondingly, the permittivity of the layers determined from
capacitance-voltage (C-V) measurements is constant with temperature (9.7
+ 0.2 at 10 kHz). Moreover, fixed and mobile oxide charge densities in the
order of 1 to 4 x 102 were deduced from C-V data. In addition, the films
show electrical breakdown fields in the range of 2.2 to 2.7 MV/cm. The
analysis of the chemical composition of the films by XPS revealed ideal
stoichiometric gallium to oxygen ratios of 2:3 accompanied by a lowest
carbon contribution of ~10% for the sample prepared at 150 °C. [3]

Furthermore, these results will be complemented by a depth profiling
analysis of the layer composition based on cyclic Ar* ion sputtering using
XPS.

The excellent materials properties are maintained even at low substrate
temperatures as low as 80 °C confirming that the TMGa/O, PEALD process
is indeed suitable for low-temperature growth.

[1] Z. Galazka, Semicond. Sci. Technol. 33, 113001 (2018).

[2] K. Henkel, H. Gargouri, B. Gruska, M. Arens, M. Tallarida, and D.
SchmeiRer, J. Vac. Sci. Technol. A 32, 01A107 (2014).

[3] A. Mahmoodinezhad, C. Janowitz, F. Naumann, P. Plate, H. Gargouri, K.
Henkel, D. SchmeiRer, J. I. Flege, J. Vac. Sci. Technol. A 38, 022404 (2020).

AA-TuP-97 ALD Coatings on Ni-Rich NMC Cathode Materials for Long
Lasting, High Energy Density Batteries, Jaime DuMont, D Lewis, M
Martinez, M Herbert-Walters, S Moulton, B Hughes, A Dameron, Forge
Nano

LiNixMnyCo1-«yO2 (NMC) layered oxides have become a mainstay material
in Li-ion battery technology. By steadily increasing the nickel content in
each generation, NMC materials have achieved impressive energy densities
(~ 800 Wh kg-1) and specific capacities (~200 mAh/g) without needing to
rely on complex and impractical battery chemistries. These benefits,
however, come at a cost. Increasing nickel content leads to increasing
structural instabilities and severe capacity fade. Extensive research on
layered-structure oxides has revealed that many battery degradation
mechanisms such as phase transformations, transition metal dissolution
and particle cracking initiate at particle surfaces.*?

In this talk, we will explore how cathode coatings by atomic layer
deposition (ALD) can preserve and stabilize Ni-rich NMC surfaces, enabling
increased capacity retention and high voltage utilization. Coin cell
durability studies at 0.5C/1C reveal that ALD coatings can increase cycle life
by up to 400% at high voltage (4.6 V). At faster C rates (4C/1C), ALD
cathode coatings show decreased internal resistance growth and
decreased absolute internal resistance over the lifetime of the cell. We will
elaborate on these findings using results from neutron diffraction (ND), X-
ray spectroscopy (XPS) and electron energy loss spectroscopy (EELS) to fully
examine the mechanism by which ALD surface coatings prevent
detrimental surface reactions and lengthen battery cycle life.

References:
[1] L. David et. al., ACS Appl. Energy Mater. 2019, 2, 1308.
[2] D. Mohanty et. al., Sci. Rep. 2016, 6, 26532.

AA-TuP-98 Lifetime, Selectivity, Stability, and Hydrothermal
Improvements with ALD Overcoating for Hydrogenation and
Dehydrogenation Catalysts, Staci Moulton, A Dameron, T Procelli, R Tracy,
Forge Nano

While ALD has grown to be an essential and widely implemented technique
in two-dimensional nanoscale device manufacturing, the innovative
commercial development of applications for three-dimensional and porous
materials have comparatively lagged. At Forge Nano, we recognize the
criticality of enabling these ALD-assisted technologies for commercial
applications, particularly in catalysis. We will demonstrate that ALD-
overcoated catalysts, adding a metal-oxide top layer to a traditionally
fabricated catalyst, enabled metal catalysts through targeted coating
strategies for specific catalytic deactivation challenges. Our overcoat
catalysts retain activity, physical stability in hydrothermal and thermal
conditions, achieve improvements in selectivity, and significantly enhance
lifetime. For hydrogenation of muconic acid to adipic acid, the Al,03 ALD-
coated catalysts retain up to two-fold activity for Pd on TiO: support.
Second, the Pd leaching from the catalyst was reduced by four-fold on the
ALD-coated catalyst. The same Pd on TiO: catalyst with ALD-overcoat
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showed significant resistance to physical restructuring under thermal
treatment conditions shown both by STEM-EDS elemental mapping and
activity data for uncoated and ALD-overcoated catalysts. Thermal
treatment, or catalyst regeneration cycles, reduced the active catalyst
surface area by over 80% for the uncoated catalyst while the ALD-
overcoated catalyst retained all its active surface area over 5 regeneration
cycles. The benefits of ALD for catalysis are proving to be a fertile working
ground for both active materials and overcoat applications.

AA-TuP-100 Efficient and Flexible Dielectrics at Elevated Temperatures
from Polymers Sandwiched with Wide Bandgap Inorganic Films Grown via
Atomic Layer Deposition, A Okyay, Stanford University; S Ilhom, C Wu, A
Mohammad, D Shukla, Y Cao, Necmi Biyikli, University of Connecticut
Flexible dielectrics with ultra-high power density are core components of
electrical and electronic applications in terms of energy storage, power
convertor, electrical insulating, etc. However, the drastically increased
conduction current at high electric fields and elevated temperatures
limited their development in applications under harsh conditions (e.g.,
aerospace and downhole fossil energy exploration) or systems with cutting-
edge wide bandgap semiconductors, where the temperature could reach
or surpass 150 °C. Reported here are flexible dielectrics based on Kapton®
polyimide (Pl) sandwiched with wide bandgap inorganics coated via
thermal and plasma-assisted ALD, revealing greatly suppressed conduction
current. Thin films of Al,0s and Ga.0s; were separately grown on Kapton®
using thermal and plasma-assisted atomic layer deposition (PA-ALD),
respectively. Metal precursor and oxygen co-reactant for the process
included trimethylaluminum (TMA) with Dl-water in thermal, and
triethylgallium (TEG) with Ar/O; plasma in plasma-enhanced ALD. Growth
experiments were performed at 200 °C substrate temperature. The
charging-discharging efficiency investigated by high electric field
displacement-electric field (DE) loops was significantly improved,
particularly under high electric fields and elevated temperatures. Films of
varying thicknesses: 50 - 160 nm Al203 and 30 - 50 nm Ga,0s were grown to
study the charging-discharging efficiency. For the Al,Os coating, the
efficiency increased with 50 nm film when compared to 160 nm. However,
the highest efficiency improvement was obtained for the plasma-assisted
ALD grown Ga;0sfilm, which possibly resulted in better blocking the charge
injection in the film and thus good control of the conduction losses. Further
tests will be performed to study the effect of thinner and plasma-enhanced
grown AlOs on the charging-discharging efficiency enhancement of
Kapton® flexible dielectrics. ALD as a facile and scalable fabrication
technique would enable enormous potential in large scales of roll-to-roll
processing for industrial high-power electrical cabling applications.

AA-TuP-101 On the Atomic Layer Deposition of Catalysts for
Dehydrogenation of Propane with CO2: The Study of Reaction
Performance and Coke Formation, Fatemeh Gashoul Daresibi, Y
Mortazavi, A Khodadadi, University of Tehran, Iran

Increasing the worldwide demand for propylene, inspired researchers for
the study of promoted highly advanced techniques compared to the
current industrial methods to fulfill the requirements of the market.
Regarding this issue, CO,-ODHP has attracted attentions due to its role in
facilitation of the C-H bond activation, lowering the activation energy of the
reaction as a whole and more effectively reduce the process temperature
with much higher rates without the problem of deep oxidation or low
selectivity.

In this study, we applied the atomic layer deposition of CrO,/SiO. to
enhance the performance of CO»-ODHP reaction. Silica supported
chromium oxide catalyst was synthesized by using Cr(acac)s and synthetic
air as metal precursor and oxidant respectively. The support temperature
was selected in the suitable range of ALD called ALD-window and the
precursor dose time was 9 h. The outlet of the ALD reactor was monitored
by an on-line FTIR gas cell. The loading of Cr was determined by ICP-OES.
The ALD catalyst was used for the dehydrogenation of propane in presence
and absence of CO.. The oxidation step followed by stabilization of
catalysts was carried out at three different temperatures, 300, 600 and
650°C. Results reveal the higher performance of ALD catalyst in presence of
CO. compared to direct dehydrogenation. However, in both conditions,
catalyst suffers from deactivation through the time-on-stream possibly due
to the structural changes during the reaction, irreversible reduction of Cré*
and coke formation. The catalyst with lower oxidation and stabilization
temperature, 300°C, has shown the higher reaction performance close to
equilibrium conversion. The coke formation was studied with Raman
spectroscopy and Temperature Programmed Oxidation (TPO) accompanied
by on-line FTIR analysis. Results illustrate the presence of both graphitic
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and disordered carbonaceous species. The main product of the coke
combustion was CO; with a very slight amount of CO. To find out the coke
source, Ar diluted propylene was passed through the catalyst and the
Raman results show a similar spectrum revealing the propylene as the main
source. The adsorption-desorption isotherm and pore size distribution
curves show slight structural changes after reaction. Temperature
programmed reduction (TPR) over fresh and regenerated spent catalyst
also shows a little decrement in reducibility of catalyst as another sign of
structural changes and/or irreversible reduction of chromium (VI). To
summarize, the ALD-synthesized Cr/SiO. catalysts show higher
performance at lower oxidation temperature and in presence of CO, while
the deactivation under reaction conditions is still an issue.

AA-TuP-103 Atomic Layer Deposited Al-doped TiOx as Passivating
Contacts on Silicon Solar Cells, Borong Sang, University of New South
Wales, Australia; Z Huang, Jiangsu Ocean University, China; M Hossain,
University of New South Wales, Australia; A Abdallah, Y Zakaria, QEERI,
Qatar; B Hoex, University of New South Wales, Australia

Atomic layer deposited (ALD) titanium dioxide (TiO2) has been well
investigated and has been reported to be an excellent electron selective
contact on silicon solar cells with a high level of surface passivation;
however, its poor thermal stability[1][2] limits the range of processes
which can be used after the application of the TiO: film which is, in
particular, a significant restriction for the metallization step. Aluminum (Al)
doped TiO, is reported to effectively improve perovskite solar cell
performance especially in electric properties via creating defects due to the
size discrepancy between Ti and Al atoms [3]; however, ALD doping
materials are yet to be thoroughly investigated applying on silicon solar
cells as passivating contacts.

In this work, Al was successfully incorporated into TiO: layers using an ALD
supercycle approach at 150 °C, showing both passivation and electrical
performance of superior quality on silicon wafers. A champion effective
minority carrier lifetime of 1.9 ms is obtained from Al-TiO,/SiO»/n-Si stack
after 300 °C annealing while a significantly lower lifetime of 210 ps is
obtained from the undoped reference. This indicates that Al incorporation
increases the thermal stability of the TiO; layer and the passivation effects,
and this is very beneficial from an application point of view. TLM
measurement showed that contact resistance also reduces by introducing
Al into the TiO; layer, which can probably be attributed to the defect states
introduced by Al. Furthermore, DFT simulation results well explained the
mechanisms of improved performances from experimental results. Future
work will focus on fabricating solar cell devices employing this doped layer
as electron selective contact to further improve the solar cell efficiency.

References

[1] Yang, X., Bi, Q., Ali, H., Davis, K., Schoenfeld, W.V. and Weber, K., 2016.
High-performance TiO2-based electron-selective contacts for crystalline
silicon solar cells. Advanced materials, 28(28), pp.5891-5897.

[2] Matsui, T., Bivour, M., Ndione, P., Hettich, P. and Hermle, M., 2017.
Investigation of atomic-layer-deposited TiOx as selective electron and hole
contacts to crystalline silicon. Energy Procedia, 124, pp.628-634.

[3] Liu, W., Zhang, L., Liao, L., Liu, Z., Wang, D., Chen, Q., 2016. Synthesis of
Al-Doped TiO2 Thin Films by Low-Temperature Atomic Layer Deposition for
Perovskite Solar Cells. Chinese Joural of Vacuum Science and Tecnology,
36(6), pp.705-709.

AA-TuP-105 The Evolution of Temperature Monitoring in ALD, J Paolino,
Jason Merson, Global Results Communications

The advancement and complexities in semiconductors are the foundation
for continued technology advancements in virtually every device and
machine we interact with. As semi structures become more complex,
processes like Atomic Layer Deposition (ALD) are exceedingly important to
ensure deposits are precise and can interconnect with the different layers.
Even though these processes have been out there for people to explore,
ALD has been too expensive to pursue. But now, advancements are making
ALD economically feasible and the market is expected to rapidly expand
within the next few years.

As ALD becomes a highly utilized deposition method, the industry should
expect to see more complex structures where the measurement of
temperature becomes increasingly important as a control variable.
Traditionally with ALD, thermocouples have been used to monitor
temperature, but these only provide an indirect measurement that
requires a model to calculate the offset. This becomes problematic over
time because as the thermocouple degrades the model changes making
temperature readings harder to determine and unreliable. Now we are
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seeing a push for a better solution for measuring temperature with
precision as more semiconductor manufacturers adopt ALD.

During this presentation, Advanced Energy — a global leader in highly
engineered, precision power conversion, measurement and control
solutions — will discuss how the industry is now moving towards the
adoption of optical temperature measurement tools, such as non-contact
pyrometers that can get within 2mm of a silicon wafer without causing
damage or interrupting the ALD process. This will include:

¢ Alook at the evolution of temperature reading in ALD and its challenges
* How pyrometers provide precise, non-contact temperature readings

The importance of emissivity measurement

5:30 PM
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11:15am AA-WeM-3 Atomic Layer Epitaxy of GaN Directly on 4H-SiC using
Ga-N Bonded Precursors, P Rouf, N O'Brien, R Samii, Henrik Pedersen,
Linképing University, Sweden

Gallium nitride (GaN) is a key material in high electron mobility transistors
(HEMT) based on the group 13-nitrides. These structures are routinely
made by CVD at high temperatures (1000 °C) using trimethylgallium (TMG)
and NHs. These high deposition temperatures hinder the exploration of
GaN films on temperature sensitive materials such as InN, which is highly
desirable to integrate into HEMTs due to its high electron mobility. ALD is a
low temperature alternative that could be used to deposit high quality
GaN. GaN has previously been explored by ALD using trimethylgallium
(TMG) or triethylgallium (TEG) together with N2/H, plasma ™, NH3 plasma ™
and thermal NHs. However, these GaN films were found to be non-
stochiometric and show high amounts of C and O impurities, which is
undesirable in materials to be used in electronics.

Herein, we report on two alternative Ga precursors:
tris(dimethylamido)gallium(l1) 1 and tris(1,3-
diisopropyltriazenide)gallium(lll) 2 and their use in ALD in combination with
NHs plasma to deposit GaN. These two precursors possess Ga—N bonds
instead of Ga—C bonds like TMG and TEG. As the Ga—C bond is stronger
than the Ga-N due to its more covalent nature of the bond, precursors
with Ga—N bonds could potentially have a more favourable surface
chemistry with lower impurity levels. Both 1 and 2 show self-limiting
deposition behaviour for GaN growth. Precursor 1saturates after 4s and 6s
of NHs plasma exposure, with 10s purge between to give a growth rate of
1.4 A/cycle. The growth remains constant at 1.4 A/cycle between 130-250
"C. GaN growth from 2 shows a growth rate of 0.3 A/cycle which is constant
between 300-350 "C.

GaN deposition directly 4H-SiC (0001) using these ALD processes grew with
the epitaxial relationships of GaN(0002)uusSiC (0002) and GaN (10-13) Gu
SiC (10-12). This set these ALD processes apart from traditional MOCVD of
GaN as the later requires an AIN buffer layer for epitaxial growth of GaN on
SiC.

The composition of the films was measured with RBS/ERDA. Precursor 1
gave GaN films with 45.7 at.% Ga, 47.2 at.% N, 3.1 at.% O, 2.8 at.% C, 1.2
at.% H, giving a Ga/N = 0.97. GaN grown from 2 has 48.8 at.% Ga and 46.4
at% N giving a Ga/N = 1.05. GaN from 2 contained 3 at.% O, 1.8 at.% H and
no detectable carbon. Absorption measurements show the optical bandgap
of the GaN to be 3.42 eV, which is close to the theatrical value of 3.4 eV.
Fermi level measurements with XPS show that the fermi level is closer to
the conduction band then the valence band, making the GaN film
unintentionally n-type doped.

[1] Ozgit-Akgun, C. et al. J. Mater. Chem. C 2014, 2 (12), 2123-2136.
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1:00pm AA-WeA-1 Study of ALD HfO:-Based High-k for GaN Power
Devices and Ferroelectric Devices, Toshihide Nabatame, National Institute
for Materials Science, Japan,; T Onaya, Meiji University, Japan, E Maeda, M
Hirose, Shibaura Institute of Technology, Japan; Y Irokawa, National
Institute for Materials Science, Japan; K Shiozaki, Nagoya University, Japan;
Y Koide, National Institute for Materials Science, Japan INVITED
Recently, HfOz-based high-k materials have been investigated as dielectric
for GaN power devices and ferroelectric devices. These HfOz-based high-k
thin films were deposited by plasma-enhanced atomic layer deposition (PE-
ALD) using Oz plasma.

In GaN power device, gate dielectric is required that they have more stable
amorphous structure at 800 °C, relatively high dielectric constant (k) value
(>10) and high breakdown electric field (> 8 MV/cm). For these reasons, we
have been investigated Hf-rich HfSiOx as gate dielectric [1, 2]. To fabricate
HfSiOx films, the HfO,/SiO. laminate was initially deposited by PE-ALD with
tetrakis(dimethylamino)hafnium (TDMAHf) and Tris(dimethylamino)silane
(TDMAS) precursors [1]. Understanding the SiO, growth mechanism on
HfO; layer is an important in terms of the design of the HfSiOx formation.
The growth per cycle (GPC) values of PE-ALD-SiO; layer on HfO, underlayer
was 4 times larger than that on SiO. underlayer because of the different
adsorption of TDMAS precursor on the surface of Si-O and Hf-O which has
the difference of electronegativity. Using the GPC of PE-ALD-SiO: layer on
HfO, underlayer, we could design Hf-rich HfSiOx (Hfo.s7Si0.430x) films by
controlling ALD cycle of each HfO2 and SiOz layer. The Hfo.57Si0.430x dielectric
of n-GaN capacitors exhibited superior characteristics such as an
amorphous structure after annealing at 800°C, high k value of 13.5, a small
flatband voltage shift (-0.36 V), a high breakdown electric field (8.6
MV/cm).

FeRAM and FeFET application with ferroelectric Hf«Zri«O. (HZO) films is
required low temperature fabrication process. To achieve this requirement,
we have been investigated characteristics of HZO films fabricated by PE-
ALD at 300°C and post-metallizaiton annealing at 300-400°C [3, 4]. As-
grown HZO film, which deposited by PE-ALD using TDMAHfZr (Hf:Zr = 1:1)
cocktail precursor and O plasma, had nanocrystalline structure with
ferroelectric orthorhombic, tetragonal, and cubic phases. TiN/HZO/TiN
capacitors showed excellent remanent polarization (2Pr) and k values of 34
uC/cm? and 39, respectively, after PMA at 300—-400°C.

We conclude that ALD process including specific technique such as
laminate formation due to different absorption of precursor and direct
complex oxides formation using cocktail precursor is suitable for various
electric devices.

This work was in part supported by MEXT GaN R&D project.
[1] T. Nabatame et al., Appl. Phys. Express 12, 011009 (2019).
[2] E. Maeda et al., Microelectron. Eng. 216, 111036 (2019).
[3] T. Onaya et al., Microelectron. Eng. 215, 111013 (2019).
[4] T. Onaya et al., APL Mater. 7, 061107 (2019).

1:30pm AA-WeA-3 The Effect of Oxygen Source on Ferroelectricity of
Atomic Layer Deposited HfosZros02 Thin Film, Yong Chan Jung, J Mohan,
University of Texas at Dallas; H Kim, H Hernandez-Arriga, The University of
Texas at Dallas; T Onaya, Meiji University, Japan, K Kim, N Kim, The
University of Texas at Dallas; S Kim, Kangwon National University, Republic
of Korea; A Ogura, Meiji University, Japan; R Choi, Inha University, South
Korea; J Ahn, Hanyang University, Republic of Korea; J Kim, University of
Texas at Dallas

Recently, ferroelectric HfosZrosO2 (HZO) thin films have caught great
interest for non-volatile memory and field-effect transistor applications,
due to their high scalability and compatibility with CMOS process.! In our
previous work, we achieved a low thermal budget process (400 °C) under
large tensile strain (about 3-5 GPa) using TiN top and bottom electrodes.?
The HZO films using the TiN electrodes can prevent degradation of the
ferroelectric properties from hydrogen incorporation owing to the TiN
electrodes can act as a barrier layer against hydrogen diffusion. However,
during the deposition of HZO film using atomic layer deposition (ALD), the
choice of oxygen source can affect the residue in the deposited film. When
hydrogen-related substances are used as the oxygen source, the
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ferroelectric properties can be altered by the residues remaining in the
HZO film.

Therefore, in this study, we investigated the effects of the oxygen source,
especially Os, H.0, and Deuterium oxide (D.0) on the ferroelectric
properties of the ALD-HZO films. The HZO films with Hf:Zr ratio of 1:1 were
deposited on the TiN bottom electrode by ALD using TDMA-Hf and TDMA-
Zr as the precursors of Hf and Zr, while O3, H20, or D0 as the oxidant. After
the TiN top electrode was deposited, rapid thermal annealing was done,
and metal-insulator-metal capacitors were fabricated using a Pd/Au hard
mask and wet etch process.

Regardless of the oxidant, the HZO films exhibited the formation of a non-
centrosymmetric orthorhombic phase which is origin of the
ferroelectricity.> However, it was confirmed that the ferroelectricity of the
HZO film deposited with the source related to hydrogen such as H.0 and
D20, is worse than the HZO film deposited with Os. From the polarization-
electric field curves, the remnant polarization (2P;) of Os-, H.0-, and D20O-
based HZO devices was 47, 38, and 34 uC/cm?, respectively. Whereas, the
H20- and D:0-based HZO devices exhibited higher leakage current than
that of Os-based device. We suspected that the degradation of 2P; and the
leakage property is caused by more hydrogen incorporation in the HZO film
when H20 and D0 oxidants are used. The result implies that the use of O3
as the oxygen source is advantageous for improving ferroelectric properties
of the ALD-HZO films.

This work is supported by the National Research Foundation of Korea (NRF)
grant (No. NRF-2019R1F1A1059972), Brain Pool Program (No.
2019H1D3A2A01101691), and the Fostering Global Talents for Innovative
Growth Program (No. P0O008750).

1S.J. Kim, et al., Appl. Phys. Lett. 113, 182903 (2018).
25.J. Kim, et al., Appl. Phys. Lett. 111, 242901 (2017).
3S.). Kim, et al., JOM 71, 246 (2019).

1:45pm AA-WeA-4 Deposition of Inherently Ferroelectric Films by ALD
Using ZrD-04 and HfD-04, Vijay K. Narasimhan, Intermolecular, Inc.; J
Lehn, EMD Performance Materials; K Littau, Intermolecular; J Woodruff, R
Kanjolia, EMD Performance Materials

ALD HfO2- and ZrO,-based ferroelectrics enable novel, CMOS-compatible
devices for both logic and memory?. Although the most stable bulk crystal
structure of these materials is a monoclinic phase, this phase does not
support ferroelectricity. Other polymorphs (for example, some
orthorhombic and rhombohedral phases) have the symmetry required to
support ferroelectric switching behavior, while still others (for example, a
tetragonal phase) can be anti-ferroelectric?. In many hafnium oxide and
zirconium oxide ALD processes, the thin films are amorphous as deposited.
Therefore, obtaining a desired ferroelectric phase depends not only on the
deposition conditions of the film itself, but also on the choice of capping
interfaces® and annealing conditions* after deposition.

Here, we demonstrate a pathway to achieving phase control in zirconia and
hafnia ALD films that does not depend on capping or post-deposition
annealing. We use the advanced metallocene precursors
(MeCp)2Zr(OMe)Me and (MeCp).Hf(OMe)Me (commonly known as ZrD-04
and HfD-04, respectively). These precursors have an ALD window that can
extend to near or above the crystallization temperature of zirconia and
hafnia thin films®. Using GIXRD, we examine the phase of films deposited
with different reactants (i.e. water and ozone), growth temperatures, and
thicknesses. We show that, for ZrO: in particular, the as-deposited films are
crystalline across a wide process space and that the films are phase-stable
after subsequent thermal processing. We extend previously published
results® to elucidate a processing window where the non-ferroelectric
monoclinic phase can be substantially suppressed. We use the results from
the unit film studies of ZrO, and HfO, to create a blended ZrO,/HfO, film
that is inherently ferroelectric, demonstrating strong remanent polarization
with no explicit post-deposition cap and annealing. These results provide a
pathway to developing ferroelectric devices in which the electrodes and
thermal processing conditions of the entire stack can be optimized
independently with minimal effects on the ferroelectric layer.

M. H. Park, Y. H. Lee, T. Mikolajick, and U. Schroeder, MRS Comm., 8, 795
(2018).

2S. V. Barabash, J. Comp. Electron., 16, 1227 (2017).
3R. Cao et al., IEEE Elec. Dev. Lett., 39, 1207 (2018).
4P. Polakowski and J. Muller, Appl. Phys. Lett. 106, 232905 (2015).
5C. L. Dezelah IV et al., Chem. Vap. Dep., 14, 358 (2008).
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5A. Lamperti, L. Lamagna, G. Congedo, and S. Spiga, J. Electrochem. Soc.,
158, G221 (2011).

2:00pm AA-WeA-5 Ferroelectricity of 300°C Low Temperature Fabricated
HfxZr1-xO2 Thin Films by Plasma-Enhanced Atomic Layer Deposition using
Hf/Zr Cocktail Precursor, Takashi Onaya, Meiji University, Japan; T
Nabatame, National Institute for Materials Science, Japan; Y Jung,
University of Texas at Dallas; H Hernandez-Arriaga, The University of Texas
at Dallas; J Mohan, University of Texas at Dallas; H Kim, A Khosravi, The
University of Texas at Dallas; N Sawamoto, Meiji University, Japan,; C Nam,
E Tsai, Brookhaven National Laboratory; T Nagata, National Institute for
Materials Science, Japan; R Wallace, The University of Texas at Dallas; J
Kim, University of Texas at Dallas; A Ogura, Meiji University, Japan
Recently, low temperature fabrication process for ferroelectric HfxZr1-xO2
(HZO) films has attracted a lot of attention for use in future device
application, such as FeRAM and FeFET. The amorphous HZO films
deposited by thermal atomic layer deposition (TH-ALD) using H20 or Os as
an oxidant gas were generally employed, then, an annealing process at >
400°C with TiN top- and bottom-electrodes (TE- and BE-TiN) was performed
to obtain ferroelectric orthorhombic (O) phase due to inducing tensile
stress from TiN to the HZO film. [1] On the other hand, we focused on
plasma-enhanced ALD (PE-ALD) using O: plasma, because the as-grown
HZO film had nanocrystalline structure with O, tetragonal, and cubic
(O/T/C) phases. In this work, we studied the ferroelectricity and
crystallinity of PE-ALD HZO films using a low temperature annealing process
at 300-400°C.

The TiN/HZO/TiN capacitors were fabricated as follows: A 10-nm-thick HZO
film was deposited on BE-TiN by PE-ALD at 300°C using (Hf/Zr)[N(C2Hs)CH3]a
(Hf:Zr = 1:1) cocktail precursor and Oz plasma. TE-TiN was then fabricated
by DC sputtering. Finally, post-metallization annealing (PMA) was
performed at 300-400°C for 1 min in a N2 atmosphere. Pulse write/read
measurement was employed to obtain the remanent polarization (Ps) and
dielectric constant (k). [1] The crystallinity was analyzed using synchrotron
wide-angle X-ray scattering (WAXS) at NSLS-ll, Brookhaven National
Laboratory.

The PE-ALD HZO film after PMA at 300°C clearly showed ferroelectricity
with Psw of 28 pC/cm? and exhibited high k of 41, while the HfO,-based
films with stable ferroelectricity using a lower process temperature below
400°C have not been reported. The Psy of PE-ALD HZO films increased with
PMA temperature. For synchrotron WAXS patterns of PE-ALD HZO films,
the peaks originating from O/T/C phases were clearly observed while those
from the paraelectric monoclinic (M) phase were suppressed using a low
temperature PMA process even at 300°C, leading to the stable
ferroelectricity. This might be because nanocrystal grains with O/T/C
phases in the as-grown HZO film play an important role as nuclei for the
crystal growth of the HZO film during PMA process, while the as-grown
HZO film deposited using TH-ALD typically have an amorphous structure. In
addition, the phase transformation from C-phase to O/T-phases was
observed as PMA temperature increased, resulted in high Psw.

In conclusion, PE-ALD and a low temperature PMA process at 300°C are
promising methods for the fabrication of ferroelectric HZO films with
superior Psw.

This work was partially supported by JSPS KAKENHI (JP18)22998).
[1] S.J. Kim et al., Appl. Phys. Lett. 111, 242901 (2017).

2:15pm AA-WeA-6 Atomic Layer Deposition of GeS Film for 3D Cross-
Point Memory Scaling, Myoungsub Kim, Y Kim, | Sohn, H Kim, Yonsei
University, Republic of Korea

Recently, the emergence of storage class memory (SCM) in the memory
hierarchy has attracted attention as a new role for improving the
performance of computing systems [1]. The 3D cross-point (X-point)
memory using chalcogenide amorphous materials as ovonic threshold
switching (OTS) selectors, is the most powerful product for SCM and
already requires future scaling research. The X-point memory of today's
planar 3D structure is expected to change to a vertical 3D X-point structure,
as in the history of NAND flash, so it is necessary to study chalcogenide ALD
for OTS application.

We present ALD study of GeS thin film motivated by the expectation of
lower off-current for device scaling and larger array implementations
because it is known to have higher optical bandgap than GeTe and GeSe
films, recently published in ALD studies [2][3]. The ALD GeS amorphous film
synthesis using commercially available GeCls precursor and H,S reactant
was minutely investigated on RF plasma, temperature effect and
interesting non-conventional saturation growth behavior. GeS films were
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identified quantitative composition and impurities level through auger
electron spectroscopy (AES) depth profile analysis, and the tunable Ge and
S composition ratio results were obtained by controlling the deposition
temperature and plasma power. And excellent thermal stability of GeS
amorphous film up to 600°C was confirmed using in situ heating X-ray
diffraction (XRD). In addition, atomic layer deposited GeS film was
confirmed the good conformality in the vertical 3D patterned wafer using
focused ion beam transmission electron microscopy (FIB-TEM).

Finally, the devices fabricated using ALD GeS were studied the scaling
effect of OTS electrical characteristics on the decrease of GeS film thickness
from 30nm to 5nm and the decrease of bottom electrode contact size from
80nm to 40nm. The achievement of a novel binary GeS ALD study for OTS
selector will contribute to the development of 3D X-point memory scaling
in the future.

[1] T. Kim et al., “High-performance, cost-effective 2z nm two-deck cross-
point memory integrated by self-align scheme for 128 Gb SCM,” Tech. Dig. -
Int. Electron Devices Meet. IEDM, vol. 2018-Decem, pp. 37.1.1-37.1.4, 2019.

[2] L. Cheng, V. Adinolfi, S. L. Weeks, S. V. Barabash, and K. A. Littau,
“Conformal deposition of GeTe films with tunable Te composition by
atomic layer deposition,” J. Vac. Sci. Technol. A, vol. 37, no. 2, p. 020907,
2019.

[3] W. Kim et al., “Atomic layer deposition of GeSe films using HGeCI3 and
[(CH3)3Si]2Se with the discrete feeding method for the ovonic threshold
switch,” Nanotechnology, vol. 29, no. 36, Jul. 2018.

3:00pm AA-WeA-9 Atomic Layer Annealing of AIN to Template The
Growth of High Thermal Conductivity Heat Spreader Films, S Ueda, A
MclLeod, University of California, San Diego, M Chen, C Perez, E Pop,
Stanford University; D Alvarez, RASIRC, Andrew Kummel, University of
California, San Diego INVITED
The low-temperature (<400 °C) deposition of polycrystalline AIN films is
demonstrated by atomic layer annealing (ALA) which is a variant of ALD
that utilizes a third pulse of ions in addition to the usual metal and co-
reactant pulses [1]. As transistor size continues to decrease, it becomes a
significant challenge to remove the heat generated during the operation of
microelectronic circuits. The use of electrically conductive heat spreaders
complicates 3D integration in VLSI CMOS or stack memory devices and
induces parasitic losses in RF MMICs. Crystalline AIN has a thermal
conductivity close to that of Cu and is a good electrical insulator making it
an ideal heat spreader material.

Using trimethyl aluminum (TMA) and the highly reactive nitrogen-
containing precursor hydrazine (N2Hs), AIN can be deposited at 200 °C [2];
however, these films are amorphous and would have low thermal
conductivity due to phonon scattering. Using tris(dimethylamido)
aluminum (TDMAA) or tris(diethylamido) aluminum (TDEAA) with N2Hs or
NHs at temperatures >350 °C, polycrystalline films can be deposited in a
purely thermal process; however, the reported grain sizes are small (<5
nm) or there is a mixture of polycrystalline and amorphous phases [3-4].
ALA has been used to deposit crystalline films such as AIN [1,5] and GaN [6]
at low temperature, but a nitrogen-containing plasma was used.

In the present study of AIN ALA, two metal precursors (TMA and TDMAA)
were compared using anhydrous N2Hs as a co-reactant and argon ions with
tuned energy for the third pulse. High-quality AIN films are deposited with
large grain size and low C/O contamination which can then be used as a
templating layer for further high-speed AIN film growth.

The deposition of high quality, stress controlled AIN films deposited by ALA
are successfully used as templates for thicker heat spreading layers
deposited via sputtering and polycrystalline sputtered AIN films with near-
record thermal conductivities of ~70 WmK? were obtained for sub-0.5
micron thick films.

[1] H-Y. Shih et al, Scientific Reports 7:39717.

[2] M. Mizuta et al, Japanese J. Appl. Phys. 25(12), L945-1L948 (1986).
[3] R. G. Gordon, U. Riaz, and D. M. Hoffman, J. Mater. Res., 7(7) (1992).
[4] A. I. Abdulagatov et al Russian Microelec. 47(2), 118-130 (2018).

[5] W-C. Kao et al, RSC Adv. 9, 12226-12231 (2019).

[6] W-H. Lee et al ACS Sustainable Chem. Eng. 7,1, 487-495 (2019).

Research was sponsored by ASCENT-JUMP-SRC-DARPA and the TDMAA was
donated by EMD.
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3:30pm AA-WeA-11 Precision Defect Engineering of
Metal/Insulator/Metal (MIM) Diodes Using Localized ALD Transition
Metal Impurities, Konner Holden, Y Qi, J Conley, Jr., Oregon State
University

Thin film MIM tunnel diodes are finding increased interest for high-speed
applications such as THz detection and energy harvesting. Asymmetry of
current density vs. field (J-E) (fasym= J7/J*) in MIM diodes is typically achieved
through the metal electrode work function difference (A®w). Using ALD to
form an asymmetric nanolaminate insulator tunnel barrier enables MIIM
diodes that exhibit enhanced low voltage performance due to "step
tunneling" in which electrons under one polarity tunnel through only the
wider gap insulator instead of both.! Replacing the narrow Eg insulator with
one containing intrinsic defects, further improves low £ performance via
"defect-enhanced direct tunneling" (Fig. 1).%3 Here, we investigate the
impact of intentionally introduced extrinsicdefects by using ALD to place Ni
at precise locations in an ALD Al,03 MIM tunnel barrier.

ALD of Al,03 on TiN bottom electrodes was performed at 200 °C using TMA
and H20. Five samples were prepared in which a baseline 100 ALD cycle
Al,03 sequence (10 nm thick) was interrupted by two ALD cycles of
Ni(*®2DAD), and O3, after either 25, 50, 75, or every 25 cycles of Al,Os (Fig.
1). Al was then evaporated through a shadow mask. As-deposited MIM
devices were tested with bias applied to the Al top electrode.

DC J-E sweeps of the 100 ALD cycle Al,Os-only device show Fowler-
Nordheim tunneling (FNT) at high &, with fasym> 1 due to AOw = 0.2 eV (Fig.
2). The addition of Ni cycles in all cases leads to an increase in J at low &,
suggesting defect-related conduction. At high &, however, J of all Ni
containing devices is lower than the baseline 100 c device, suggesting
suppression of FNT. The 25/2/75 and 75/2/25 (Al.0s/NiO/Al,Os) devices
show reversed polarity asymmetry to the 100 c device, while the
symmetrically doped 50/2/50 and 25/(2/25)x3 devices are roughly
symmetric. The reduction in J at large negative &, faym reversal, and
reduced J-E slope for the Ni devices suggest the presence of negative
charge in the AlOs. Internal photoemission (IPE) spectroscopy reveals
modified metal/insulator barrier heights and MIM and MOS CV sweeps
(Fig. 3) show positive shifts in V(Cmin) and Vs, respectively, for all Ni
devices. Taken together, these results suggest negative charge in the Al,O3
associated with the ALD Ni impurities.

The asymmetry reversal demonstrates the potential of ALD for precision
defect engineering of MIM tunnel devices. J-E, C-V, temp-IV, frequency-CV,
IPE, TEM crosscuts, and annealing will be presented.

1. Alimardani et al., Appl. Phys. Lett. 102, 143501 (2013).
2. Alimardani et al., J. Appl. Phys. 116, 024508 (2014).
3. Alimardani and Conley, Jr., Appl. Phys. Lett. 105, 082902 (2014).

3:45pm AA-WeA-12 Two-Dimensional Electron Gas at the Interface of an
Atomic-Layer-Deposited Binary Oxides Ultrathin (< 5 nm) Film
Heterostructures, T Park, Ji Hyeon Choi, T Seok, Y Liu, Hanyang University,
Republic of Korea; J Jang, Korea Basic Science Institute, Republic of Korea; S
Lee, Ajou University, Republic of Korea; D Cho, Chonbuk National
University, Republic of Korea

Recently, two-dimensional electron gas (2DEG) has attracted great
attention due to its presence at various heteroepitaxial perovskite oxide
interfaces. Typically, epitaxial LaAlOs/single-crystal SrTiOs (LAO/STO)
heterostructure shows high density of electrons (~10*3-10* cm?) confined
at the oxide interface, where the density is about ~100 times higher than
that of a typical semiconductor interface (~10%*-10*? cm).[1] Creation of
2DEG is conventionally defined on the basis of discontinuity in polarity
linked with the difference in the charge of the atomic layers. Simply, it can
be described as half an electron being transferred to the interface to avoid
the potential divergence, ‘polar catastrophe’.[2] Another mechanism is
associated with the generation of oxygen vacancies (Vo) at the surface of
the STO layer during LAO or Al;Os layer deposition, acting as electron donor
for the 2DEG formation. It provides an opportunity for 2DEG realization for
various oxide heterostructures and fabrication processes. Recently, we
reported Vo, generation mechanism-based 2DEG formation process using
atomic-layer-deposited (ALD) ultrathin (¥10 nm) binary metal oxide
heterostructure. 2DEG layer can be formed at the interface of Al,03/TiO>
heterostructure on a thermally oxidized SiO./Si substrate at a low
temperature (< 300 °C) without any epitaxial layer.[3] The Al.Os/TiO.
heterostructure has comparable electrical properties with typical LAO/STO
epitaxial 2DEG system at room temperature (sheet carrier density, ns=
~10** cm?, electron mobility, w.= ~4 cm?Vis?). An in-situ resistance
measurement directly demonstrated that the resistance of the oxide
heterostructure interface dropped significantly with the injection of
Wednesday Afternoon, July 1, 2020
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trimethylaluminum (TMA) molecules, indicating that V., were formed on
the TiO: surface during the TMA pulse in the ALD of the Al;Os film, such
that they provide electron donor states to generate free electrons at the
interface of the ultrathin Al,O3/TiO: heterostructure.[4] In this work, we
demonstrate improved field-effect transistors (FETs) using ultrathin
Al,05/TiO; heterostructure 2DEG system with a high on-current (lon > ~12
A/m), low off-current (lor ~10® A/m), high on/off current ratio (lon/loft >
~108), and low subthreshold swing (SS ~100 mV/dec.), which outperforms
the oxide heterostructure-based FETs reported so far. Ultrathin (~7 nm)
TiO2 bottom layer is easy to fully depleted, allowing an extremely low lof
and low SS with maintaining high lonvia 2DEG channel with a high carrier
density at the interface. The heterostructures with the other ultrathin
oxide combinations (< 5 nm) were also studied.
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