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Abstract

This thesis work is part of the NFFA-Digital Infrastructure (NFFA-DI) project, which
aims to build an integrated system for research data management by applying FAIR-
by-design principles to all experimental and computational resources.

The goal of this work is to develop a plugin for the NOMAD platform dedicated to
the FAIR management of data generated by the Pulsed Laser Deposition (PLD)
instrument, called PLD-MODA, installed in the MODA laboratory at CNR-SPIN in
Naples. This is complemented by the development of a Python script designed to
automate the transfer of data from the local eLabFTW instance to NOMAD.

The PLD-MODA system is integrated with a RHEED (Reflection High-Energy
Electron Diffraction) instrument, which enables in situ monitoring of film thickness
during deposition. Currently, data related to the fabrication processes are stored by
filling out experiment forms in eLabFTW, with the option of attaching RHEED files.
The developed plugin enables structured management of this data, translating
eLabFTW metadata into quantities that conform to the common vocabulary of NFFA-
DI. The Python script performs data mapping, reorganizes it into the “NOMAD
Archive” format, and automatically uploads it to the plugin, reducing the risk of
manual errors.

The methods used included the analysis of current laboratory practices, the
understanding of data models of both platforms, and the design of a conversion
pipeline to standardized formats (JSON and CSV). Particular attention was paid to
preserving the original scientific meaning of metadata during the conversion process,
ensuring that the transfer maintains the informational value of the data in full
compliance with FAIR principles.

The result is a fully automated pipeline for populating the NOMAD plugin fields from
eLabFTW data. This solution represents a concrete example of FAIR interoperability,
offering a replicable model for other instruments and laboratories. In doing so, the
work contributes to the goals of the MDMC program and the NFFA-DI project in
promoting open, standardized, and distributed data management.
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Introduction

In recent years, the scientific community has been facing a new challenge: the storage,
management, and interpretation of an unprecedented amount of data. This shift affects
numerous scientific fields, ranging from those historically linked to data processing,
such as particle physics, astrophysics, and biology, to medical, human, and social
sciences. The world of work has also been impacted by this digital transformation: in
many sectors of the value chain, especially in industry, several stages of production
are now automated and digitized.
The impact of this transformation represents a cultural and industrial revolution,
capable of profoundly reshaping social and productive relationships, much like what
happened in the 18th century with the advent of the first machine tools powered by
Watt’s steam engine.
As Antonio Zoccoli, president of INFN, states in the magazine Asimmetrie: "The
challenge for the coming years, both for the scientific and industrial worlds, will be,
on one hand, to develop computing infrastructures capable of transferring, storing,
and processing the big data that will be produced—also through the development of
new technologies—and on the other hand, to develop new techniques and algorithms
that can efficiently extract relevant information from this sea of data. Lastly, society
must be able to train a new generation of young people with the skills and expertise
needed to face and overcome these challenges.” [1]
In this scenario, scientific progress increasingly depends on researchers' ability to
share, reproduce, and build upon the results achieved by their peers. The digital age
has revolutionized scientific data management, opening up new opportunities but also
posing major challenges in terms of preservation, access, and sharing. Within this
context, the principles of Open Science and the FAIR criteria (Findable, Accessible,
Interoperable, Reusable) play a crucial role, offering a framework to make data more
accessible and reusable, while also ensuring research reproducibility, data longevity,
and greater interdisciplinary collaboration.
The NFFA-DI project (Nanoscience Foundries and Fine Analysis — Digital
Infrastructure) was conceived as a concrete response to these needs in the field of
nanoscience, creating a network of laboratories that share both physical and digital
infrastructures to facilitate research and innovation. Funded by the Italian National
Recovery and Resilience Plan (PNRR) with a budget of approximately 34 million
euros (2023-2025), the project enhances the NFFA infrastructure already active at the
9



European level since 2015 under the coordination of CNR-IOM [2][3].

NFFA-DI brings together eleven operating units across Italy, involving four major
research institutions: the National Research Council (through the I0M, IFN, IMM,
ISM, NANOTEC, and SPIN institutes), the Area Science Park in Trieste, the PoliLab
at the Polytechnic University of Milan, and the University of Milan. Once completed,
the project will offer peer-reviewed access to more than 80 scientific instruments,
organized into 55 techniques and 5 distributed facilities, covering the full spectrum of
technology readiness levels in nanotechnology [2].

A particularly innovative aspect of NFFA-DI is the adoption of a FAIR-by-design
approach through the development of the Overarching FAIR Ecosystem for Data
(OFED). This system will ensure interoperability between samples, protocols, and
data, enabling automatic metadata acquisition throughout the entire experimental life
cycle and data sharing according to common standards. This will foster the
advancement of nanoscience in Italy and its integration into the European context
[2][3].

The Master's in Data Management and Curation (MDMC), offered by SISSA in
Trieste in collaboration with Area Science Park, fits perfectly within this framework,
aiming to train professionals capable of managing scientific data according to FAIR
principles.

The MODA laboratory at CNR-SPIN in Naples, where | conducted my internship, is
one of the nodes of the NFFA-DI network. Among the available techniques, this thesis
focuses on Pulsed Laser Deposition (PLD), used for the growth of thin films and the
fabrication of heterostructures. The experimental data collected includes process
parameters and characterization results from RHEED (Reflection High-Energy
Electron Diffraction), a tool that enables real-time monitoring of the deposited film
thickness. RHEED data is typically provided as images (.png) and as a .txt file
containing four tab-separated columns with time and intensity measurements.
Currently, the laboratory stores this data in the eLabFTW instance, which includes a
customized experiment module for PLD. This module allows users to fill in
experiment parameters and attach RHEED files. However, to make this data
compliant with FAIR principles and facilitate its sharing with other nodes in the
network and with the scientific community, a more structured solution is required.

This thesis arises from this need and revolves around two main tools:

e The development of a plugin for the NOMAD platform, identified as the
central repository of the NFFA-DI project, specifically designed to handle
PLD-RHEED data;

e The creation of a Python script that, acting as an external parser, maps the
metadata present in the eLabFTW experiment modules to a common
vocabulary and automatically sends them to the NOMAD plugin.

Thesis Objectives
10



The four main objectives of this work are:

1. Develop a plugin for the NOMAD platform dedicated to managing the PLD

and RHEED data produced in the MODA laboratory.

Implement a Python script for the automatic transfer of data from eLabFTW
to NOMAD, ensuring compatibility.

Demonstrate how the integration between different systems can support the
practical application of FAIR principles in a research lab.

Provide a replicable case study for other laboratories in the NFFA-DI network
or similar contexts.

Thesis Structure

The work is divided into four chapters:

Chapter 1: Introduction to Open Science, FAIR principles, and FAIR-by-
design tools (eLabFTW, NOMAD, DMP).

Chapter 2: Description of the MODA laboratory and the PLD technique, with
a focus on current data management practices.

Chapter 3: Development of the NOMAD plugin and the Python script, with
analysis of design choices, challenges faced, and solutions adopted.

Chapter 4: Conclusions and future perspectives, with an evaluation of the
effectiveness of the proposed solution in terms of adherence to FAIR
principles.

11



Chapter 1:
Open Science and FAIR Principles

This chapter explores the theoretical and methodological context of the thesis project,
focusing on three main aspects: Open Science and its benefits for research, the FAIR
principles, with an emphasis on interoperability, and the tools used for managing
scientific data, such as eLabFTW, NOMAD, and Data Management Plans (DMP).
These topics are addressed to prepare the reader for the practical understanding of the
work presented in Chapter 3, which aims to implement the FAIR principles in
materials science, promoting interoperability between local systems and broader
infrastructures.

1.1 Introduction to Open Science

Open Science represents a transformative approach to scientific research, aiming to
make knowledge, methods, and scientific results accessible at all levels of society. It
encompasses a set of practices that promote transparency, collaboration, and
knowledge sharing throughout the entire research process: from initial planning to
data collection, from analysis to publication, and finally to the reuse of results.

The European Commission defines Open Science as "a new approach to the scientific
process based on cooperative work and new ways of disseminating knowledge
through the use of digital technologies and new collaborative tools” [4]. This
paradigm shift in how research is conducted and communicated is radically changing
the scientific landscape, moving from closed and isolated research environments to
more open and collaborative ecosystems.

The fundamental principles of Open Science include [5]:

e Open Access to Publications: Making scientific publications freely available
to anyone, removing paywalls and subscription barriers that limit the spread
of knowledge.

e Open Research Data: Sharing the data underlying scientific discoveries,
allowing verification, reanalysis, and reuse.
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e Open Source Research Software: Making publicly available the software
and code used in research to ensure reproducibility and promote the
development of existing tools.

e Open Methodologies: Providing detailed descriptions of research methods to
enable others to replicate studies.

e Open Peer Review: Making the peer review process more transparent and
accountable.

e Citizen Science: Engaging citizens and non-professional scientists in research
projects and data collection

The benefits of Open Science for research are numerous. First, it improves the
reproducibility of scientific results, addressing what has been called a "reproducibility
crisis™ in many fields. When data, methods, and analysis procedures are publicly
available, other researchers can verify the results and strengthen confidence in
scientific knowledge.

Second, Open Science accelerates innovation, enabling researchers to build more
quickly on others' discoveries. Access to previous data and methodologies reduces
redundant efforts and allows resources to be focused on new investigations. This
collaborative approach often leads to interdisciplinary insights that might be lost in
more isolated research environments [5].

Third, Open Science promotes inclusivity, democratizing access to scientific
knowledge and tools. Researchers from institutions with fewer resources or from
developing countries can access data and publications they would otherwise not be
able to afford, fostering a fairer global scientific community.

Finally, Open Science increases the social impact of research by making scientific
knowledge more accessible to policymakers, industry, and the general public. This
broader access facilitates evidence-based decisions and helps bridge the gap between
research and practical applications.

The European Open Science Cloud (EOSC) project represents one of the most
ambitious initiatives to implement the principles of Open Science on a large scale.
Launched by the European Commission, the EOSC aims to provide a "research data
commons," a common environment for the storage, management, analysis, and reuse
of research data across national and disciplinary boundaries [6].

In this context, proper management and care of research data is essential to make
the principles of Open Science feasible. As highlighted in the September 2009
editorial of Nature, "Data's Shameful Neglect,” research "cannot thrive if data is not
stored and made accessible™ [7]. From this awareness, the FAIR principles were born,
providing a framework to ensure that data can truly serve the goals of Open Science.
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1.2 The FAIR Principles: An Overview with a
Focus on Interoperability

The FAIR principles, first published in 2016 by Wilkinson et al., provide guidelines
to improve the Findability, Accessibility, Interoperability, and Reusability of
digital resources, particularly data [8].

These principles emphasize the importance of making data accessible not only to
humans but also to machines, which must be able to find, understand, and reuse them
automatically. This plays a crucial role in the era of big data and complex
computational analysis.

The four FAIR principles can be summarized as follows [9]:

e Findable: data must be easily discoverable by both humans and automated
systems. To this end, each dataset must be associated with a globally unique
and persistent identifier (PID), described by rich metadata that explicitly
include the identifier. Moreover, metadata should be indexed in searchable
resources (such as repositories and search engines) and contain clear
information about the data version.

e Accessible: itis essential that the protocols for accessing the data are explicitly
defined, valid for both human users and machines. These protocols must be
standardized, open, free of charge, and universally implementable. If
necessary, mechanisms for authentication and authorization should be
provided, without preventing access to metadata even when the data
themselves are no longer available.

e Interoperable: data must be able to integrate with other datasets and be usable
in different applications or workflows for analysis, storage, and processing.
This requires the adoption of shared, formal, and accessible languages for
representing information, the use of common vocabularies compliant with the
FAIR principles, and the inclusion of qualified references to related data and
metadata.

e Reusable: the ultimate goal is to maximize the reuse of data, both by humans
and machines. This requires that data and metadata be described in a
comprehensive manner, with accurate and relevant attributes, accompanied by
clear and accessible usage licenses, detailed provenance information, and
compliance with the standards of the relevant scientific community.

Although all four principles are essential, interoperability plays a central role in this
thesis, as it represents the necessary condition for integrating heterogeneous data
within automated workflows. Therefore, it is useful to delve deeper into this concept.
In practical terms, interoperability means that when data come from different sources
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or tools and need to be analyzed together, this can happen without complex manual
interventions. In scientific contexts, interoperability implies that data and metadata
are structured in a machine-readable way, enabling the automatic integration between
different tools, systems, and processes [10].

In the context of the MODA laboratory, interoperability is manifested in the need to
transfer structured data from eLabFTW, the local experimental data management
system, to NOMAD, a repository adhering to the FAIR principles. This process
involves not only a technical transfer but also the preservation of the semantic
meaning of the data so that it can be understood and used by other researchers and
automated systems.

Interoperability unfolds in three key levels, each contributing to ensuring smooth
data exchange between systems [10]:

e Structural Interoperability: This concerns the organization of data
according to standard schemas, so that systems interpret fields consistently.
The plugin developed in this thesis adopts a structure consistent with the
NOMAD data model.

e Syntactic (or Technical) Interoperability: This refers to the use of common
formats that are readable by different systems, such as JSON and CSV. The
Python script created converts data into these formats, making them
interpretable by NOMAD.

e Semantic Interoperability: This is the most advanced level and concerns the
use of shared vocabularies, ontologies, and global identifiers to ensure that the
meaning of data is understood by both machines and humans. In this work, the
parser implements a semantic mapping between the terms used in eLabFTW
and those of the common vocabulary adopted by NFFA-DI.

Ontologies play a key role in semantic interoperability. An ontology represents a
formal and structured modeling of knowledge within a specific domain, explicitly
defining concepts, relationships between those concepts, and properties that
characterize them. In summary, an ontology is a formal description of a field of
knowledge [10].

In scientific data management, ontologies provide structured vocabularies that define
the meaning of terms and their relationships. In materials science, for example, they
enable consistent descriptions of properties, experimental techniques, and units of
measurement, facilitating collaboration between laboratories and the exchange of
data.

In the NFFA-DI project, the use of shared ontologies is particularly important to
ensure interoperability between the various nodes of the network [10]. The PLD-
MODA plugin developed in this thesis fits into this scenario, aligning the vocabulary
used in the MODA laboratory with that of the NFFA-DI infrastructure.

In addition to ontologies, standardized formats significantly contribute to
interoperability. In the context of scientific experiments, the NeXus format, based
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on HDF5, provides a unified structure and a field name dictionary to represent
experimental data consistently. A parallel thesis project to this one aims to generate
NeXus files for the MODA laboratory’s XPS (X-ray photoelectron spectroscopy)
tool.

Ultimately, interoperability of data accelerates scientific research by enabling:

e Combining data from different sources

e Applying heterogeneous analysis tools

e Transferring workflows between different environments
e Building on existing data without manual reconversion
e Collaboration between institutions and disciplines

This thesis focuses on improving interoperability through the development of tools
that integrate local experimental systems (eLabFTW) with FAIR repositories
(NOMAD), making data from techniques such as PLD and RHEED immediately
integrable into the centralized OFED (Overarching FAIR Ecosystem for Data)
ecosystem, the future central system for FAIR data management within the NFFA-DI
infrastructure [11].

1.3 Some Tools for FAIR Data Management

To concretely implement the FAIR principles in research data management, several
dedicated tools have been developed. This section describes three fundamental
elements: the electronic laboratory notebook eLabFTW, the FAIR repository
NOMAD for materials science, and the Data Management Plan (DMP), which
guides the planning of data management with a FAIR-by-design approach.

The interest in introducing eLabFTW and NOMAD lies in the fact that they are
central components of this thesis work and will be discussed further in the following
chapters. Moreover, during the internship, a specific DMP was drafted for the
activities of deposition using PLD, with the aim of planning and documenting data
management according to the FAIR principles.

1.3.1 eLabFTW

eLabFTW is an open-source platform designed to replace paper laboratory notebooks
with a complete electronic system for managing experimental data [12]. This
Electronic Lab Notebook (ELN) offers several features that support the FAIR
principles:
e Findability: by enabling structured organization of data through tags,
categories, and advanced search functions.
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e Accessibility: by providing granular controls for data access and sharing,
enabling secure collaborations.

e Interoperability: through its API, it can integrate with other systems and
tools, facilitating data flow across different platforms.

e Reusability: through the use of customizable templates and structured forms,
eLabFTW promotes data standardization and complete documentation of
experiments [12].

The structure of eLabFTW is based on two main entities: "Experiments' and
""Resources™ [12]. Experiments represent the core of the electronic lab notebook,
allowing users to thoroughly document experimental activities, attach files, use tags
and categories, and create customized templates. Resources, on the other hand, form
a shared team-wide database where materials, instruments, or protocols can be
recorded, and equipment bookings can be managed through an integrated calendar.
This distinction facilitates the organized and collaborative management of
information within the laboratory.

eLabFTW implements a user management system with different levels of access:
Users can create and edit their own experiments; Administrators can manage
resources, configure team settings, and define permissions; finally, Archive Users are
deactivated accounts that retain read-only access to previously entered data. This role
system ensures precise control over the visibility and editability of information,
promoting data security and integrity.

Within the context of the MODA laboratory at CNR-SPIN, eLabFTW is used to
record the experimental parameters of Pulsed Laser Deposition (PLD) and the
associated RHEED data. This thesis specifically addresses the challenge of exporting
these structured data towards a system more oriented toward sharing and
discoverability, while preserving their original semantic meaning — a key aspect to
ensure semantic interoperability.

1.3.2 The FAIR Repository NOMAD

NOMAD (Novel Materials Discovery) is a free and open-source platform for
scientific data management, developed by the FAIRmat consortium. Recognized as
a reference infrastructure in the field of materials science, it was initially created to
ensure the FAIR management of numerical simulation data and was later extended to
integrate experimental data as well [13], [14].

Data published on NOMAD follow a hierarchical structure defined by the "NOMAD
Metainfo" schema, which formally establishes how metadata should be organized
and referenced [12].

The metainfo forms the semantic core of the infrastructure: it is a formal language
for the description of scientific metadata, based on YAML (YAML Ain’t Markup
Language), a human-readable serialization format used to represent complex data

17



structures clearly and hierarchically [15], [14]. The YAML schema defines classes,
properties, data types, and relationships between scientific entities such as materials,
instruments, acquisition parameters, experimental procedures, and results.

Each definition in the YAML schema can conceptually be considered similar to a
Python class, where properties correspond to attributes. However, while Python
classes also contain methods (behaviors), the YAML schema focuses exclusively on
the structure and meaning of data. Like object-oriented programming languages, the
YAML schema supports hierarchy and inheritance, allowing existing entities to be
extended in a way that remains consistent with the predefined ontology [14].

This semantic compatibility between YAML schemas and object-oriented
programming makes it straightforward to define new entities even in Python
environments, where they can be dynamically represented or reused through
inheritance mechanisms. This enables the development of new plugins that extend the
NOMAD schema with custom schemas, promoting the integration of schemas related
to new methodologies and techniques that can interact with existing ones, enriching
the NOMAD ecosystem.

It is within this context that the work of this thesis is situated: the development of a
custom schema for the PLD-RHEED data from the MODA laboratory, which will
be described in Chapter 3.

A key feature of the NOMAD infrastructure is the portability of the schema: the
metainfo is not restricted to the web environment of the platform but can also be used
externally, provided that the serialization specifications are respected (specifically,
the generation of the archive.json file).

This flexibility underpins the Python script developed as part of this work, which
allows experimental data from the eLabFTW platform to be converted into an
archive.json file compliant with the custom plugin schema.

Moreover, thanks to the RESTful APIs provided by NOMAD, which enable the
direct integration of NOMAD with external pipelines, it is possible to automatically
upload these data via a Python script. In this case, the upload was performed using the
curl command in the following format:

curl -X POST 'http://nomad-lab.eu:8000/prod/vl/oasis/api/vl/uploads?token=<TOKEN>' -T
<local_file>

For correct uploading, as will be illustrated in Chapter 3, the data must be enclosed in
a .zip archive containing both the archive.json file structured according to the plugin
schema and the data files converted into formats compatible with the supported
reading functions.

This operation allows the data to be integrated into the NOMAD Repository, where
they are stored in both raw and derived forms, and subsequently normalized in the
NOMAD Archive, making them searchable and comparable on a large scale. The
architecture of NOMAD also includes the NOMAD Parser Framework, which
enables the automatic reading of files from various experimental instruments and
computational codes, and the NOMAD Oasis, a local instance of the repository useful
in contexts with data-sharing restrictions.

In summary, the approach followed in this work did not require the creation of a parser
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integrated into NOMAD, but rather leveraged the transparency and portability of the
metainfo schema, which represents a shared and accessible standard for the
formalization of scientific data. This made it possible to achieve full interoperability
between the laboratory system (eLabFTW) and the FAIR infrastructure of NOMAD,
without compromising the autonomy of the systems involved.

This operation enables the integration of data into the NOMAD Repository, where
they are stored both in raw and derived form, and subsequently normalized in the
NOMAD Archive, making them searchable and comparable on a large scale [14].
The architecture of NOMAD also includes the Parser Framework, a modular
infrastructure written in Python that enables the automatic reading of files from
experimental instruments or computational codes and their conversion into the
archive.json format [13]. Moreover, NOMAD offers the NOMAD Oasis, a local
instance of the repository, particularly useful in contexts subject to data-sharing
restrictions or requiring on-premises infrastructures [13][14].

In summary, the approach followed in this work did not require the creation of a parser
integrated into the NOMAD backend but leveraged the transparency and portability
of the Metainfo schema, which represents a shared and accessible standard for the
formalization of scientific data [13]. This made it possible to achieve full
interoperability between the laboratory system (eLabFTW) and the FAIR
infrastructure of NOMAD, without compromising the autonomy of the systems
involved.

1.3.3 Data Management Plan (DMP)

The Data Management Plan (DMP) represents a fundamental tool for implementing
a FAIR-by-design approach in the management of a laboratory’s research data,
serving as a living document that describes how data will be collected, organized,
stored, and shared during and after a research project [17].

The importance of DMPs is recognized by many funding organizations, including the
European Commission, which requires a DMP as part of projects funded under
Horizon 2020 and Horizon Europe. This reflects a growing awareness of the value
of data as a scientific resource that must be managed responsibly [17].

An effective DMP must include several key elements: general information about the
project; a detailed description of the datasets that will be used or generated, specifying
their type, format, and expected volumes; an indication of the metadata, standards,
and ontologies adopted; the organization of the data and naming conventions; storage
solutions and preservation strategies; the methods, timing, and locations for data
sharing and publication; ethical and legal issues related to privacy, intellectual
property, and licensing; the management of research outputs other than data and
publications; as well as the costs and personnel dedicated to data management [17].
Compliance with the FAIR principles is ensured through specific measures:
Findability is achieved by assigning persistent identifiers and detailed metadata,
enriched with keywords to optimize discoverability; Accessibility is implemented
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through deposition in trusted repositories with standardized access protocols;
Interoperability is achieved by adopting common vocabularies and standards that
facilitate data exchange and reuse across different disciplines; finally, Reusability is
promoted through comprehensive documentation, standard reuse licenses, and
accurate recording of data provenance.

A detailed discussion of DMPs is beyond the scope of this thesis; nevertheless, it is
worth highlighting that during my internship at the MODA laboratory, we drafted
DMPs for two PLD instruments: PLD-MODA (for which the NOMAD plugin was
developed) and PLD-AREA. This experience represented a good practice that | hope
will continue to be maintained in the laboratory, contributing to more structured data
management aligned with the FAIR principles.
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Chapter 2:
The MODA Laboratory and the PLD
Technique

The MODA laboratory is one of the laboratories at the Naples site of the CNR-SPIN
Institute (SuPerconductors, oxides and other INnovative materials and devices),
part of the National Research Council of Italy. As part of the NFFA-DI project,
the laboratory will become part of a larger UHV (Ultra High Vacuum) cluster
dedicated to the in situ growth and characterization of thin films and epitaxial
multilayers [18].

This chapter presents the mission of the laboratory, the available instrumentation, and
the workflow currently adopted. Subsequently, for the purposes of this thesis, the
focus will be placed on the PLD-RHEED technique, illustrating its physical
principles, operation, the data generated, and their current management within the
laboratory.

2.1 The MODA Laboratory: Mission and
Experimental Infrastructure

MODA (Modular Facility for Oxide Deposition and Analysis) is a modular facility
for the deposition of oxides and the in situ analysis of thin films and epitaxial
multilayers [18][19], meaning layers of material just a few nanometers or micrometers
thick, deposited on a substrate in such a way as to replicate the crystal structure of the
underlying material. Epitaxy allows for the production of films with high crystalline
quality and precise orientation, which find applications in advanced electronics,
semiconductor device fabrication, sensing technologies, and medical devices.

The laboratory is structured into sections, each with a specific experimental function:

e The thin film growth area hosts equipment for the precise creation of
material layers, including the pulsed laser deposition (PLD) system.
e The materials characterization area includes the X-ray photoelectron
spectroscopy (XPS) instrument and other analytical tools.
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e The sample preparation area provides a clean space for the preparation of
substrates and samples
e The data analysis workstations occupy another section, where specialized

analysis software is run.

The laboratory is involved in numerous research projects and collaborates extensively
with universities, research institutes, and industrial partners across Europe. This
network of collaboration enables the sharing of knowledge and pooling of resources.
At the MODA laboratory, various techniques are used for the growth and
characterization of thin films. The main fabrication technique is pulsed laser
deposition (PLD), which allows the production of epitaxial films by precisely
controlling parameters such as laser energy, substrate temperature, and chamber
pressure. For characterization, the central instrument is X-ray photoelectron
spectroscopy (XPS), which provides chemical and electronic information. Other
techniques include AFM, STM, X-ray diffraction (XRD), and electrical transport
measurements.

Each technique generates data in different formats, with specific requirements
regarding metadata. Some rely on proprietary software, while others use open
standards: this heterogeneity represents a challenge in creating a unified data
management system

Figure 2.1 — Techniques available in the MODA laboratory. Source: https: //WWWtweet spin. cnr.imoda

(accessed: April 2025).
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2.2 The PLD-RHEED Technique: Physical
Principles and Data Management

The Pulsed Laser Deposition (PLD) technique, integrated with real-time monitoring
through Reflection High-Energy Electron Diffraction (RHEED), represents the
core of the epitaxial growth process in the MODA laboratory. This section describes
the physical operating principles of the two instruments and how they work
synergistically during depositions. It also analyzes the nature of the data generated by
this technique and the current management methods within the laboratory.

The information reported regarding the operation and characteristics of the PLD-
MODA instrument, including technical specifications and integration with the
RHEED system, is largely drawn from the Data Management Plan (DMP) prepared
for the MODA laboratory.

2.2.1 PLD-MODA: Physical Principles, Generated Data
and Their Management

Pulsed Laser Deposition (PLD) is a physical vapor phase deposition technique that
uses high-energy laser pulses to vaporize a solid target, transferring material onto a
substrate. When the target is struck by laser pulses, it generates a plasma plume that
expands inside the deposition chamber and condenses onto the heated substrate,
forming a thin film [20]. The spatial distribution of the plume depends on the pressure
inside the PLD chamber. The process can occur either in ultra-high vacuum or in the
presence of a background gas, such as oxygen, commonly used during oxide
deposition to fully oxygenate the deposited films.

The PLD-MODA system is manufactured by Demcon - TSST, and it uses an
Excimer laser with a wavelength of 248 nm, capable of operating with a fluence
between 0.5 and 2.5 J/cm? [21]. The process takes place in a controlled environment,
with oxygen or argon pressures ranging from 5x10-¢ mbar to 0.1 mbar, and a substrate
temperature varying between 20 °C and 850 °C thanks to resistive heating [21]. The
chamber maintains a base vacuum lower than 107 mbar, ensuring ideal conditions
for the epitaxial growth of complex oxides.

The flexibility of the PLD-MODA system is guaranteed by the ability to host up to
three interchangeable targets and by fully motorized sample positioning along five
degrees of freedom (x, vy, z, 0, ¢), allowing precise and controlled deposition on
samples up to 10x10 mm?2 in size [21].

The software dedicated to PLD-MODA, developed by the manufacturer and
implemented in LabVIEW, allows graphical visualization of the operational
parameters (such as Heater temperature, Heater setpoint, Chamber pressure) as a
function of time, and records them at a frequency of 1 Hz in a .csv file. This file is
generated daily and contains the data of an entire day, regardless of how many
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samples have been produced. For now, these data have been excluded from the
FAIRification process and from submission to NOMAD, as they are considered
redundant; however, it is not ruled out that in the future they may also be included in
this process.

The key fabrication process data are entered by the user into an appropriate
eLabFTW experiment template belonging to the DEPOSITION category. This is
done by populating a metadata vocabulary that is inserted as additional fields within
the experiment. An example of an eLabFTW experiment filled out by myself is
shown in Figure 2.2.

Wity ol members oftheteam
e

« % 9 ®oa
F ]

AN TEXT

Test Experiment

Sample

ATTACHED FILES|

Figure 2.2: Example of an eLabFTW experiment | filled out for data
related to the PLD fabrication process

These metadata are divided into three types, depending on what they represent and
how they are managed by eLabFTW: items-type metadata, number-type metadata,
and select-type metadata.

Items-type metadata are populated with entities already instantiated in eLabFTW,
which are the Resources, and refer specifically to resources used during the
experiment. These are provided by the following fields:

e Chamber: depending on the deposition chamber used, it can be populated
with one of the two resources, PLD chamber I and PLD chamber I1, belonging
to the Process Instrument category.
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e Sample: can be populated with a resource belonging to the Sample category
and titled with the name given to the sample. For the sample name, a standard
like NA-25-001 has been adopted, where NA stands for Naples and indicates
the location of the laboratory, 25 indicates the year, and 001 is a unique
incremental identifier. The abbreviation of the material used as the substrate
may follow.

e Target: can be populated with a resource belonging to the PLD Target
category, containing information about the material used as the target.

When these fields are instantiated with their value, eLabFTW associates the entityid
of the resource used. This enables these data to become clickable on the eLabFTW
interface (in fact, they appear in blue, as shown in Figure 2.2) and point directly to the
related resource, allowing its attributes to be explored.

Number-type metadata consist of fields where the user can enter numerical values,
either integers or floats, and define measurement units. In our case, these are provided
by the following fields:

e Thickness: populated with the thickness of the layers deposited from the
target, using appropriate units, usually u.c.

e Process pressure: populated with the pressure value inside the vacuum
chamber during the deposition process, typically measured in mbar

e Heater temperature: populated with the heater’s temperature value, typically
measured in °C

e Repetition rate: populated with the laser's pulsing frequency expressed in Hz

e Laser Fluence: populated with the laser intensity expressed in J/(s cm?)

Select-type metadata consist of fields where the user can instantiate a menu of
possible choices and select one during data entry. In our case, the only select-type
metadata is Buffer gas, for which it is possible to choose between O:, N2, and Ar.
We have explored the metadata vocabulary implemented by the user in the
laboratory's eLabFTW instance, distinguishing between items-type, number-type,
and select-type metadata, as this classification will be fundamental in Chapter 3.
There, we will see how this information is structured in the JSON file exported by
eLabFTW, how it is extracted through the developed parser, and how it is translated
into a common vocabulary, implemented in the plugin dedicated to the PLD-MODA
system.

2.2.2 RHEED-MODA: Physical Principles, Generated
Data and Their Management

The PLD-MODA apparatus is integrated with a high-pressure RHEED (Reflection

25



High-Energy Electron Diffraction) monitoring system, designed to operate in-situ up
to 10t mbar thanks to a differential pumping system. RHEED analysis allows
monitoring of the crystallinity, surface roughness, and layer-by-layer growth of the
thin film, providing dynamic control over the entire deposition process [22], [23].
During PLD deposition, an electron beam strikes the sample surface tangentially,
undergoing reflection diffraction. The diffracted electrons are collected on a
fluorescent screen, where a diffraction pattern appears depending on the crystalline
structure of the deposited material, as shown in Figure 2.3.

Figure 2.3: RHEED diffraction image acquired during a PLD deposition using the kSA 400 system. The incident
electron beam and the diffraction maxima are highlighted. Image taken at the MODA laboratory, with
annotations by the author..

If the deposited material is in an amorphous state — that is, lacking crystalline order
— the incident beam is simply reflected without generating a visible diffraction
pattern. As deposition continues, the material progressively tends to organize itself
following the crystalline structure of the substrate, behaving like a diffraction lattice.
During this orderly process, an increasingly sharp diffraction pattern appears on the
screen, indicating the quality of the epitaxial growth.

The electron beam used in the RHEED-MODA system can reach energies up to 30
keV, with a diameter smaller than 100 um. The intensity of the diffracted patterns is
acquired in real time using the kSA 400 software [24], which allows the selection of
regions of interest around the diffraction maxima — typically the central maximum
and the two first-order maxima.
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The software records the light intensity in these areas over time, generating an output
file in .txt format, containing four tab-separated columns: the first reports the
acquisition time, while the next three contain the intensities recorded for each selected
maximum. An example of such a file produced by the RHEED system is shown in
Figure 2.4.

i i i E [m] X
= Real-time-Region-Analysis-Peak-li X +
File  Modifica  Visualizza D & B
b.@@@@@@e+@@ 1.394@43e+01 9.,997559e+01 2.211914e+01 |
2.100000e-02 1.374512e+01 9,997559%9e+01 2.233887e+01
4.100000e-02 1.394043e+01 9,997559%e+01 2.250977e+01
6.100000e-02 1.420898e+01 9.997559e+01 2.238770e+01
8.100000e-02 1.381836e+081 9.,997559e+01 2.250977e+01
1.200000e-01 1.376953e+01 9,997559%9e+01 2.224121e+01
1.400000e-01 1.379395e+01 9.997559e+01 2.233887e+01
1.600000e-01 1.381836e+01 9.,997559e+01 2.231445e+01
1.810000e-01 1.386719%e+01 9,997559%9e+01 2.250977e+01
2.010000e-01 1.413574e+01 9,997559%e+01 2.253418e+01
2.2000080e-01 1.367188e+081 9.997559e+01 2.243652e+01
3.010000e-01 1.416016e+81 9.,997559e+01 2.,2785808e+01
3.200000e-01 1.396484e+01 9,997559%9e+01 2.207031e+01
3.400000e-01 1.369629e+081 9.997559e+01 2.216797e+01
3.600000e-01 1.379395e+01 9.,997559e+01 2.253418e+01
3.800000e-01 1.413574e+01 9,997559e+01 2.236328e+01
4.000000e-01 1.406250e+01 9,997559%e+01 2.236328e+01
4.,200000e-01 1.391602e+01 9.997559e+01 2.238770e+01
4,400000e-01 1.386719e+01 9,997559e+01 2.236328e+01
4.610000e-01 1.391682e+01 9,997559%9e+01 2.231445e+01
4.810000e-01 1.389160e+81 9.997559e+01 2.231445e+01
5.010000e-01 1.433165e+01 9.997559e+01 2.229004e+01
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Figura 2.4: Structure of the .txt file generated by the RHEED software, containing
the acquisition times and signal intensities.

The acquired intensity signals typically exhibit an oscillatory behavior. This behavior
reflects the alternation between the growth of rough surfaces, which hinder diffraction
and reduce the signal intensity, and the formation of ordered crystalline layers, which
instead enhance it. Each complete oscillation of the intensity corresponds to the
deposition of a single atomic layer. Therefore, the analysis of RHEED oscillations
represents a direct method for monitoring the number of atomic layers grown during
deposition.

At the end of the deposition, the data produced by the RHEED system — namely the
diffraction images acquired in real time and the .txt files containing the intensity
signals of the selected maxima — are uploaded as attachments within the experiment
model of eLabFTW, complementing the PLD deposition data discussed in the
previous section. Figure 2.5 shows the section of the eLabFTW experiment model
where the RHEED data are uploaded as attachments.
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Figure 2.5: Section of the eLabFTW experiment model with attached RHEED files
(diffraction images and intensity files).

As will be described in the next chapter, the NOMAD plugin implemented for the
management of PLD depositions also includes a dedicated section for RHEED data.
In particular, it is possible to upload both the acquired images and the intensity files,
appropriately converted into .csv format, thus enabling the visualization of graphs
corresponding to the three recorded signals. Furthermore, it will be shown how these
data can be further processed and automatically uploaded into the NOMAD plugin
through an external Python parser, thereby fully integrating the RHEED information
into the laboratory’s digital data flow
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Chapter 3:
Development of the PLD-MODA Plugin
and the Parser for Data Transfer

This chapter describes the development activities of the PLD-MODA plugin for the
NOMAD platform and the supporting Python script for the automatic transfer of
experimental data from eLabFTW.

The work was divided into two main phases: the design and implementation of a
dedicated data schema for PLD depositions and RHEED monitoring, and the creation
of an external parser for extracting, converting, and automatically uploading the data
into the plugin. During the process, several challenges were addressed and resolved,
including the efficient management of large data volumes (up to tens of thousands of
acquired points) and preserving semantic consistency between the data managed in
eLabFTW and those published on NOMAD. The design was guided by FAIR
principles, with particular attention to structural, syntactic, and semantic
interoperability, and pursued maximum integration with the OFED (Overarching
FAIR Ecosystem for Data) infrastructure promoted by the NFFA-DI project.

The chapter is divided into two main sections. The first presents the structure of the
PLD-MODA plugin, describing the organization of the quantities dedicated to the
PLD process and the management of RHEED data. The second analyzes the
development of the parser script and demonstrates its operation, illustrating the
strategies adopted to correctly map experimental metadata and ensure data transfer in
compliance with NOMAD standards.

3.1 Development of the PLD-MODA Plugin

The creation of the PLD-MODA plugin for the NOMAD platform was preceded by
the installation and configuration of the development environment necessary for
plugin design and testing. For this purpose, the nomad-distro-dev distribution [25]
was used, an official development infrastructure provided by the FAIRmat-NFDI
project, based on Docker-Compose for managing containers and software services.

The distribution is available on GitHub at: https:/github.com/FAIRmat-
NFDI/nomad-distro-dev, and can be installed by forking the repository, followed by
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local cloning and executing the instructions provided in the README.md file. The
infrastructure consists of several containers, including the NOMAD backend, the
web frontend, data processing workers, and a PostgreSQL database, orchestrated
via Docker-Compose. This setup provides a complete local environment for
developing and testing NOMAD plugins.

The PLD-MODA plugin was developed using the official template provided by the
FAIRmat project, available on GitHub at: https://github.com/FAIRmat-NFDI/nomad-
plugin-template, which provides the basic structure of a NOMAD plugin, including
sample data schemas, CI/CD configurations, and a pyproject.toml file for
dependency management.

The plugin code was developed under the MIT license and made publicly available
in the GitHub repository: https://github.com/RosarioForlenza/nomad-plugin-pld-
moda.

To integrate the plugin into the local development distribution, it was necessary to
add it as a Git module within the packages/ folder using the following command:

git submodule add https://github.com/RosarioForlenza/nomad-plugin-
pld-moda.git packages/nomad-plugin-pld-moda

and then update the pyproject.toml file to include the dependencies of the new
package using

uv add packages/nomad-plugin-pld-moda

Furthermore, for the PLD-MODA plugin to function correctly, the presence of the
Fabrication-utilities plugin is required, developed by Mattia Marella and Matteo
Francesco Bontorno as part of the Master’s Program in Data Management and
Curation at SISSA [26]. This plugin, available at: https://github.com/Trog-
404/Fabrication-utilities, provides the definition of the FabricationProcessStep
class, from which the PLD-MODA plugin inherits. The Fabrication-utilities
package must also be installed in the packages/ directory and registered as a
dependency.

The design of the data schema was finalized to ensure full sesmantic compatibility
with the OFED (Overarching FAIR Ecosystem for Data) infrastructure,
promoted by NFFA-DI [11], guaranteeing interoperability between the experimental
data managed locally in the laboratory and those published on the NOMAD platform.

3.1.1 Structure of the Python Schema for the PLD Section
and Overview of the NOMAD GUI

After configuring the development environment, the next phase involved the design
and implementation of the data schema that forms the core of the PLD-MODA

plugin.
The schema was developed in Python, using the NOMAD metamodel based on the
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Section, Quantity, and SubSection classes, and following the guidelines provided in
the FAIRmat documentation [25].

The main file containing the schema is pld_schema.py, located in the
schema_packages folder of the plugin.

Within this file, the PLDProcess class has been defined, which is the main class of
the plugin. It inherits from the FabricationProcessStep class provided by the
Fabrication-utilities plugin [26], extending it with quantities specific to the PLD
deposition processes carried out in the MODA laboratory. PLDProcess also
inherits from the ArchiveSection class, which represents the basic structure of data
sections in NOMAD, defining the fundamental ontology of the system: each section
inherits from ArchiveSection the common properties for managing metadata,
quantities, and subsections, ensuring semantic consistency in the organization of data.
The definition of the PLDProcess class is based on the following basic structure:

class PLDProcess(FabricationProcessStep, ArchiveSection):
m_def = Section(
a_eln={
"properties’: {
‘order': [

"room', 'id_item_processed', 'target_material’,
"thickness_measured', 'buffer_gas',
'chamber_pressure', 'temperature_target',
'repetition_rate', 'exposure_intensity’,
‘operator', ‘'datetime', 'rheed_data_images',

‘rheed_intensity_plot'

)

The quantities defined in the schema model the experimental parameters relevant to
a PLD deposition:
e room: selection of the deposition chamber used (PLD chamber | or PLD
chamber I1);
e id_item_processed: unique identifier of the deposited sample;
e target material and target material_2: materials of the primary and
secondary targets;
e thickness _measured and thickness_measured_2: measured thicknesses of
the deposited layers;
e buffer_gas: selection of the buffer gas type (O2, N2, and Ar);
e chamber_pressure: chamber pressure during the process;
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e temperature_target: heater temperature;

e heater_target_distance: distance between heater and target;

e repetition_rate: laser pulse repetition frequency;

e exposure_intensity: laser intensity in J/(cm?2-s);

e id_proposal, affiliation, and operator: administrative data related to the
research proposal and the operator;

e datetime: date and time of the deposition.

The quantities defined in the schema are designed to correspond directly to the fields
used in the MODA laboratory’s eLabFTW instance, as described in paragraph 2.2.1.
Specifically:

e room corresponds to Chamber;

e id_item_processed corresponds to Sample;

e target_material and target_material_2 correspond to Target;

e thickness_measured and thickness_measured_2 correspond to Thickness;
e buffer_gas corresponds to Process gas;

e chamber_pressure corresponds to Process pressure;

e temperature_target, heater_target_distance, repetition_rate,
exposure_intensity correspond respectively to Heater temperature, Heater-
target distance, Repetition rate, and Laser Fluence.

However, the labels associated with these quantities have been modified compared
to those originally used in eLabFTW, while preserving the semantic meaning of the
data.

This modification was made with the aim of aligning the terminology with the
common vocabulary being defined within the NFFA-DI project, to promote full
semantic interoperability between the local database and the reference FAIR database.
In this way, semantic consistency is ensured, facilitating the reuse and FAIR-
compliant publication of the data.

Each quantity is accompanied by a textual description and a graphical annotation
(a_eln) that defines its behavior in the NOMAD graphical interface. The attributes
defaultDisplayUnit and EnumEditQuantity ensure that units of measurement and
default choices are always clear and standardized for the user.

An example of the definition of a numerical quantity with an associated unit of
measurement is shown below:
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chamber_pressure = Quantity(
type=np.float64,
description="'Enter the pressure value inside the chamber',
a_eln={
‘component': 'NumberEditQuantity’,
‘defaultDisplayUnit’': ‘'mbar’
s

unit="mbar'

In the NOMAD GUI, the data are presented in a well-organized and intuitive form as
shown in Figure 3.1:
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Figure 3.1: View of the PLDProcess section in the NOMAD GUI, showing the main quantities of
the deposition process.

In particular:

e Text fields are displayed as free input areas.
e Numerical fields are accompanied by units of measurement.
e Enumerative fields are selectable via dropdown menus.
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e The fundamental parameters for PLD deposition are grouped at the top of the
screen, while accessory data are relegated to the lower sections, improving
overall readability.

An important structural aspect of the PLDProcess class concerns the introduction of
two SubSections that manage the in-situ monitoring data generated by the RHEED
system:

rheed_data_images = SubSection(
section_def=RHEEDImage,
repeats=True,
description="'Add RHEED images'

rheed_intensity plot = SubSection(
section_def=RHEEDIntensityPlot,
description="'RHEED intensity plot'

)

e The rheed_data_images section allows the upload of one or more RHEED images
acquired during the epitaxial growth, each provided with a name, description, and
image file.

e The rheed_intensity plot section, on the other hand, enables the upload (after
conversion to .csv format) of the file containing the intensity data of the diffraction
maxima, with subsequent automatic generation of dynamic plots using Plotly.

The presence of these two SubSections allows the integration of both the PLD
process parameters and the RHEED monitoring information into a single
NOMAD entry, ensuring a complete and interoperable representation of the growth
process. The advanced functionalities for uploading, quality control, and
visualization of RHEED data will be discussed in detail in the next subparagraph.

3.1.2 Structure of the RHEED SubSections: Image Upload
and Intensity Data Management

For a complete description of the deposition process, the PLD-MODA plugin
integrates two SubSections dedicated to the management of data acquired through
the RHEED technique.

The SubSections are implemented through the classes RHEEDImage and
RHEEDIntensityPlot, contained in the pld_schema.py file, and respectively allow
the upload of acquired images and the quantitative data of the diffraction maxima
intensities.
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RHEEDImage: Management of Acquired Images

The RHEEDImage section enables the upload of RHEED images acquired during
deposition. It is defined by the following class:

class RHEEDImage(ArchiveSection):
m_def = Section(
a_eln={
'hide': ['lab_id', 'name'],
‘properties’: {

‘order': ['image_name', 'image_description’,
"image file']

}

image_name = Quantity(
type=str,
description="'RHEED image name',
a_eln={"'component': 'StringEditQuantity'}

image_description = Quantity(
type=str,
description="'RHEED image description’,
a_eln={"component': 'StringEditQuantity'}

image_file = Quantity(
type=str,
description='Path or upload RHEED image',

a_eln={"'component': 'FileEditQuantity', 'label': 'Upload
Image'}

)

The defined quantities are:
e image_name: name of the image.

e image_description: brief qualitative description.
e image_file: upload of the image file through the graphical interface.

The user can therefore attach multiple RHEED images, each with its own contextual
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information, easily and in an organized manner through the NOMAD web interface,
as shown in Figure 3.2.
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Figure 3.2: View of the RHEEDImage subsection in the NOMAD GUI dedicated to uploading RHEED images,
with fields for file upload and description entry

The uploaded images can be viewed in the GUI within the EntryFiles subsection,
as shown in Figure 3.3.

@ FURUSH v DLORE v ANAZE v ABOUT v
Jelcome Rosar
Your uploads / Upload / pid_experiment_testarchivejson / Files

Entry files S © & B § |ST0750C_1.png o i
folder file

D 5T0750C_1.png »

Figure 3.3: View of tr{e EntryFile subsectidn in the NOMAD GUI where thevuploaded files can be displayed.

RHEEDIntensityPlot: Upload and Visualization of Quantitative Data

The RHEEDIntensityPlot section manages the upload of .csv files containing the
intensity data of the diffraction maxima as a function of time. The structure of the

class is as follows:
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class RHEEDIntensityPlot(PlotSection, EntryData):

m_def = Section()

data_file = Quantity(
type=str,
a_eln=ELNAnnotation(
component="FileEditQuantity"',
props=dict(fileTypes=['csv'])

time = Quantity(type=float, shape=["*"], unit="s")

intensity 11 = Quantity(type=float, shape=["*"], unit="]/(cm**2*s)")
intensity 00 = Quantity(type=float, shape=["*"], unit="J/(cm**2*s)")
intensity_1ml = Quantity(type=float, shape=["*"], unit="3J/(cm**2*s)")

The quantities defined in this class are those where the data coming from the RHEED
intensity file, properly converted into .csv format, will be uploaded. They represent
the necessary data for the correct generation of the plots. These are:

acquisition time (time)

intensity of the (1,1) maximum (intensity 11)
intensity of the (0,0) maximum (intensity_00)
intensity of the (1,-1) maximum (intensity_1m1)

As shown in Figure 3.4, the rheed_intensity plot subsection allows the user to
upload the intensity data in .csv format and automatically visualize the time evolution
plots of the diffraction maxima. The generated plots are fully interactive, allowing
selective zooming, horizontal and vertical panning, and dynamic exploration of the
time-resolved data.
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Figure 3.4: View of the rheed_intensity_plot subsection in the NOMAD GUI, showing the upload of RHEED
data and the generation of dynamic plots. At the top left, the section where the data from the .csv file are saved
is shown; at the top right, the individual plots for the three separate signals and the combined plot displaying all
three signals are presented. At the bottom left, a plot is shown in fullscreen mode, while at the bottom right, the
zoomed view of the plots is displayed along with a panel that allows users to see the intensity values as a function
of time by moving the mouse over the graph

Normalize method for loading .csv files and automatic graph generation

The loading of the .csv file and the automatic generation of graphs is handled by a
normalize method defined in the RHEEDIntensityPlot class. This method
implements the following functionalities:

e Loading and reading of the .csv file selected by the user

The method reconstructs the absolute path of the CSV file by combining the
base directory of the NOMAD archive (the raw directory of the EntryArchive)
with the file name specified by the user:

raw_dir = archive.m_context.raw_path()
raw_file path = os.path.join(raw_dir, self.data_file)
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The file is loaded using pandas.read_csv, with explicit typing for each
column to ensure robust parsing:
df = pd.read_csv(
raw_file path,
dtype={
'time': float,
'intensity 11': float,
'intensity 00': float,
'intensity 1ml': float
s
engine="'c',
memory_map=True

The file reading is made faster by using pandas’ C parser (engine='c"'),
instead of the Python parser. Additionally, a direct mapping is created between
the file on disk and virtual memory, bypassing traditional buffers
(memory_map=True).

Robust data validation

Once the file is loaded, the method performs a structural validation to ensure
the mandatory presence of the columns time, intensity_11, intensity_00, and
intensity_1m1. Any missing columns or columns containing non-numeric
values are reported through appropriate loggers, halting the processing and
reducing the risk of error propagation:

required_columns = ['time', 'intensity 11', ‘'intensity ©00', 'intensity 1mi']

if not all(col in df.columns for col in required_columns):

missing = [col for col in required_columns if col not in df.columns]
logger.error(f"Missing columns in the CSV file: {missing}")

return

for col 1in required_columns:

i1f not pd.to_numeric(df[col], errors='coerce').notnull().all():
logger.error(f"Found non-numeric values in the column {col}")

return

Efficient handling of very large datasets

A key feature of the method is its ability to handle large datasets (over 50,000
points), by implementing an automatic subsampling strategy to reduce the size
of the data to be visualized without compromising the information contained
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in the signal. This ensures optimal data visualization even in such scenarios.
Below is the code snippet that performs this function:
n_points = len(df)
1f n_points > 50000:
step = n_points // 50000 + 1 # Calculate the sampling step
df = df.iloc[::step] # Access the dataset and select
# every n-th element, where n is

# the sampling step

e Automatic population of the class quantities
Once the data has been validated and (if necessary) subsampled, the method
assigns it directly to the attributes of the RHEED IntensityPlot class, making
them accessible for further processing and visualization:

self.time = df['time'].values

self.intensity_11 = df['intensity_11'].values
self.intensity_00 = df['intensity_00'].values
self.intensity_1ml = df['intensity_1ml'].values

e High-performance graph generation
Finally, the method generates two interactive plots using the
plotly.graph_objects module by leveraging Scattergl, an optimized version
of Plotly that can handle tens of thousands of points without slowdowns. The
first plot is divided into three separate subplots, each representing the time
evolution of a diffraction peak. The second plot is a combined graph that
overlays the trend of the three intensities on a single time axis.

The main Python code snippet related to the creation of the plots is as follows:
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fig main = make_subplots(rows=3, cols=1, shared_xaxes=True)

fig main.add_trace(go.Scattergl(x=self.time, y=self.intensity_00,
name='(0,0) Order'), row=1, col=1)

fig main.add_trace(go.Scattergl(x=self.time, y=self.intensity_ 11,
name='(1,1) Order'), row=2, col=1)

fig main.add_trace(go.Scattergl(x=self.time, y=self.intensity 1mi,
name="'(1,-1) Order'), row=3, col=1)

fig combined = go.Figure()

fig combined.add_trace(go.Scattergl(x=self.time, y=self.intensity 00,
name="'(0,0) Order'))

fig combined.add_trace(go.Scattergl(x=self.time, y=self.intensity 11,
name="'(1,1) Order'))

fig combined.add_trace(go.Scattergl(x=self.time, y=self.intensity 1mi,
name='(1,-1) Order'))

In this way, data visualization is achieved through highly interactive plots that allow
for interactive zooming, horizontal and vertical panning, and dynamic exploration of
time-series data.

3.1.3 Importance of the _init_.py File for the Correct
Recognition of the Plugin

In order for the plugin to be correctly recognized by the NOMAD distribution, it is
essential to have a __init__.py file located in the same folder as the pld_schema.py
file, defining the plugin’s entry point. The content of the __init__.py file is as follows:

from nomad.config.models.plugins import SchemaPackageEntryPoint
from pydantic import Field

class pld_schemaEntryPoint(SchemaPackageEntryPoint):
def load(self):
from nomad_plugin_pld_moda.schema_packages.pld_schema import m_package

return m_package

pld_schema_entry point = pld_schemaEntryPoint(
name="'PLD-MODA-LAB",
description="Schema package for the description of the PLD-MODA ...'

)

The function of the entry point is to register the m_package package defined in the
schema, making it available within the NOMAD backend.
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Without a correct __init__.py, the plugin would not be properly loaded during the
startup of the local distribution.

3.1.4 Plugin Folder Structure

The overall structure of the nomad-plugin-pld-moda folder follows the standard conventions
for NOMAD plugins. Its organization is as follows:

nomad-plugin-pld-moda/

L— src/
L— nomad_plugin_pld_moda/
|-— __init__.py
— apps/

| L— _ init__.py
I— normalizers/

| |— __init__.py

| L— normalizer.py
|— parsers/

| |— __init__.py

|

L— parser.py

L— schema_packages/
— __init__.py
L— pld_schema.py

The main directories are:

e schema_packages/: contains the actual data schema (pld_schema.py).

e parsers/: directory intended for the development of parsers for the automatic
loading of data.

e normalizers/: directory that hosts any normalizers for the post-processing of the
loaded data.

e apps/: directory that can optionally be used to develop small auxiliary
applications.

This organization facilitates the future scalability of the plugin, allowing the
integration of new functionalities or normalizers in a modular way.

The complete code related to the data schema definition of the plugin nomad-plugin-
pld-moda (file pld_schema.py) and the registration of the plugin’s entry point (file
__init__.py) is available in the plugin’s GitHub repository at the following link:
https://github.com/RosarioForlenza/nomad-plugin-pld-moda, for detailed
consultation.
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3.2 Development of the parser for mapping
data from eLabFTW to NOMAD

To facilitate the transfer of experimental data collected through eLabFTW into the
NOMAD platform, a dedicated Python script, named eLab_to NOMAD.py, was
developed.

This parser reads data exported from eLabFTW in JSON format and transforms it
according to the data schema defined in the PLD-MODA plugin, including attached
files such as RHEED images and diffraction intensity measurements.

This section describes the structure of the original data, the preliminary study
conducted, the functionalities implemented in the parser, and the methods for the
automatic creation of the archive ready for upload to NOMAD.

3.2.1 Structure of the file exported from eLabFTW

From the eLabFTW instance used for the MODA laboratory, it is possible to export
experiments through an archive file in .zip format, selecting the option to include a
JSON file containing all entries from the experiment template.

Within this archive, the following are included:

e A main file in .json format, containing all the metadata associated with the
experiment and describing the data and properties entered by the user.

e The attached files, which may include RHEED images (.png) and RHEED
intensity measurement files (.txt), as discussed in Chapter 2.

The JSON file includes not only the textual data of the experiment but also references
to the attachments, thus allowing a unified management of the experiment in digital
format.

3.2.2 Study of the internal structure of the JSON file
exported from eLabFTW

The analysis of the exported JSON file revealed a rather articulated hierarchical
structure; the main sections into which this file is organized are:

e metadata_decoded is a main section for structured data, containing the
extra_fields subdictionary, in which the additional fields entered by the user
in the eLab instance (Chamber, Sample, Target, etc.) are located. An excerpt
from this section is shown below:
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"metadata_decoded": {
"extra_fields": {

"Sample": {
"type": "items",
"value": 661,
"position": 1

Yy s

"Thickness": {
"type": "number",
"unit": "u.c.",
"units": [
"u.c.”

1
"value": "10",

"position": 3

Yoo s

e items_linksis a list that associates the numerical 1Ds of the Resources — that
Is, the items-type fields contained in extra_fields — with their corresponding
textual descriptions.

e uploads is a section that contains references to the attached files (RHEED
images and intensity files).

e changelog is a section where all modifications made to the experiment are
recorded, particularly the author and creation date.

In order to implement a correct mapping of the information into the format
required by NOMAD, this organization made it necessary to implement in the
parser a mechanism to:
e Read the data contained in extra_fields.
e Correctly reconstruct the references to resources (items) using items_links
e Extract additional information such as the operator and creation date from
the changelog data.

3.2.3 Development of the Parser: Mapping of PLD Data
from eLabFTW

The eLab_to NOMAD.py parser begins by processing the JSON file exported from
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eLabFTW to map the PLD data entered by the user in the extra_fields section into
the fields of the main schema of the PLD-MODA plugin.

First, the fields defined in eLabFTW are associated with the corresponding fields of
the pld-moda plugin using the following mapping table (FIELD_MAPPING):

FIELD_MAPPING = {

"Chamber": "room",

"Sample": "id_item_processed"”,
"Target": "target_material"”,
"Thickness": "thickness_measured",

"Target 2": "target_material_ 2",

"Thickness 2": "thickness_measured_ 2",

"Buffer gas": "buffer_gas",

"Process pressure ": "chamber_pressure”,

"Heater temperature": "temperature_target",
"Heater-target distance": "heater_target_distance",
"Repetition rate": "repetition_rate",

"Laser Fluence": "exposure_intensity"

This semantic mapping serves as a bridge between two ontologies: the internal, non-
standard one of eLabFTW and the structured, standardized ontology of NOMAD.
The function responsible for translating the metadata contained in the JSON file
exported from eLabFTW into the format expected by NOMAD is
extract_and_map_data. Through an iterative loop over the fields defined in the
FIELD_MAPPING dictionary, the function applies a differentiated conversion logic
based on the data type (items, number, and select) present in the JSON file. For fields
of type items (eLab Resources), the initial value is an entity ID that is resolved by
searching within the items:links list in the JSON file, mapping the correct value from
the title field. For fields of type number and select, the value is read directly from
the value field.

For numeric values, a safe conversion is also implemented with a fallback to string,
ensuring data preservation even in the case of invalid formats.

Below is an excerpt from the extra_and_map_data function that performs the
operations described.
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# Mapping of main fields
for json_key, archive_key in FIELD_MAPPING.items():
field = metadata_fields.get(json_key, {})

# Managing references to other elements
if field.get("type") == "items" and isinstance(field.get("value"), int):
entity_id = field["value"]
title = entity map.get(entity_id)
if title:
mapped_data[archive_key] = title
else:
# Numeric value conversion and string cleanup
value = field.get("value", "").strip()
if value:
try:
num_value = float(value)
mapped_data[archive_key] = int(num_value) if num_value.is_integer() else num_value
except ValueError:

mapped_data[archive_key] = value

Once the mapping of the fields defined in FIELD_MAPPING is completed, the
extract_and_map_data function proceeds with generating the final dictionary to be
saved as archive.json, in compliance with the structure expected by the NOMAD
plugin schema pld-moda.

In addition to the fields explicitly mapped, the function enriches the resulting
dictionary with additional information essential for traceability and completeness of
the dataset. Specifically, it automatically retrieves the operator's name (operator) and
the experiment's date (datetime) by consulting the changelog section of the JSON
file, which contains a chronological list of changes made to the experiment. The
function extracts the name of the user who made the first modification (typically the
author of the experiment) and the associated timestamp, which is then converted, if
necessary, into the standard ISO 8601 format compatible with NOMAD.
Additionally, the function also retrieves information about the notes written by the
user in the eLab instance, fetching them from the body section of the JSON file, as
shown in the code snippet below.

The output produced by the function is an archive.json file structured in accordance
with the specifications of the pld-moda plugin, capable of being uploaded to
NOMAD without errors, ensuring interoperability and the enrichment of the
experiment's metadata.
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changelog = item.get("changelog", [])

operator = ""

datetime_str = ""

if changelog:

first_change = changelog[@]

operator = first_change.get("fullname", "")

created_at = first_change.get("created_at", "")

try:
dt = datetime.strptime(created_at, "%Y-%m-%d %H:%M:%S")
datetime_str = dt.strftime("%d/%m/%Y %H:%M")

except (ValueError, TypeError):

datetime_str = created_at # Keep original format in case of error

mapped_data[ "operator"] = operator
mapped_data[ "datetime"] = datetime_str
mapped_data["notes"] = item.get("body", "").strip()

3.2.4 Parser Development: Management of RHEED Data

In addition to PLD data, the parser also handles the automatic management of
exported RHEED data, proceeding as follows:

RHEED Images:
The parser explores the content of the uploads key in the JSON file, and for
each .png file found, it generates a section in the archive.json file called
rheed_data_images, compatible with the plugin schema. This section is a list
of dictionaries, where each element describes an RHEED image associated
with the experiment. Each dictionary includes two key-value pairs:
image_name, which assigns a descriptive progressive name (e.g., Image 1,
Image 2, ...), and image_file, which reports the actual name of the uploaded
image file.
RHEED Intensity Files:
If a .txt file is found whose name starts with "Real-time-Region-Analysis-
Peak," the parser:

1. Reads the file and converts it into a .csv file in memory (which is

subsequently generated with the name RHEED _measurements.csv)

2. Generates, within the archive.json file, the rheed_intensity plot
section, also compliant with the NOMAD plugin requirements, and
assigns the detected file name to the data_file field.
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3.2.5 Interactive Features of the Parser

For greater flexibility, the script eLab_to NOMAD.py includes a minimal command-
line interface that guides the user through the execution process, which is described
by the following steps:

e Entering the entry name: Once the parser is executed, it prompts the user to
enter the name for the new NOMAD entry. This name is used both for the
archive.json file (so NOMAD will assign it to the new entry) and for the final
ZIP file.

e Entering the Proposal ID (Optional): The user can choose whether to
associate a PID with the entry. If the PID is entered, the parser generates an
id_proposal entry in the archive.json file with the numeric value entered,
which will populate the corresponding field in the NOMAD plugin.

e Entering the affiliation: The user can choose from:

1. "NFFA-DI"

2. "IENTRANCE@ENL"

3. “No affiliation”
If one of the first two choices is made, the parser generates an affiliation entry
in the archive.json file containing the selected value, which will fill the
corresponding field in the plugin. If the third choice is made, the parser does
not generate any entry, and the corresponding field in the plugin remains
empty.

e Creating the archive.json file: A JSON file is dynamically created,
structured according to the schema required by NOMAD.

e Creating the ZIP file: The script groups the archive.json file, RHEED
images, and the RHEED_measurements.csv file (if available) into a single ZIP
archive, ready for uploading to NOMAD.

e Automatic submission to NOMAD: At the end of execution, the program
asks the user if they want to proceed with the automatic upload of the ZIP file
just created, as discussed in Section 3.2.7.

3.2.6 Creation of the ZIP Archive

After processing the data and preparing the required structure, the
eLab_to NOMAD.py parser automatically generates a ZIP archive containing all the
necessary elements for uploading to NOMAD. The ZIP file includes:

e The archive.json file (with the .archive.json extension) that describes the

entire entry according to the PLD-MODA schema.
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e The RHEED_measurements.csv CSV file, obtained by converting the
exported .txt intensity file from eLabFTW.
e All RHEED images in .png format present in the working folder.

The creation of the archive is handled by the create_zip function, which uses Python's
standard zipfile library. This approach ensures that the data package complies with
the format required by NOMAD for uploading.

3.2.7 Automatic Data Upload to NOMAD via CURL

To further facilitate data loading, the parser integrates an optional feature for
automatic upload to the NOMAD platform using the cURL command.

At the end of the execution, the program asks the user whether they wish to proceed
with the automatic upload of the newly created ZIP file. If the response is affirmative:

e A POST HTTP request is made to the local NOMAD API (localhost) using
the cURL command, integrated into the Python code via the subprocess
module.

e An authentication token is used to authorize the operation.

The upload is managed through the send_to_nomad function shown below, which
executes the command with full error handling.

The command is executed using the subprocess.run method, where the parameters
for the request (API endpoint, authentication token, and file to be transmitted) are
specified.

Error handling is implemented through a multi-layered try-except block. The
check=True parameter forces the raising of the subprocess.CalledProcessError
exception in case of an unsuccessful HTTP response (4xx/5xx), while the
capture_output=True parameter allows the command outputs to be captured for
debugging purposes.

In case of an error, the system:

1. Intercepts specific exceptions from cURL (CalledProcessError), displaying
the status code and error message.

2. Catches any other unforeseen errors through a generic exception.

In case of success, a confirmation message is displayed and the server's JSON
response (result.stdout) is printed, while for errors, the error context is preserved by
printing e.stderr, ensuring error traceability.
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def send_to_nomad(zip_filename):
try:
print(f"\nSending {zip_filename} to NOMAD...")
result = subprocess.run(
[
‘curl',
'-X', 'POST',

'http://localhost:8000/.../uploads?token=..."

'-T', zip_filename
1,
check=True,
capture_output=True,
text=True
)
print("v Upload completed successfully!")
print("Response from the server:", result.stdout)
except subprocess.CalledProcessError as e:
print("X Error while uploading:")
print("Error code:", e.returncode)
print("Error output:", e.stderr)
except Exception as e:

print(f" X Unexpected error: {str(e)}")

This functionality allows for direct data upload without manually accessing the

NOMAD web GUI, minimizing the risk of manual entry errors.

3.3 Operational Workflow for the Automated
Upload of Experimental Data to NOMAD

This section describes the operational workflow that the user must follow to
automatically transfer the data of an experiment from eLabFTW to the NOMAD
platform. The process involves exporting data from eLabFTW, using the

eLab_to NOMAD.py script, and uploading the data to NOMAD.

Step 1 — Export from eLabFTW
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Once the eLab experiment template for the PLD deposition has been filled in and the
RHEED files have been attached, the user can export the experiment, making sure to
include the JSON file.

Step 2 — Contents of the Exported Archive
The export generates a compressed .zip folder which, once extracted, contains:

e A json file with all the metadata of the experiment,

e The RHEED images in .png format,

e A .pdf file containing a printout of the experiment, which is not relevant for
our purposes.

Step 3 — Running the eLab_to NOMAD.py Script

By opening a shell inside the folder the user can run the script. The script starts an
interactive procedure that begins by asking the user to enter the entry name, choose
whether or not to provide a proposal ID, and, if so, to enter it along with the
affiliation.

At this point, the script converts the .txt file containing the intensity peaks into a .csv
file named RHEED_measurements.csv, and creates a ZIP archive containing:

e An .archive.json file compliant with the NOMAD schema, including the experiment
data extracted from the JSON file exported from eLab,

e The RHEED_ measurements.csv file,

e All .png images present in the folder.

Figure 3.5: Contents of the .archive.json file compliant with the plugin structure
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Finally, the program asks the user whether to automatically send the files to NOMAD
or not.

2 Windows PowerShell X + v

PS C:\Users\rosar\Downloads\export.elabftw\Deposition - Na-25-052-ST0-001-Test - 44@73fal>
python

Enter the name of the NOMAD entry: pld_experiment_testl

Do you want to enter a proposal ID (PID)? (y/n) y

Enter PID: 001

Select affiliation:

1 NFFA-DI

2 iENTRANCE@ENL

3 No affiliation

Choice: 1

File 'Real-time-Region—Analysis-Peak-Int.-.txt' converted to CSV data in memory.

Complete archive created: pld_experiment_testl.zip
Content:

— pld_experiment_testl.archive. json

- RHEED_measurements.csv

— U PNG images

Do you want to automatically send your data to NOMAD?? (y/n) y

Sending pld_experiment_testl.zip to NOMAD...

J/ Upload completed successfully!

Response from the server:

Thanks for uploading your data to nomad.

Go back to http://localhost:8000/fairdi/nomad/latest/gui and press

reload to see the progress on your upload

and publish your data.

fS C:\Users\rosar\Downloads\export.elabftw\Deposition - Na-25-052-ST0-001-Test - 44073fal>

Figure 3.6: Running the eLab_to_ NOMAD.py script from PowerShell. The user enters
the entry name, specifies the Proposal ID (PID: 001), selects the affiliation (NFFA-DI),
and confirms automatic submission to NOMAD

Step 4 — Viewing the Entry on NOMAD

After the upload, the experiment appears in the NOMAD GUI, with the PLD data and
the RHEED subsections (images + graphs) correctly populated.

P
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Figure 3.7: NOMAD plugin interface automatically populated by the script. The
figure shows the main PLDProcess section correctly filled in and the interactive
plots generated from the successful upload of the RHEED_measurements.csv file.
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Concluding Remarks

This workflow allows the user to upload data to NOMAD in a guided manner,
reducing manual errors and ensuring semantic and structural consistency. The entire
process takes only a few minutes and can be performed even by users without
programming skills, thanks to the interactive interface of the script.

The complete source code of the eLab to NOMAD.py script is available at the
following GitHub repository for more detailed consultation and potential reuse or
contributions: https://github.com/RosarioForlenza/elab-to-nomad-parser.
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Chapter 4:
Conclusions and future perspectives

This chapter summarizes the results achieved, highlighting their contribution with
respect to the FAIR principles, and outlines possible future developments of the work.

4.1 Results Achieved and Compliance with
the FAIR Principles

In this thesis work, a complete workflow was developed for the management and
interoperability of experimental data related to Pulsed Laser Deposition (PLD)
processes integrated with RHEED monitoring, within the context of the MODA
laboratory at CNR-SPIN in Naples.

In particular, two complementary tools were created:

e A plugin for the NOMAD platform, which enables the structuring of PLD
and RHEED data according to a shared semantic schema;

e A Python script (parser) capable of extracting experimental data from
eLabFTW, converting it according to the plugin schema, and automatically
uploading it to the NOMAD plugin.

Through the development of these tools, it became possible to transfer data from a
local laboratory environment, such as eLabFTW, to a data management infrastructure
compliant with international standards for scientific data sharing.

These tools were designed following a FAIR-by-design approach, ensuring full
adherence to the four FAIR principles:

e Findable: The parser allows each experiment to be assigned a unique identity
(entry name) and structured metadata, making the data easily retrievable once
uploaded to NOMAD.

e Accessible: Integration with NOMAD ensures controlled and persistent
access to the data. Authorized users can consult and reuse historical datasets
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through standardized interfaces (REST APIs or web portals), fostering
community-level data sharing.

e Interoperable: Interoperability is the core of the project: data produced by the
PLD-MODA instrument—initially saved in heterogeneous and non-standard
formats (.txt files, notes in eLabFTW, RHEED attachments)—are transformed
into a structured format based on the ontologies and shared vocabulary of the
NFFA-DI infrastructure. The plugin developed for NOMAD implements a
semantic mapping between eLab metadata and NOMAD quantities, ensuring
coherence and scientific understanding even beyond the local context. The full
automation of the process via a Python script reduces the risk of ambiguity
and information loss during data transfer.

e Reusable: The emphasis on preserving the original scientific meaning of the
metadata during the translation process, together with the adoption of
recognized ontologies, enables meaningful reuse of the data by third parties,
even in different experimental contexts.

The developed system thus helps reduce manual errors, increase operational
efficiency, and promote the structured sharing of scientific data-representing a
concrete example of interoperability between local experimental systems and FAIR
data repositories.

4.2 Future Perspectives

Although the results obtained are satisfactory and already operational within the
MODA laboratory, the work offers ample opportunities for extension and
improvement.

A first future perspective involves extending the system to other laboratory
instruments, such as the XPS spectrometer or other deposition systems. This would
require the development of additional NOMAD-specific plugins and the adaptation
of the parser to map data coming from other eLabFTW modules or from proprietary
software.

A further improvement could concern the management of numerical data
generated by acquisition systems. For example, integrating the daily-generated .csv
files from the PLD software into the FAIR process would allow for an even more
comprehensive documentation of the growth process.

From a technical point of view, the parser script could be made even more robust and
extensible, for instance by:

o Directly supporting uploads to NOMAD Oasis,
e Implementing more advanced error handling,
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e Or developing a minimal graphical user interface to facilitate its use by less
experienced users.

Finally, this work could contribute to the definition of best practices for FAIR
interoperability within Italian research infrastructures, serving as a replicable model
for other nodes of the NFFA-DI network or broader interdisciplinary contexts.
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