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Course annotation 

Objectives and expected skills 

 

Task of the study: To provide advanced knowledge on semiconductor materials, nanostructures, 

and device technologies, focusing on atomic-layer precision and band-gap engineering. 

Students will develop the capacity to design layered hybrid structures for next-generation 

devices, including high-efficiency radiation sources, quantum-dot detectors, multi-stimuli 

sensors, and neuromorphic hardware. A new emphasis is placed on energy-efficient fabrication 

and the integration of autonomous systems that convert complex physical signals into digitized 

data. 

 

Skills to be improved: Students will refine their ability to critically evaluate and synthesize 

emerging trends in "More-than-Moore" scaling by analyzing diverse scientific sources. They 

will develop the professional competence required to apply predictive modeling for simulating 

semiconductor device performance prior to physical prototyping. Furthermore, the course 

fosters the capacity to understand and implement sustainable R&D practices, focusing on 

material lifecycles and the reduction of environmental impacts within modern cleanroom 

environments. 

 

Content of the subject and main themes  

 

1. Structure and Related Properties of Semiconductor Materials. Transfer Phenomena 

 

- Models for formation of semiconductor crystals and layers; growth methods. 

- Structure, electronic and photonic properties, and charge transfer phenomena. 

- Introduction to topological insulators and spin-polarized transport mechanisms. 

- Physics and growth of Wide-Bandgap (WBG) and Ultra-WBG semiconductors: 𝐺𝑎𝑁, 𝑆𝑖𝐶, 

𝐺𝑎2𝑂3, and diamond. 

 

2. Multilayer and Multicomponent Structures. Band Engineering 

 

- Quantum structures: wells, superlattices, stripes, and dots. 

- Intentional changes in the electronic structure ("band-gap-engineering"); 𝐴2𝐵6 and 𝐴3𝐵5 

compounds and solid solutions. 

- Tunnelling phenomena, band discontinuities; quantum transport (influence of magnetic field 

on 2D electrons, Shubnikov–de Haas experiments, quantum Hall effect). 

- Moiré superlattices and "twistronics" in van der Waals heterostructures. 



 

3. Optical Properties of Quantum Structures 

 

- Excitons and shallow impurities in the quantum structures. 

- Absorption, optical emission, interband transfer. 

- Bloch oscillations; quantum limitations related to the Stark effect 

 

4. Fabrication Technologies: Global Trends and Local Practice 

 

- Mechanisms of thin film growth: epitaxy, stressed layers, nanocluster nucleation, and 

intergranular boundaries. 

- Deposition methods: PVD, CVD (PECVD), MOCVD, MBE, and Atomic Layer Deposition 

(ALD). 

- Atomic Precision: Area-selective deposition (ASD) and Atomic Layer Etching (ALE) for 

advanced scaling. 

- Lithography (Practical): Mastery of UV writing and conventional mask alignment; mask 

design and photoresist chemistry. 

- Lithography (Theoretical): Fundamentals of Extreme Ultraviolet (EUV), laser lithography 

and nanoimprint lithography for sub-10nm nodes. 

- Advanced integration: Chiplet architectures, 3D integrated circuits (3D IC), and Through-

Silicon Vias (TSV). 

- Principles of CMOS technology, clean rooms, and contamination control. 

 

 

 5. Methods for Investigation of Materials and Nanostructures 

 

- Structural characterization: X-ray structural analysis and high-resolution XRD. 

- Chemical composition analysis: XPS, RBS, ESCA, SIMS, and Auger spectroscopy. 

- Advanced microscopy: SNOM, SEM, TEM, and introduction to 4D-STEM and STEM-

EELS. 

- Optical and ultrafast characterization: Raman, FTIR, ellipsometry, and time-resolved 

photoluminescence. 

- Synchrotron-based techniques: ARPES (angle-resolved photoemission spectroscopy) and 

XAS (X-ray absorption spectroscopy) 

 

6. New Materials and Bottom-Up Technologies 

 

- Nanostructured materials, hybrid structures, and bottom-up growth principles; self-

arrangement. 

- Two-dimensional (2D) materials of atomic thickness: Graphene, TMDs (𝑀𝑜𝑆2, 𝑊𝑆2, etc.), 

and MXenes. 

- Perovskite semiconductors: Crystal structure engineering for optoelectronics and 

photovoltaics. 

- Printing and writing methods for flexible electronics and wearable systems. 

 

7. Semiconductor Based Structures for Signal Conversion and AI Hardware 

 

- Detection of mechanical features (pressure, force, acceleration) and chemical sensing (gas 

sensors, ISFETs). 



- Neuromorphic Computing: Memristive structures for artificial synapses and AI-on-chip 

hardware. 

- Next-generation emitters: Laser diodes, Disk lasers, Quantum Cascade Lasers (QCLs), THz 

sources, and Micro-LED arrays. 

- High-Performance Photovoltaics: Perovskite-silicon tandems and multi-junction solar cells. 
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Subject submission and evaluation 

Teaching Approaches 

 

The primary method for the subject study is independent, research-based learning. Consultations 

with responsible supervisors are available on an individual basis to discuss specific themes, 

practical fabrication challenges (e.g., UV-writing and mask alignment), or questions related to 

the course material. 

 

Final Examination 

 

The final assessment is a comprehensive test of knowledge based on a written report on a pre-

defined topic. This report must synthesize the scientific and technological problems 

fundamental to the doctoral studies and the candidate's dissertation theme. The report should 

not exceed 30 pages (A4, Times New Roman 12pt, line spacing 1) and must disclose in detail 

how the research relates to at least 2–3 themes from the subject topics. 

 

Assessment Method 

 

The exam includes three parts with individual scoring. First, the report has to be submitted to 

the commission 2–3 weeks before the exam date. Second, an oral presentation based on slides 

has to be given during the exam session. The presentation must not exceed 30 minutes. The 

third part of the exam is based on the discussions after the oral presentation. The discussion is 

the process of the questions of the commission members and the answers of the student on the 

aspects of the topic of the report and the presentation. 

 

The date of the exam is determined by agreeing between the members of the commission and 

the student after topic coordination. The scoring sum includes the report up to 3 points, the 

oral presentation up to 3 points, and answers to questions and discussions up to 4 points (total 

up to 10 points). 
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