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Abstract. Optoelectronics focuses on light-emitting and light-detecting devices and investigation of the 
materials used for their fabrication. Usually, the light-emitting devices are lamps, LEDs, laser diodes and gain-
medium lasers, while the light-detecting devices are represented by photodiodes, photovoltaic solar cells, 
photoresistors, phototransistors, etc. The above field also covers the studies of emission of materials under 
different stimuli and interaction of light with different types of materials, mostly semiconductors and metal 
nanostructures. A technological progress in the materials science has instigated development of nanomaterials 
and optoelectronic devices on their basis. They can be divided into two-dimensional (2D) quantum wells, films 
or sheets, 1D nanowires and 0D quantum dots. 2D graphene-like layered materials, quantum dots and metal 
nanoparticles for optoelectronic applications are the most investigated. As a matter of fact, a global scientific 
trend associated with the nanomaterials is currently transforming our technologies and industry and 
represents the most ambitious course of the present and future optoelectronics. 
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Optoelectronics is a particular sub-discipline of electronics, which focuses on light-emitting 
and light-detecting devices as well as electronic devices for the control of optical radiation 
and materials used for the fabrication of these devices. Naturally, it also covers the studies of 
emission (radiative recombination) of materials under different stimuli and interaction of 
light photons with different types of materials, mostly semiconductors and noble metals.  

Light-emitting devices are commonly used for illumination, displays, indicators and 
light sources of ultraviolet (UV), visible (Vis) and infrared (IR) ranges. In its turn, IR 
optoelectronics, which is extensively investigated for the purposes of optics, electronics, 
telecommunication and even medicine, involves near-IR (NIR), shortwave-IR (SWIR), mid-IR 
(MIR) and far-IR (FIR) sub-fields. Most of the light-emitting devices are lamps, LEDs, laser 
diodes and gain-medium lasers. To generate electromagnetic radiation via different physical 
principles, an electric current is usually sent through an active material.  

The light-detecting devices such as photodiodes, photovoltaic solar cells, photoresistors and 
phototransistors are designed to convert an incident electromagnetic energy into an electric 
current or voltage. They are used for light sensing, communications and remote control. Most 
materials are operated in specific sensitivity regions (or efficient absorption regions), so that 
photo-actuators can be divided according to their operating ranges (UV, Vis, NIR, etc).  

Electronic devices for controlling optical radiation can also be referred to the 
optoelectronic devices. They are mostly based on liquid crystals and the materials of which 
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optical response to external electrical stimuli is nonlinear. At the same time, they are less 
overlapped with nanomaterials and are out of the scope of the current overview. 

Beginning from 1980s, a technological progress in the materials science has instigated a 
development of nanomaterials and optoelectronic devices on their basis. A term ‘nanomaterial’ is 
used whenever one of the dimensions of a system is equal to 1–100 nm. Depending on the 
number of non-confined dimensions, nanomaterials are divided into two-dimensional (2D) 
quantum wells, nanofilms or nanosheets, 1D nanowires and 0D quantum dots (QDs), as 
illustrated in Fig. 1 [1]. When the dimension is lower or equal to about 40 nm (depending on the 
types of materials), a nanomaterial reveals the properties different from its bulk counterpart due 
to a quantum confinement effect. The quantum confinement is a spatial confinement of electrons 
and holes or e–h pairs (excitons) along one or more dimensions within a material. This results in 
increasing bandgap and discrete electronic energy levels which appear due to a confinement of 
electronic wave functions (see Fig. 1) [1, 2]. 

 

 
Fig. 1. Schematic illustration of energy-level structures for a bulk material and its nanostructures with 
reduced dimensionality: a 2D nanostructure (or a quantum well), a 1D nanostructure (or a quantum 
wire) and a 0D nanostructure (or a QD). DOS denotes a density of electronic states. The bandgap of a 
semiconductor nanocrystal increases with decreasing size and discrete energy levels arise at the band 
edges [1]. © CC BY 4.0. Open access. 2016 Springer Nature Switzerland AG. 
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Nanometre-thick semiconductor films with high crystallinity, which are known as 
quantum wells, have been one of the first nanomaterials used to create laser diodes [3, 4]. 
Somewhat later, nanoislands known as solid-state QDs have also been developed and 
thoroughly investigated  
[5–8]. Binary or ternary III–V-compound semiconductors (e.g., AlN, GaAs, GaN, AlGaN, InAs, 
InGaAs and InP) are mostly used to form these active solid-state materials (see Fig. 2). These 
materials have been successively applied in the fields related to laser diodes, displays, 
photodetectors, cameras and solar cells [9–13].  

 

Fig. 2. (a) Scheme of heterostructure with stacked InGaAs/GaAs QDs and a connection used for 
photoelectric measurements. (b) 3D plots of AFM topograms for the QD and WL sample upper layers. 
Reprinted with permission from Ref. [7]. © 2020 IOP Publishing Ltd. All rights reserved. 

Colloidal 0D QDs are solution-processed semiconducting nanocrystals having a size-
tunable bandgap. A great progress has been associated with a large variability of the methods 
for their fabrication and a wide range of their applications (see Fig. 3) [14, 15]. Colloidal QDs 
are synthesized based on binary or ternary semiconductors. They include II–VI (CdSe and CdS), 
III–V (InP, InAs, AlN and GaN), IV–VI (PbS and PbSe) and III–V (CuInS2 and CuInSe2) 
compounds, metal halide perovskites, transitional metal chalcogenides, etc. They have also 
found a very broad field of applications (e.g., for laser diodes, displays, photodetectors, cameras 
and solar cells) [16–18]. 

    
Fig 3. 0D colloidal CdSe QDs (left panel) and their emission regions and absorption/emission (photo-
luminescence) spectra (right panel) [17]. © CC BY 4.0. Open access. 2014 Springer Nature  
Switzerland AG. 
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A progress in the fabrication and chemistry of nanomaterials has lead to the creation of 
1D nanowires, which are based upon Si and Ge (see Fig. 4), SiGe, ZnO, GaN, InAs, metal halide 
perovskites, transitional metal chalcogenides, etc. They have peculiar optical properties and 
specific conductivity and photoconductivity, which can be used for developing 
nanoelectrodes, anisotropic photosensors and solar cells [19–22]. 

 

Fig. 4. Ge nanorods [22]. © CC BY 4.0. Open 
access. 2022 American Chemical Society. 

2D layered materials are the most novel materials that originate from the invention of 
monolayer (1L) graphene in 2004 (Prof. A. Geim and Prof. K. Novoselov, The University of 
Manchester). They are represented by graphene (see Fig. 5) [23, 24], layered phosphor 
(black P), arsenide (black and grey As), as well as some other graphene-like compounds 
which are due to different structural variations of layered transitional-metal dichalcogenides 
MX2 (M = Mo, W, Hf, Ni, Re, Pt, Pd, Zr; X = S, Se, Te), chalcogenides MX (M = In, Ga, Al, Sn, Ge, 

Sn; X = S, Se, Te) and metal halides MX2 (M = Pb, Be, Mg, Ca, Sr, Ba, Zn, Cd, Hg; X = I, Cl, Br) 
[25–31]. All these materials have unique optical and electrical properties, including an 
indirect-to-direct bandgap crossover, a spatial anisotropy, and high carrier mobility. To tune 
with high efficiency and enhance the electrical and optical properties of 2D materials, a 
variety of novel hybrids [32, 33] and 2D QDs (or nanoflakes) [26, 34–36] have been created. 
Representative 1L-MoS2 flakes and 1L-QDs are shown in Fig. 6 [36]. A layered structure of 
the 2D materials permits unique hybridization between the layers of different materials via 
van der Waals forces or plasmonic effects in metal nanomaterials [32, 33, 36]. This enables 
very wide applications of the 2D materials, with the relevant examples given by extremely 
sensitive and flexible photodiodes and photoresistors, light sources, chemical sensors, solar 

  

Fig. 5. High-resolution TEM image of a graphene monolayer sheet (left panel) [23] © CC BY 4.0. Open 
access. 2020 Hediyeh Karimi et al. Crystal structure of graphene (right panel) [24]. © CC BY 4.0. Open 
access. 2013 Hediyeh Karimi et al.  
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cells, optical switches, displays, energy storage, fibre optical elements, lubricants, and many 
other applications in photobiology and medicine. 

Metal nanostructures and nanoparticles (NPs) are the materials which are widely used 
in optoelectronics. Noble-metal (Au, Ag and Pt) nanostructures and NPs manifest strong 
surface plasmon interactions with light. The appropriate physical mechanism is that 
collective coherent excitations of free electrons in metal NPs, which are also known as a 
surface plasmon resonance, lead to enhanced local electric fields in the vicinity of 
nanostructure surface [37, 38]. If compared to highly symmetric structures (in the shapes of 
spheres, cubes and discs), lower-symmetry non-spherical metal NPs (nanorods, nanostars 
and nanotriangles) and the nanostructures with sharp edges and tips provide the highest 
plasmonic enhancement. Relevant samples of these NPs are shown in Fig. 7. A success 
achieved with the nonspherical metal NPs comes from their good surface plasmon resonance 
originated from their edges or tips, which provides a significant local-field enhancement. 
Variations of their size and shape enable highly tuned absorption properties of the metal 
NPs. This stimulates their investigations and applications aimed at enhancing photodetecting 
and emitting properties [33, 39–43]. 

 
Fig. 6. Morphology, structure and properties of a 1L-QD/MoS2 hybrid: SEM images of a large area (a) 
and a triangular flake (b); AFM topogram and a height profile (c); room-temperature µ-Raman spectra 
for 1L-QD/MoS2 hybrid, 1L flake and 1L-QDs (d); HRTEM image of 1L-QDs and QD-size distribution (e); 
photoluminescence and absorption spectra of 1L-QDs (f); SEM image (g) and scheme (h) of a flake 
decorated with 1L-QDs, and explanation of the interaction mechanism. Reprinted with permission from 
Ref. [36]. © 2022 Elsevier B.V. All rights reserved. 
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Fig. 7. Gold NPs can be tailored with a wide variety of sizes, shapes and surface chemistries [39]. © CC 
BY-NC 4.0. Open access. 2018 John Wiley & Sons, Inc. 

The field of optoelectronics focuses on the light-emitting and light-detecting devices and 
the studies of materials used to fabricate these devices. This field also covers the studies of 
the emission of materials under different stimuli and the interaction of light with different 
types of materials, primarily semiconductors and metal nanostructures. The technological 
progress in the materials science has stipulated tremendous steps in development of the 
nanomaterials and the optoelectronic devices on their basis. They are divided into 2D 
quantum wells, films or sheets, 1D nanowires and 0D QDs. Among them, 2D graphene-like 
layered materials, colloidal QDs and noble-metal nanostructures or NPs are the most 
investigated for optoelectronic applications. The success in application of the nanomaterials 
is based on their simple integration with circuits and silicon-based technologies. It is also 
linked with fibre and flexible optics and sub-micron electronics. On the other hand, the 
properties of the above materials can be tuned in a very wide range, using different 
approaches. As a matter of fact, a global scientific trend associated with the nanomaterials is 
currently transforming our technologies and industry. It represents the most ambitious 
course in the present-day and future optoelectronics. 
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Анотація. Оптоелектроніка зосереджена на світловипромінювальних і світлоде-
текторних пристроях і дослідженні матеріалів, які використовуються для їх 
виготовлення. Зазвичай світловипромінювальними пристроями є лампи, світлодіоди, 
лазерні діоди та лазери із середовищем підсилення, тоді як світлодетекторними 
пристроями є фотодіоди, фотоелектричні сонячні елементи, фоторезистори, 
фототранзистори тощо. Вищезазначена сфера також охоплює дослідження 
випромінювання матеріалів під різним збудженням та взаємодію світла з різними типами 
матеріалів, переважно напівпровідниками та металевими наноструктурами. 
Технологічний прогрес у матеріалознавстві спонукав до розробки наноматеріалів та 
оптоелектронних пристроїв на їх основі. Їх можна розділити на двовимірні (2D) квантові 



Nanomaterials for optoelectronics 

Ukr. J. Phys. Opt. 2024, Volume 25, Issue 1 01053 

ями, плівки або листи, 1D нанодроти та 0D квантові точки. 2D-графеноподібні шаруваті 
матеріали, квантові точки та металеві наночастинки для оптоелектронних застосувань 
є найбільш дослідженими. По суті, глобальна наукова тенденція, пов’язана з 
наноматеріалами, наразі трансформує наші технології та промисловість і представляє 
найбільш амбітний курс сучасної та майбутньої оптоелектроніки. 

Ключові слова: наноматеріали, оптоелектроніка, квантовий розмір, випромінювання, 
фотовольтаїка, сонячна енергія 


