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Abstract: Annotation. In a radio electronics sector, development and implementation of new tendencies are the most important part of the process that improves the efficiency of high technology industries at the modern stage. There are varies issues, especially relevant to improving the optoelectronic technologies, as there is a fast increase in the volume of information that is transmitted over the fiber optic communications systems. Therefore, one of the priorities is to improve the technical level of optoelectronic devices by creating advanced materials and manufacturing new products based on the isotope technologies.
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Introduction
The radio electronics is part of a vast global high-tech industry. To keep developing that sector there is a need to improve the efficiency of optoelectronic elements, including those based on the next generation nanostructures. Today, developed countries tend to move from micro to nanoelectronics. There are so many modern and promising directions for the further development and one of them is the development of semiconductor materials based on new physical and technological principles, including isotope superlattices and production analysis of such nanostructures. 
The use of nanostructured materials in optoelectronics is a promising sector of scientific research, and therefore many researchers are engaged in this subject [1, 2]. There are many promising directions for the research in the field of engineering semiconductor materials based on the isotopes of chemical elements to get new effects and optoelectronic characteristics. 
Isotope Nanoengineering in Photonics
The main direction of isotope nanoengineering is to create new materials and nanostructures using isotopes of the same chemical element that have improved optoelectronic characteristics. To get those isotope nanostructures with the required characteristics we need to change physical and technical parameters of a semiconductor material, namely the width of a band gap, the effective mass and mobility of charge carriers, the refraction and absorption coefficients of light, electrical resistivity, and so on, along with different isotope concentrations of the same chemical element (isotope effect) [2-7]. 
The essence of the isotope effect is a change in the number of neutrons in the nucleus along with the same number of protons, therefore, within the last years, the isotope effect has become one of the most powerful methods of studying solid state physics [4-7]. When an isotope substitution occurs, for example, the change in the percentage composition of heavy isotopes at the source material, it changes a phonon wave function as well as an electron-phonon coupling constant. This is shown by the magnitude of shifts for Raman spectra of natural silicon and silicon isotopes shown in Fig. 1, determined by the difference in the mass of the silicon isotopes. The isotope effect is confirmed by the difference in a position of the longitudinal optical mode (Fig. 1), in dependence to the isotope number (M is a reduced mass of a primitive unit cell). 
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Fig. 1. The dependence of the maximum position of the optical mode on the type of silicon isotope [7]



In the last four decades, scientists have conducted detailed experiments to test the isotope effect using many semiconductors and dielectrics [5]. As a result, the isotope effect has important consequences for optoelectronics, namely there is the difference between the width of the band gap and the effective mass of an electron for different isotopes of the same chemical element. Thus, for example, when the isotope  is completely replaced by the isotope , then an increase in the width of the band gap would be 14.7 meV in diamond [6]. The dependence of the width of the band gap for silicon is shown in Fig. 2. 

[image: ]
Fig.2. The dependence of the width of the band gap on the number of the silicon isotope [7]



As shown in Fig. 2, when the isotope mass increases (an argument  decreases) and the width of the band gap () goes up.




The value of the effective mass for different isotopes can be obtained using the mobility of the charge carriers and the amount of the electrical resistivity. Thus, the specific electrical resistivity (300 K) with increasing number (weight) of the isotope of a silicon single crystal [ (99,99%);  (99,92%);  (99,97%)]; increases within the limits of 100-200 Ohm/cm [7]. As the weight of the isotope decreases, the mobility of the electrons increases, namely the effective mass of the electron decreases. So, the isotopic purification of silicon allows to remove essentially all the heavy isotopes () as well as to double the electrons mobility and the speed of microprocessors [8]. Besides, there could be expected an even greater effect due to a faster speed of mobile charge carriers that is caused by the isotopic purification of the gallium, which is used in the solid solutions such as gallium arsenide and aluminate gallium arsenide. The material is often used to create nanostructures from multiple quantum wells. 
There are the silicon isotopes substitution techniques such as a neutron transmutation doping (NTD) that increases the percentage of heavy isotopes and a gas centrifuge (GC), which decreases the percentage of heavy isotopes in the source material [9]. 
Molecular beam epitaxy (MBE) is a popularly used technique for fabricating of isotope multilayer nanostructures from different isotopes of the same chemical element. MBE technique is an ultra-high-vacuum technique for the deposition of thin films of various semiconductors and insulators layer-by-layer from an evaporated beam of particles [11]. 
Gas centrifuge (GC) is a widely used technique. Using the isotope purification of chemical elements from the heavy isotopes (enrichment) would significantly improve the optoelectronic characteristics of semiconductor materials, such as silicon, germanium, gallium, etc.
Many researches have been conducted to explore the functional materials for optoelectronics within the field of isotope nanoengineering, namely the goal was to improve the characteristics of bulk semiconductor crystals (BSC), multiple quantum wells (MQW) and superlattices (SL). The nanostructured materials based on MQW and SL relate to one-dimensional multilayer nanostructures. Considering their physical and technological properties, MQW and SL are similar (Fig. 3). 
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Fig.3. The silicon isotope superlattices (a – a quantum well, b – a barrier)

The difference lies between the width of the barriers b and the quantum wells, including the width of the wells a. The specific values a and b are determined by the semiconductor material. Thus, for GaAs multiple quantum well (MQW) dimensions are b>10нм along with a quantum well width of 6нм≤a≤10нм [13]. In this case, each quantum well works as an independent nanostructure with levels of quantization of charge carriers in the wells, depending on the height of the potential barrier and the width of the well. When the dimensions are reduced, for example, a=b≤6нм, the MQW structure turns into the superlattices (SL), in which individual quantization levels are split into some subbands resulting in the conductance that rotate with the gaps (Fig. 4). The functional materials for optoelectronics that are based on the MQW and SL allow to build night vision and thermal imaging devices as well as the photoreceivers for ultra-long-range IR applications corresponding to the atmospheric window. The superlattice model plays an important role here, as it helps to develop new semiconductor materials with a small width of the band gap, which organic semiconductors can’t provide. In addition, the isotopically pure materials (homogeneous isotopic compositions) could provide even better results. So, using the isotope superlattices (ISL), we can build solar batteries that could hold the dark photons, which is very important for areas that have a limited number of sunny days [2]. 
Improving the Quality of Photoreceivers 
To see the effectiveness of changing the isotope composition of a substance to improve the physical properties of the material, we need to consider the following example of the optoelectronic characteristics of the photoreceiver (the most common device in optoelectronics). Thus, the main parameters of the photoreceiver (PR) are sensitivity, detectability, a signal-to-noise ratio at a receiver's output ρ2out, and an error probability when elementary pulse is received Perr. If we decrease concentration of the heavy isotopes in the semiconductor material, which PR is made up, then it first increases the mobility of charge carriers, the light absorption coefficient and the quantum efficiency. Next it also reduces the number of electron sublevels in the band gap that influences the dark current. All that increases the photodetector’s sensitivity, decreases the dark current, rises ρ2out and lowers the error probability. The efficiency of isotope purification depends on a size of PR. To build the photoreceivers could be successfully used the bulk semiconductor crystals (BSC) and the MQW and SL nanostructures. 


For the photoreceiver (PR), the main consequence of isotope purification of gallium arsenide is an increase in the absorption coefficient  and the quantum efficiency of  material. 



The isotopic composition of gallium in  crystal consists of a mixture of 60.1%  and 39.9% . 










We can treat the reduction of isotope concentration  as a decrease in the number of defects in the crystal lattice, which will affect the effective mass of the electron  and the width of the band gap . All the detailed changes to  and  can be found in the publication [14]. There are presented research results relative to the dependence  and  on the changes in the concentration of doping atoms in GaAs single crystals. Therefore, if we reduce the concentration of the heavy isotope  in gallium arsenide crystal by two orders of magnitude, then it could lower 1) the width of  to 0,06eV and 2) the value of  by two times.


The quantum efficiency of  material has a significant effect on the optoelectronic characteristics of the photoreceiver. Here is the formula for calculating the value of [15]: 

, 	 (1)

where  - is the absorption coefficient;

 - is the thickness of sample (BSC).

The absorption coefficient  is calculated as follows [13]:


,  	 (2)

where  - is the photon energy (a product of the Planck constant and the light of frequency);

 - is the coefficient of direct proportionality.

The dependency graph  for gallium arsenide gives the value of the coefficient K as follows [13]:


; . 	 (3)


After the isotope purification of gallium from the heavy isotopes, including the changes of  was done, the absorption coefficient would be equal to :


; . 	 (4)


According to (1), an increase in the quantum efficiency  for BSC from gallium arsenide, including the thickness of  would make:

 	 (5)



It is known that the value of  determines the sensitivity (a direct dependence), the detectability of material, which PR is made up, and the most importantly, the photocurrent value [15]. Therefore, the signal-to-noise ratio at the photoreceiver's output  will increase by a factor of 1,23 before and after the isotope purification of the bulk crystal. The increase in  will reduce the error probability by several orders of magnitude [16]. 
There are materials with the most effective properties for PR, namely they are the multiple quantum wells that consist of alternating layers of gallium arsenide (wells) and aluminate gallium arsenide (barriers) (Fig. 3) [13].

For the quantum wells, the value  and the formula (1) to calculate the quantum efficiency as follows [15]:

. 	 (6)
Then after the isotopic purification, the value of the quantum efficiency for gallium arsenide per a quantum well (QW) increases as follows:

 	 (7)

Eventually, the isotopic purification of the material based on the MQW will increase the sensitivity of PR, the detectability, the photocurrent, and the value of  by a factor of 1,325 and will decrease Perr by several orders of magnitude [16]. 
The semiconductor superlattices (SL) are used in many different fields of science and technology and are the most promising material in optoelectronics. They can split the energy levels into some subbands resulting in the conductance and the gaps in the quantum wells.
The ability to change the isotopic composition of the material allows us to choose the location of the energy subbands in the quantum wells and the width of the energy gaps in the superlattices (SL) to develop the new semiconductors. This happens because we change the effective mass of the electron m and the width of the band gap Eg of SL material.
The width of the gaps and the conductivity subbands are determined by the base semiconductor as well as the width of the barriers and wells. Let’s say when we design optoelectronic devices based on the photoelectric effect and the intersubband transitions, it is very important to get the required width of the energy gap and the number of subbands in the quantum well. However, it is hard to get the desired result if we only match the parameters of wells a and b for the selected material. 
It is known that after purification of silicon crystals from the heavy isotopes such as 29Si and 30Si, which make about 8% of all atoms, the mobility of electrons is two times higher [8]. 


It is also known that gallium consists of two isotopes (69Ga – 60,1%; 71Ga – 39,9%), and after purification of the crystal from the isotope 71Ga the mobility of electrons could be two times higher. Since gallium is lighter than silicon (the ratio mэф for Si and Ga equals: , where m0 - is a mass of the electron in vacuum), we can expect a greater effect from the isotopic purification. In addition, the number of cycles such as acceleration and scattering for gallium is greater compared to silicon, and hence, the purification process is more efficient. As for silicon, collisions with a heavy isotope occur every 9 atoms on average and for gallium, every 2 atoms. 
We can estimate the effect from the isotopic purification of gallium crystals for the superlattices, for this we need to use mathematical modeling for the dependence of the energy levels on the width of the well.



As noted above, the value of the effective mass after the purification from the heavy isotopes of gallium could be reduced by two times, namely it makes up to . The value of the width of the band gap  after the purification may make up: . 
Fig. 5 shows the results of mathematical modeling for the distribution of the energy bands for SL using gallium arsenide (a quantum well) and aluminate gallium arsenide (a barrier), including Fig. 4a that doesn’t have the purification of the material and Fig. 4b that shows the purification of gallium from the heavy isotopes. 
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а)
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б)
Fig. 5. The dependences of the energy levels of SL: a - before the purification process and b - after the purification





The calculation of the width of the energy gap in the quantum well for the parameters a=b=4нм showed (see Fig. 4) that the purification reduces the width of the first energy gap by 3мэВ, So, that would be an important factor to get a certain long wavelength threshold for the photoelectric effect, for example, that might be used in security systems, detectors for hazardous substances, and many other useful devices.
Eventually, mathematical modeling proves the changes in the optoelectronic characteristics, namely the distribution of energy bands in the SL structure after the purification of gallium from the heavy isotopes.
The isotope superlattices can be used to design the new semiconductor materials for the photoreceivers for ultra-long-range IR up to 20 μm, which cannot be created in a regular way.

Conclusions
If we change the isotope composition of the original semiconductor then that affects the optoelectronic characteristics of the material, namely the mobility of charge carriers, the width of the band gap, the quantum efficiency, and so on.
When we create isotope materials we can also increase or decrease the percentage of the heavy isotopes in the material.
The most promising direction is the creation of the isotope superlattices, the next generation nanostructures. Using the isotope superlattices, we can develop the new semiconductor materials for the effective night vision and thermal imaging devices, the solar batteries that could hold the dark photons, the photoreceivers for ultra-long-range IR applications, the safety systems, the medical equipment, and so on.

Besides, the isotope purification of the original chemical element from the heavy isotopes will allow us to make more sensitive pixels for camcorders and built better intelligent video surveillance systems. So, the purification process of gallium from the heavy isotopes (photoconductor material) reduces the amount of digital noise in photos, increases the signal-to-noise ratio of the photoreceiver  reduces the error probability of PR by several orders of magnitude, and increases the probability of a correct detection at the device output to detect hazardous objects [17].
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