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The monograph examines methods of preparation and analysis of substrates, as 
well as structural-crystallographic, morphological optical, mechanical and chemical 
properties of substrates used for the epitaxial growth of GaN films. In addition to 
widely used substrates such as sapphire, silicon carbide, silicon, gallium arsenide, 
gallium nitride and aluminum nitride, experimental studies and thorough analysis of 
substrates based on porous compounds have been carried out.

For research staff, graduate students and engineers who deal with the physico-
technological problems of semiconductors, especially nitride compounds of the third 
group, as well as students of the physical faculties of the universities.
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INTRODUCTION
Due to its unique physical properties (direct bandwidth, high band gap, spontane-

ous polarization and significant piezoelectric effect, high thermal conductivity, the 
ability to obtain samples as n- and p-type), nitrides of group III are increasingly used 
in modern solid electronics and optoelectronics. Light-diodes, lasers and ultraviolet 
radiation sensors are produced on the basis of broadband GaN.

To date, capacious crystals of GaN are not commercially available, therefore the 
main direction in modern technology for the cultivation of gallium nitride is the het-
eroepitaxia, which is associated with the use of «alien» substrates of other materials. As 
substrates for GaN epitaxial films, sapphire, silicon carbide, gallium and aluminum 
nitrides and others are used.

A significant complication in getting films nitride III groups and have no decent 
options for lattice and thermal expansion coefficient of the substrate for GaN.

A comparative analysis of the general properties of epitaxial GaN grown on differ-
ent substrates will allow to determine to a certain extent the state of things in this field, 
the range of technological problems and methods for their solution, the degree of ef-
fectiveness of the application of different methods of film research in the study of 
heterogeneous structural, crystallographic, morphological, optical and electrophysical 
characteristics – that mono epitaxy GaN. At present, active research is being carried 
out to overcome the «monopolization» of Al2O3  in the market of substrates for the 
growth of epitaxial GaN-film. The analysis of the advantages and disadvantages of the 
main substrates that are used at the moment can increase the activity of improving not 
only the methods of cultivation but also the preparatory treatment of substrate materi-
als in order to realize their advantages as substrates for GaN films based on different 
physical, chemical, electrical and other characteristics.
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CHAPTER 1. METHODS OF CONTROL OF MATERIALS 
OF ELECTRONIC EQUIPMENT

1.1. Mechanical, chemical and other methods of processing substrates
A substrate is the constructive basis for mechanically weak bases.  In electronic 

technique, substrates are used mainly for the production of thin epitaxial films for the 
further production of integrated circuits (ICs), thin film resistors and capacitors, 
memory elements on thin magnetic tapes, photomasks, printed circuits, etc.

Requirements for the ideal substrate:
– Atomic smoothness of the surface (the goal is to ensure the homogeneity of the 

films);
– High plane (goal – the best combination with a mask);
– High mechanical strength, thermal conductivity and electrical resistance (the 

purpose is the absence of cracking and heating of the components of the circuit, as well 
as the isolation of the components of the circuit);

– Proximity of the coefficients of thermal expansion of the substrate and the film 
(for the removal of mechanical stresses);

– Thermal and chemical stability (purpose – the possibility of exploitation in high 
temperature and reactive environments);

– Low cost.
Substrate materials are made of dielectric materials (seeters, glass, sapphire, ceram-

ics, mica, glass fiber and others), semiconductor materials (Si, A2B6, A3B5 and others), 
metals (beryllium and copper-beryllium bronze). Basic geometric parameters of sub-
strates [195, 196, 197, 201, 179]:

1. dimensions of the working surface,
2. thickness,
3. roughness,
4. deflection,
5. flat surface parallelism.
The process of preparation of monocrystalline substrates, the quality of which de-

pends on the reliability of the flow of all subsequent technological operations, is one 
of the first stages of the manufacture of semiconductor devices and IC. Substrate pads 
have a smooth surface with minimal depth or complete absence of broken layer. Basic 
stages of the preparation of semiconductor monocrystal substrates [195, 179, 190]:

– cutting a semiconducting ingot on a washer without orientation or with a given 
crystallographic orientation;

– grinding;
– mechanical polishing;
– chemical polishing.
These processes account for about 10 % of the cost of IC [196, 197].
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Technological features of processes of chemical processing of semiconductor 
plates.

Chemical processing is divided into purification and etching. After machining the 
semiconductor plates are cleaned of various contaminants: abrasive particles, adhe-
sives, fats, salt residues. Laundering-cleaning consists of two stages: degreasing and 
rinsing in especially clean water.

The surface cleaning of semiconductor plates is reduced to the removal of physical 
and chemical contaminants, chemical processing products [195, 179, 190].

The removal of physical contaminants (1-100 microns) that are weakly bound to 
the surface by Van der Waals forces or electrostatic polarization involves the removal 
of inorganic and organic contaminants. Organic pollution, in turn, is divided into non-
polar and polar ones. Nonpolar solvents – benzene, toluene, four carbon monoxide, 
freon – are used to remove nonpolar contaminants (mineral oils, paraffins, petroleum 
jelly, resins, etc., whose molecules have high surface energy and thereby close the large 
area). Polar organic solvents (acetone, alcohols, trichlorethylene) are used to remove 
polar organic contaminants (fats, proteins, butyric acids, synthetic films whose mole-
cules are oriented on the surface and thus occupy a smaller area). Cleaning the surface 
of plates from vegetable and animal fats is carried out in soap bubbles. At the same 
time, mechanical contamination (dust, fibers, etc.) is also removed.

The removal of chemical contaminations bound on the surface with layers by 
means of chemisorption involves the removal of impurities adsorbed in the ionic, el-
ementary and colloidal states, and usually involves treating the surface of the purified 
semiconductor in a series of mineral concentrated acids (HCl, HNO3, H2SO4) often in 
a mixture with strong oxidizing agents, complexing agents or  surfactants that form 
water-soluble salts that are removed at the washing stage of the plates.

1.2. Etching and its types
A etching is the dissolution with the subsequent removal of part of the material 

from the surface of solids for technological purposes and to detect the structure of the 
material (crystalline).  Accordingly, technological and structural etching is distin-
guished.

Let’s consider some classification of methods of etching.
a) Ion etching (IE) (occurs on a crystal that serves as a cathode in a glow discharge 

in a vacuum. Removal of matter from the surface is carried out at the expense of the 
energy of bombing ions):

• Ion-plasma etching (IPE);
• Ion-beam etching (IBE);
• Atomic Radiation Etching (ARE);
b) Ion-chemical etching (ICE):
• Reactive ion-plasma etching (RIPE);
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• Reactive ion beam etching (RIBE);
• Reactive atomic-beam etching (RABE);
c) Chemical etching (CE) (based on different chemical activity of structural com-

ponents or sections of the crystal in relation to chemical reagents. Chemical etching 
can occur both in a liquid medium – in aqueous and non-aqueous solutions, in the 
melt of salts and metals, and in the gas phase [177]):

• Gas etching (GE);
• Radical etching (RE);
• Plasma-chemical etching (PCE).
Each method of etching has its characteristics:
1. ion etching is characterized by the smallest selectivity of etching and the slightest 

error in the size of the treatment;
2. chemical etching occurs at the highest rate of etching and as a result gives the 

least disturbed layer of the treated surface;
3. ion-chemical etching has the best combination of precision machining and pro-

ductivity of equipment [53].
With all the diversity of methods of etching, they can be divided into two large 

groups by the aggregate state of an acting medium such as [189]:
ØLiquid (chemical) etching (in the basis of the chemical reaction of the liquid herb 

and solid, which results in the formation of soluble compounds);
ØDry (ion-plasma) etching (carried out in special gas-discharge chambers in 

which the substrate is treated with ions or chemically active plasma particles).
Distinguish the etching:
technological (for processing and changing the shape of the surface of metals, semi-

conductors, glass, wood and other materials, and structural – to detect the structure of 
crystalline materials. To obtain the desired pattern scheme on semiconductor crystals 
such as the application of a chemically stable layer of the dielectric, and free from the 
site exposed etching [47]);

structural (detected ing features macro- and microstructure of crystalline materi-
als, defects in crystals, etc.) [51].

The digestive process includes [50]:
surface preparation (for example, mechanical grinding and polishing, degreasing);
interaction of the herb or electrolyte (solutions of acids, solutions and melts of salts 

and alkalis, other organic and inorganic liquids, plasma) with the treated material;
cleaning the surface of the herb and digestive products (for example, washing with 

any solvent).

1.2.1. Ionic etching
Ionic etching is removal of a substance from the surface of a solid under the action 

of ion bombardment (inert gas).
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The process of ion etching depends on the intensity of the beam, the type, the en-
ergy and the angle of the ions, as well as on the material and the target state. It can be 
used for processing multilayer film structures with incompatible conditions for liquid 
chemical treatment of the properties of layers.

In the process of ion etching (due to sputtering, defect formation, implantation of 
ions and recoil atoms) the elemental composition and the surface structure change: 
surface enrichment is a separate element, crystallization or amorphization of the sur-
face layer. The depth of etching can range from 0,05 to several micrometers, and the 
minimum width of the etching line is 0,1-0,5 μm. 

At ionic etching (IE), the rate of etching (physical material spraying):

,

where  - ion current density, A/m2;   – spray ratio, atom/ion;   – molecular 
weight, kg/kmol;  – electron charge, Kl;  – Avogadro number, molecules/Kmol; 

 – material density, kg/m3 [53].
Depending on the method of obtaining ions and the environment in which the 

samples are located, ion etching is divided into three types:
a) volume-plasma (samples mounted on a cathode gas-discharge device, undergo-

ing bombardment of ions of inert gas from the plasma region);
b) ion-beam (samples are placed in the high vacuum chamber of the unit and sub-

jected to bombardment with ions from an autonomous source);
c) atomic beam.
Ions can be obtained in the form of a focused beam. For the formation of an ion 

beam is a system of extracting, accelerating and focusing lenses. To compensate for the 
positive charge accumulated on the treated surfaces, a heated cathode, which emits 
electrons (neutralizer), is used.

Systems based on the work of ion sources without a hot cathode show a high selec-
tivity of the process, and also have a number of advantages over conventional plasma.

The disadvantage of ion etching is low selectivity at the rate of etching of various 
materials.

1.2.2. Gas etched
The essence of gas etching is the formation during the chemical interaction of the 

material of plates with gaseous substances easily volatile compounds. Gas etching is 
used as a method of final cleaning of the material, thanks to the features of the struc-
ture of the surface layer. As herbalists use mixtures of hydrogen or helium with halo-
gens, halogen hydrides, hydrogen sulfide, sulfur hexafluoride.

Compared with liquid treatment, gas etching provides cleaner surfaces. However, 
the high temperature of processes and the need to use gases of special purity limit the 
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use of this type of etching [167].
Gas etching provides the maximum achievable surface frequency, and is combined 

with processes such as epitaxy and oxidation when carried in one reactor without re-
moving the plate to air. High surface cleanliness is ensured by the transition of all 
surface contaminants and partially semiconductor atoms to volatile chemical com-
pounds.

The disadvantage of the method is the need for a process at high temperatures and 
the complexity of obtaining a high degree of purity of hydrogen (not less than 99,98 %) 
and hydrogen chloride (not worse than 99,99 %).  

1.2.3. Plasma etching
In the plasma etching (physical etching), the process of cathodic sputtering of the 

substrate with the inert gas ions is realized.
The disadvantages of the method are:
a) low selectivity of the process.  High selectivity can be achieved in the reactive 

plasma process. The essence of the technology of plasma etching is as follows: various 
forms of discharge form in the plasma-forming gas, chemically active particles, which, 
when interacting with the surface of the semiconductor or metal, form easily volatile 
chemical compounds that are removed by the vacuum system [178]. In such reactors, 
the ions do not move perpendicularly to the substrate, which leads to isotropic etching.

b) ions acquire sufficiently high energy, which leads to the creation of various kinds 
of radiation defects in semiconductor structures. To reduce the defect density in cylin-
drical reactors, an additional screening grid is inserted which isolates the discharge 
zone from the treated plates.  In this case, the so-called radical etching is realized  – 
there is a chemical interaction of the surface layers with electrically neutral reactive 
free radicals, which are always present in the plasma of the reactive gases used.

The rate of plasma etching is determined by many factors: the configuration of the 
plasma system, the optimal choice of plasma gases (is determined not only by the pro-
cess efficiency, but also by the achievement of high selectivity of the etching), high 
frequency power and working pressure (affects the speed, isotropy and homogeneity 
of the etching due to changes in the free path of ions).

In order to eliminate the main disadvantages of plasma etching, in particular, to 
increase the selectivity of the process, which is determined by the ratio of the etching 
rates of the various pairs of materials contained in the microstructure, the following 
key points must be adhered to during the etching process:

a) the optimal stopping of the process and lack of etching;
b) the optimal ratio of the rate of etching of the layer to be removed and the pho-

toresist.
To select the optimal process selectivity, the following techniques and methods are 

used:
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1. Choosing the optimal reactive gas.
2. Choosing the optimal digestive rate.
3. Reducing the concentration of reactive gas at the end of the digestive process.
4. Introduction to the system of various devices to determine the end of the process.

1.2.4. Liquid methods of etching
By the nature of the interaction of the solvent with the substance, chemical etching 

occurs in three types: molecular, ionic, and reactive [189].

1.2.4.1. Chemical etching
Chemical etching is performed by immersing semiconductors in acid. The relative 

speed of the etching processes of semiconductors depends on the composition of the 
experimental samples, the concentration of acids, the temperature of the process, 
etc. The increase in acid temperature also contributes to a sharp increase in the rate of 
etching. After the etching, a mandatory washing is required [50].

The rate of etching also depends on the orientation of the plates, since the chemical 
etching of the plates can be regarded as a heterogeneous reaction (occurring on the 
boundary of solid and liquid environments) [167].

In chemical etching (CE), the rate of etching (spontaneous chemical reaction):

  m/s,

where  - the density of the flow of chemically active particles (CAP) on the 
surface of the material, ХАЧ/(m2∙s);   – probability of a spontaneous chemical reac-
tion;   – coefficient of material output as a result of chemical reaction, atom/ХАЧ. 

The value  can be calculated according to the following formula:

,,

where  - partial pressure ХАЧ, Pa;   – constant Boltzmann, J/K;  – the tem-
perature of the walls of the vacuum chamber, K.

The value  can be calculated using the following formula:

,

where  – a pre-exponential factor not temperature dependent;  - the activa-
tion energy of a spontaneous chemical reaction, J [53].

There are the following types of chemical etching [202]:
1. isotropic dissolution of a semiconductor with the same rate of etching in all direc-
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tions, which is used to remove the broken layer or polish the surface;
2. anisotropic etching – dissolution of a semiconductor at different speeds in differ-

ent directions of a single crystal;
3. selective etching is the dissolution of a semiconductor at different speeds on dif-

ferent surface areas with different chemical composition. The digestive process may be 
selective. Digestive selectivity is based on the differences in the rates of chemical reac-
tion on different sites of the etched surface [50];

4. local etching – removal of material from strictly limited and specified areas of the 
semiconductor, which provides obtaining a given relief of the surface;

5. layer etching is uniform sequential removal of thin surface layers.

1.2.4.3. Electrolytic etching
However, there are methods of etching that require an external source of current – 

methods of electrochemical or electrolytic etching [49].
To accelerate the etching process, an electrolytic method of etching is used. Distin-

guish the following types of etching:
1. anode (the product is placed as an anode) electrolyte solutions are usually acids 

or alkali metal salts, are insoluble in the cathode electrolyte materials, mainly lead and 
sometimes iron anode current density is selected depending on the surface of the 
product and the required speed of the process; in practice, the current density fluctu-
ates within 5-200 A/dm2. The process is usually carried out at room temperature; the 
length of the process is selected experimentally and lies in the range from 30 seconds 
to 30 minutes.

2. cathode (product acts as a cathode) etching. As the anode usually uses lead or its 
alloy with 6-10 % antimony; electrolyte are solutions of acids or mixtures of them with 
alkali metal salts [50].

Electrochemical etching is successfully used for metals and alloys whose chemical 
etching is difficult (tantalum, molybdenum, tungsten, heat-resistant alloys), as well as 
for semiconductors.  The advantages of electrochemical etching over chemistry are 
[47]:

• surface cleanliness;
• extraordinary flexibility in process management.

1.2.5. Mixed types of etching

1.2.5.1. Plasma-chemical etching
Plasma-chemical etching (PCE) occurs as a result of chemical reactions between 

the chemically active particles and the surface atoms of the material [202].
At the same time, the molecules of gas in the discharge disintegrate into reactively-

capable particles – electrons, ions and free radicals that chemically interact with the 
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etched surface.  As a result of chemical reactions, volatile compounds are formed 
[167]. The role of electrons and ions present in the plasma is to increase the rate of 
etching.  The activating action of electrons and ions is determined by their energy 
[202].

With plasmochemical etching, the removal of the surface layer of a material occurs 
at the expense of the chemical interaction between the ions and the radicals of the ac-
tive gas and the atoms of the treated substrate with the formation of volatile com-
pounds.

Plasma-chemical etching is divided into (depending on the environment in which 
the substrate is located):

• proper plasma (the material being processed is in the region of plasma-chemical 
reactions of the etching will be activated by low-energy bombardment of both elec-
trons and ions);

• radical (samples are in a vacuum chamber separated from a gas-discharge with a 
chemically active plasma by perforated metal screens or by magnetic and electric 
fields  – only chemically active particles are involved in etching without additional 
electron or ion bombardment).  Two types of plasma etching reactors are used, in 
which high frequency current is used to generate plasma.

The kinetics of PCE in general can be presented in the following way [191]:
• delivery of active gas molecules to the discharge zone;
• Transformation of these molecules into active radicals;
• Delivery of radicals to the surface of the digestive material;
• Interaction of radicals with active material centers (adsorption of radicals, chemical 

reaction, desorption and removal of reaction products);
• Discharge of reaction products from the discharge zone and from the chamber.

Advantages of the PCE method:
– the method has a high selectivity (the ability to receive profiles of any materials: 

semiconductors, dielectrics and metals);
– PCE – process is dry, less dangerous and cheaper than chemical; Eco-friendly;
– Provides higher resolution;
– With PCE it is possible to combine the same digestive chamber operation, remov-

ing recursion and clearing the surface; PCE method allows to automate the process.

 1.2.5.2. Ion-chemical etching
The type of ion etching is ionic-chemical (reactive – in English literature – Reactive 

Ion Etching or RIE) etching, based on the introduction into the plasma of chemically 
active gas, usually oxygen, an essential component of the process is ionic bubbling of 
the material surface [167]. Due to the chemical interaction between the substrate and 
the gas added, the rate of etching changes.  Reactive ion etching  is the simplest and 
relatively cheap option of dry etching. 
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Since the 80’s the standard configura-
tion of RIPT (reactive ion-plasma etch-
ing) is a capacitive high-frequency dis-
charge between parallel electrodes.  The 
substrate is placed on the electrode. The 
electrode is supplied with an RF voltage 
of 13,56  MHz.  The discharge chamber 
and the second electrode are ground-
ed.  The gas is supplied through a gas 
shower in a grounded electrode.  The 
decomposition of the gas mixture into 
electrons, ions, and active radicals oc-
curs when inflammation of the capaci-
tive discharge. With the appropriate 
choice of discharge parameters, it is pos-
sible to implement an isotropic etching 
regime.  It is also possible to work the 
plant in the mode of etching by physical 
spraying using ions of inert gases.  The 

optimal ratio of pressure and gas flow through the chamber is supported by a system 
of stabilization of pressure with a gate of a variable section (process pressure 
5-500 mTor). 

This method allows for etching of a wide range of materials: etching of dielectrics 
(SiO2, SiNx, etc.), semiconductor materials (GaAs, InP, GaN, etc.), Si, metals by physical 
spraying (Au, Pt, Ti, Ta, W), diamond carbon, photoresist, polyamide, etc.

Ion-chemical etching combines the advantages of ionic and plasmochemical etch-
ing. Mechanism of ion-chemical etching is the joint effect of spraying and chemical 
reaction. Ion-chemical etching is carried out in the same installations as ionic etching, 
only as a worker using non-inert, but chemically active gas.

With ion-chemical etching (ICE), the rate of etching is defined as the sum: 
 [53].

1.2.6. Electrochemical etching
For etching semiconductors, unlike etching metals, they usually prefer chemical 

etching. This is facilitated by accessibility, extreme simplicity of execution, acceptable 
process speeds, low temperatures and uncomplicated equipment. However, the surface 
cleanliness obtained by chemical etching is not always satisfactory, so samples are fur-
ther purified, since after chemical etching, the surface still contains contaminants that 
come from the herb, as well as a thin layer of oxides or other compounds, adsorbed 
gases and solvent molecules [177].

Fig. 1.1. Scheme of installation for reactive 
ion-plasma etching [167].
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Electrochemical etching is based on chemical transformations that occur in elec-
trolysis. The process of immersion of a semiconductor plate (as an anode) and a metal 
electrode (cathode) into an electrolyte is an oxidation-reduction reaction consisting of 
anodic oxidation (dissolution) and cathode recovery. The process of etching of plates 
and substrates consists in dissolving their surface when interacting with the corre-
sponding chemical reagents (alkalis, acids, mixtures and salts). Electrochemical treat-
ment is carried out in solutions of acids, in alkaline solutions or in melts at constant or 
alternating current.

The etching is also used for dimensional processing of semiconductor wafers, for 
example, to bring their thickness to a given value, for obtaining local depressions or 
through holes. Selective etching of semiconductors is used for controlled receiving of 
deformations of a certain form.

Consider the process of electrochemical etching of silicon plates. Etching is carried 
out in solutions of electrolytes containing hydrofluoric acid with a gradually increasing 
current density. At the first stage of the process, the formation of a silicon oxide layer 
on the surface of the plate occurs, which includes a fluorosilic complex SiF2, which is 
oxidized in aqueous solutions with the release of hydrogen according to the reaction 
[167]:

Then anodic dissolution of silicon occurs in hydrofluoric acid:
.

This process was called electric polishing [167].
Electrochemical polishing. Electrochemical polishing consists in the predominant 

anodic dissolution of the projections on a rough surface and results in low roughness 
or mirror luster surface.

The alignment of the surface and its gloss is due to two interconnected processes 
[52]:

1. At the anode formation of a relative thick viscous layer from dissolution prod-
ucts. There is a predominant dissolution of microwaves and smoothing of the surface 
(the current density on the surface of the bottom of the reservoirs will be less than the 
projections).

2. Formation and removal of thin oxide film (increases the optical smoothness of 
the surface and increases the gloss).

Electrolyte for polishing should meet the following requirements:
a) be robust;
b) have a wide operating interval of the current density and temperature;
c) should not corrode the surface of the polished product [ 52 ].
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Electrochemical oxidation. The main types of electrochemical oxidation:
• obtaining barrier thin films (thickness up to microns);
• porous thick (up to several hundred microns) of anode oxide films.
Barrier films are usually obtained in two stages:
1. in galvanic conditions (the voltage increases in time, and the thickness of the 

oxide film is proportional to the amount of electricity);
2. electrostatic mode (after reaching the given voltage the current decreases in time, 

the dielectric properties of the oxide film increase).
One of the most important applications of barrier oxide films is to obtain a dielec-

tric layer of electrolytic capacitors.
Anodic-mechanical etching is used to accelerate the least slow stages of purification 

processes in order to improve the quality of cleaning and productivity of processes.
Anodic-mechanical etching – electrochemical etching, accompanied by mechani-

cal action. The electrolyte is supplied to the illuminated by a powerful lamp (for gen-
erating holes) plates that are pre-mounted on the anode and are in contact with the 
cathode rotating disk, contains radial grooves, with the rate of electro-polishing reach-
ing 400 nm/s [52]. 

At the proper etching, oxidation-reduction processes occur, which by their nature 
are electrochemical processes. Between the anode and cathode partial reactions there 
is a displacement potential, which leads to identical in magnitude but oppositely di-
rected local currents, which are mutually compensated, and the outside process goes 
without current [49].

During the electrochemical processing of plates, the following changes occur:
1) The digestive process may be accompanied by gas evolution.
2) The rate of etching increases with mechanical defects and defects in the crystal 

lattice.
3) There is an anisotropy of the properties of the crystal (different faces of the crys-

tal are etched at different speeds) [50].
Electrochemical etching is characterized by simplicity of used means, availability of 

equipment, speed and efficiency. The quality of electrochemical etching in some cases 
may be higher than chemical. Electrochemical etching – the process is very fast and 
lasts only a few seconds. In practical terms, such etching can be used to obtain porous 
semiconductor structures.

1.3. Methods of electronic materials control
Purification of the substance to ultrahigh purity is inextricably  linked with the 

methods of its control. Methods of classical analytical chemistry are suitable only for 
the control of the purity of class A. Substances of Class B and, in particular, class C, 
require the latest methods for the determination of micro-impurities that are charac-
terized by special sensitivity and selectivity.
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To determine the concentration of impurities in the semiconductor material, the 
methods of physical and chemical analysis are used, of which the most applicable are:

– Method of spectral analysis;
– The method of electronic Auger spectroscopy;
– Rutherford inverse scattering spectroscopy method;
– The method of neutron activation analysis;
– Method of mass spectroscopy of secondary ions;
– Method of X-ray microanalysis and others.
Consider some of them.
Spectral analysis has been widely used in the practice of determining impurities be-

cause of its high sensitivity and the ability to identify many chemical elements in one 
sample, due to the absorption of each of them optical radiation in one or another prede-
termined area of the spectrum. Average sensitivity of the spectral method is 10-4...10-3 %.

Thus, the requirements for the purity of semiconductor materials go beyond the 
capabilities of conventional methods of spectral analysis. However, for example, the 
lower limit of detection in sodium silicon is 10-10 G and less, and boron – 10-7 G. The 
disadvantage is the accuracy of this method is quite low.

The spatial resolution requirements applied to many methods of chemical analysis 
of materials used in the manufacture of НВІС vary from atomic sizes (as in the study 
of distribution profiles along the depth of intermetalloids and atoms of doping impuri-
ties) to macroscopic quantities (for example, in the integral analysis of large plots or 
foil pads). Different methods of analysis differ in requirements for permission in the 
plane and in depth.

Requirements for the sensitivity of the analysis range from 1011  to 1021  atoms in 
cm3.  The chemicals that need to be controlled in such studies are doping impuri-
ties. For example, in silicon is the arsenic, phosphorus, boron, as well oxygen, carbon, 
traces of resist, various components of metallization and metal impurities. Thus, the 
spectrum of investigated chemical elements extends from light elements to heavy, such 
as platinum, gold and tungsten.

1.3.1. Spectroscopy of Rutherford Reverse Scattering
This method is used to determine the presence of amorphous regions or regions of 

the location of interstitial impurity atoms in crystalline lattices.
If the direction of the primary and the beam is parallel to the crystallographic plane 

of the high lattice symmetry, then we can say that the beam propagates along the most 
permeable crystallographic channel channels. The ions are reflected at small angles as 
a result of collisions with the nuclei of atoms located in the nodes of the crystalline 
lattices, and the bundle is deeper than at a distance much larger than the «beam-sam-
ple» arbitrary orientation. As a result, the intensity of the inverse scattering of primary 
ions in the Rutherford method is greatly reduced.



 19 

Kidalov V. V., Dyadenchuk A. F. 

Violation of the perfection of the crystalline structure of the sample (interstitial 
atoms or linear defects) leads to a significant increase in the intensity of inversely scat-
tered ions, when they are in the channeling area. In the extreme case of an amorphous 
sample, the intensity becomes equal to the intensity of the RRS from the randomly 
located sample.

For the analysis of the distribution of the impurity atoms, the RRS spectra from the 
sample in the random position (B) and in the channel position (CA) are record-
ed. Then, compare the minimum intensities for the signals of the doping impurity and 
for silicon. The impurity atoms in the nodes of the lattice (impurity substitution) are 
shielded by silicon atoms, and therefore do not introduce any features in the intensity 
of the secondary beam. If the atoms of the impurity are found in the internodes (im-
purity), then the ratio of the intensities of CA/B increases proportionally.  As this 
growth and determine the proportion of interstitial impurity atoms.

In  figure 1.2 presents a simplified measurement scheme in the RRS method, the 
main nodes of which are the ion source and the energy dispersion detector with the 
analyzer. The RRS method is often used for the chemical analysis of complex struc-
tures. It involves the irradiation of the surface of the sample with a beam of ions with 
energy from 1 to 3 MeV (usually used ions Не+). The diameter of the beam, as a rule, 
is from 10 microns to 1 mm.

As a result of elastic collisions with the atoms of the irradiated substance, the pri-
mary ions lose energy.  The kinetic factor  K  connects the energy of the primary 
ions Е0 with the energy of the back-scattered ions Е0’. So

Fig. 1.2. Scheme of the inverse Rutherford scattering spectrometer: 1 sample; 2 - silicon 
barrier detector; 3- multichannel impulse analyzer; 4-diaphragm; 5-accelerator (generator 
Van de Graaf) [199].
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Е0’= К∙ Е0 
Scattered ions are registered by an energy-dispersive detector based on silicon p-p-

transitions. After detecting, the signal enters the multichannel analyzer. Since the value 
of K for each element of the Periodic Table is known, one can determine the chemical 
composition of the surface layer of the sample by measuring the energy of the back-
dispersed secondary ions.

Primary ions lose energy as they penetrate and disperse them. The ions scattered at 
the depth ΔZ must go through the reverse path of the sample material before causing 
additional energy losses before leaving the sample and entering the detector. The total 
difference in the ion energy scattered on the surface of the sample and at a depth ΔZ is

∆Z=КЕ0–Е1 M[є],
where [є] is the effective cross section for the ion scattering, M is the atomic den-

sity of the substance, Е1 is the energy of the scattered ions.
The profile of the distribution of impurities in depth is obtained by analyzing the 

dependence of the amount and intensity of the backscattered ions on the energy of the 
scattered ions Е1.

The RRS method is one of the few methods of chemical analysis, which allows 
obtaining quantitative information without the use of ethos. The total number of scat-
tered ions of detection is recorded  rum, is the product of the differential scattering 

cross section of ions of atoms of the substance , the number of centers scattered on, 

1 cm2 surface (N∆Z), receiving angle detector ( ) and beam current J: 

.

Values are  presented in tabular form for all chemical elements as a function of 
the scattering angle q for primary ions 4Не+ and 1H+. For special that common, uniform 
film case analysis of unknown composition compound АmВn relat tion heights of the 
peaks ВA  and ВB can be calculated using the expression:

.

Since  , where  - the atomic number of an element і, then the above 
expression expression can be rewritten in the form:

.

By measuring the ratio ВA/ВB and selecting corresponding values in the tables [є], 
we can determine the ratio т/п. The energy resolution detectors today is 15 keV, which 



 21 

Kidalov V. V., Dyadenchuk A. F. 

corresponds to a resolution at a depth of 
30 nm for silicon and 10 nm for heavy met-
als that are part of silicides.

Unfortunately, somewhat large diameter 
of the primary beam (from 10  mcm to 
1 mm) prevents the use of RRS for analyz-
ing most of the НВІС elements of smaller 
size.  Its sensitivity limitations  on deterring 

heterogeneity ion flow, the possibility of separation peak current spectrum and beam. In 
table  1.1  shows the minimum values of the sensitivity of the RRS method for vari-
ous impurities in Si. The sensitivity for phosphorus is extremely low due to the proxim-
ity of the peaks of phosphorus and silicon in the RRS spectrum.

1.3.2. Rasterelectron spectroscopy
A raster electronic microscope allows you to obtain information on the chemical 

composition of matter, provided that the X-ray spectrometry device is used. A raster 
microscope, specially adapted for quantitative chemical analysis, is called an electron 
probe and used in X-ray microanalysis.

The essence of the method. The electrons are accelerated to energy (2-40) keV, and 
then, with the help of a set of magnetic lenses and coils, they are formed into a thin 
electron beam. The beam is rotated into a raster on the surface of the sample, forming 
a surface image that is scanned.

Irradiation is formed by three types of radiation that is not  the essence of useful 
information on the chemical composition of substances:

– X-rays,
– secondary electrons,
– reflected electrons.
The brightness of the individual observed elements is determined by changes in the 

intensity of the secondary or reflected electrons. The intensity of radiation depends on 
the thickness of the sample or film, the serial number of the chemical element of the 
material of the sample and the radius of curvature of the surface of the sample.

Advantages of this method:
– high spatial resolution (<10 nm),
– significant depth of field.
Next, the image of the surface of the sample is formed, the brightness of the indi-

vidual elements of which is determined by changes in the intensity of the secondary or 
reflected electrons.

Disadvantages of this method:
–  contamination of the sample through the polarization of organic compounds 

during irradiation,

Table 1.1 
The limit of the sensitivity of the 
RRS method for various impurities in 
silicon
Chemical element C min, sm-3

As 9 1018
O 5 1021
Sb 4 1018
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– radiation damage,
– change of surface during research (occurrence of positive charge in oxides).

1.3.3. Auger-spectroscopy
Electronic Auger Spectroscopy (EAS) is a method based on the analysis of certain 

types of electrons, called Auger electrons, which are excited when irradiated with a 
surface by electron or light beam [166]. Auger electrons are excited by ionization of the 
internal electron shells of atoms. The incident electron (or photon) having sufficiently 
high energy, able to knock out electrical Ron K from the inner shell of the atom of 
matter irradiated (in this case means that the substance silicon). In the reciprocal tran-
sition of electrons from a higher level of L1 to the free level of the K-shell, the energy 
that excites the Auger electron from the levels L2,3 is released. The values of the energy 
of these electrons are given in table 1.2.

The primary electron beam, whose energy usually lies in the range from 2  to 
10  keV, penetrates like a small depth. Most Auger electrons have an energy of 
20...2000 eV and occupy an intermediate position between the peaks of low-energy 
(secondary electrons) and high-energy electrons (reflected electrons) in the electron 
spectrum. The peak output of the Auger electrons is typically less than 5 nm and de-
creases with increasing energy of the transition  (see table 1.2). Therefore, EAS data 
allow to analyze the chemical composition of the surface area.

When using EAS to solve some diagnostic problems it is necessary to conduct 
a chemical analysis of layers, the depth of which exceeds the depth of exit of 
Auger electrons. For this purpose, perform layered ion-plasma etching of the 
surface. The analysis of the chemical composition in this case is carried out ei-
ther in stages,  after the vaporization of the  layers of a given thickness, or con-
tinuously in the process of etching. In this case, plot the dependence of the 
height of peaks of the spectrum of Auger electrons on the time of etching or 
thickness of the stained layer and analyze the distribution profile of the investi-
gated chemical elements in depth.

Table 1.2 
The depth of the exit of the Auger electrons and the transition energy L2,3 for some 
chemical elements in silicon
Chemical element Transition energy, eV Depth of output, nm
Р 120 0,5

1859 0,32
В 179 0,6
O 507 0,12
Аs 1228 0,23
Аl 1396 0,26
Si 92 0,4

1619 0,29
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In carrying out a quantitative analysis, the concentration of Ci chemical element i 
in the material of the sample (matrix) is calculated as:

where Ii is the intensity of the Auger-peak of the investigated chemical element and, 
Ij is the intensity of the Auger-peak element of the j matrix.

The coefficients of proportionality α are determined according to the standards. In 
table 1.3 the values of the sensitivity of the EAS method to some of the impurities in 
silicon are given, the control of which must be carried out in the production of НВІС.

The sensitivity is defined as the minimum concentration of the uniformly distrib-
uted impurity (Cmin) in the silicon matrix, at which it can be detected by the EAS 
method.

The spatial resolution in the plane of the surface of the sample is determined pri-
marily by the diameter of the primary electron beam, which in turn depends on the 
minimum current required for obtaining useful information 5 nA). Modern industrial 
spectrometers provide a resolution of more than 0,1  μm.  Depth resolution (in the 
analysis without etching the surface) is determined by the depth of the exit of the Au-
ger electrons. For transitions with low energies it does not exceed the thickness of the 
atomic monolayer.

The small values of the depth of the electron exit, excited at Auger transitions of 
high energies, allow us to measure the thickness of very thin surface layers. A com-
parative analysis of the height of silicon peaks, corresponding to transitions with ener-
gies 1619 eV (silicon substrate) and 1607 eV (shifted peak of chemically bound silicon 
in oxide), allows us to measure the thickness of oxide films. It is advisable to use this 
method to measure the thickness of oxide films, which is approximately four times less 
than the depth of the exit of the Auger electrons.

1.3.4. X-ray microanalysis
X-ray microanalysis is the control of the content of impurities in the material using 

the characteristic (rather than continuous spectrum) lines of secondary X-rays inher-
ent to specific target materials after irradiation of their surface with an electron beam. 
The high energy of the primary electron beams (for excitation usually uses light or 

Table 1.3 
The limit of the sensitivity of the EAS method to the impurities in silicon
Chemical element C min, cm-3
Р 1 1019

Аs 5 1018

O 5 1017

С 5 1017
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raster microscopes) provides the emission of characteristic X-rays with a proportion-
ately high energy. However, in the study of multilayer structures in order to prevent the 
emission of secondary X-rays from the lower layers, it is necessary to use primary 
beams of sufficiently low energy. X-ray microanalysis is the control of the content of 
impurities in the material using the characteristic (rather than continuous spectrum) 
lines of secondary X-rays inherent to specific target materials after irradiation of their 
surface with an electron beam. The high energy of the primary electron beams (for 
excitation usually uses light or raster microscopes) provides the emission of character-
istic X-rays with a proportionately high energy. However, in the study of multilayer 
structures in order to prevent the emission of secondary X-rays from the lower layers, 
it is necessary to use primary beams of sufficiently low energy.   The typical energy 
interval of the primary electron beam is 15...40 keV. The resolution of the method is 
determined by the diameter of the electron beam.  In modern lightening and raster 
electronic microscopes, probe diameters of 0,1 μm and 10 nm are provided respec-
tively. The sensitivity and precision of the method exceeds 10-15 G for the study of mas-
sive samples, which corresponds to a portion of gold in diameter of 10 nm or a fraction 
of silicon with a diameter of 95 nm. An increase in the energy of an electron beam up 
to 100 keV allows us to detect the presence of 2 nm silicon particles. In the long run – 
it’s 10-20 G.

Benchmarks are required for quantitative analysis. The main problem that arises in 
this analysis is the establishment of a quantitative relationship between the peak height 
of the characteristic X-ray spectrum and the concentration of this element in the ma-
trix. For registration of signals, energy-dispersion detectors are used based on lithium-
silicon cooled detectors. The analysis of the distribution along the wavelengths is car-
ried out using a crystal analyzer of quanta, which is capable of recording only one peak 
(for this it returns relative to the incident beam to achieve the maximum intensity of 
the Bragg reflection – this is its disadvantage). Advantages of this method: high power 
resolution and the ability to register elements with a small atomic number.

1.3.5. Raster electron microscopy
Electronic spectroscopy gives information about the elemental composition of the 

body surface area,  whose  dimensions  in the first approximation are determined by 
the  size of the electron probe itself (the beam of primary electrons).  By moving an 
electronic probe on the surface, you can obtain data on the distribution of chemical 
elements along the path of the probe movement. In the spectrometers of the first gen-
eration, the diameter of the electron beam was ten (at best, a hundredth) of a millime-
ter particle. Therefore, the spatial resolution was of the same order. Modern electronic 
micro-spectrometers have high spatial resolution, located in the submicron (and even 
nanometer range), and is mainly due to the geometric parameters of the electron 
beam.
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Today, so-called scanning spectrometers are produced, in which two devices are 
combined in one. Scanning systems are controlled by a computer, which sets the 
program of moving a focused electron beam over the surface of the sample, corrects 
the effects of distortion and beam expansion and determines the position of the 
plate. The basis of such a complex is a scanning (raster) electron microscope (REM), 
in which the electron beam of very small diameter (tens of nanometers) can, in prin-
ciple, move in two mutually perpendicular directions, irradiating a certain section of 
the surface. So REM acts on the principle of creating a raster on a television set (just 
like in a regular TV tube). The systems that reject an electron beam consistently 
«pass» it (forward and backward) to all points of the surface of the sample being 
studied. The very sample, as a rule, is precisely moving at a right angle to the direc-
tion of scanning of the electron beam. The magnitude of the current due to second-
ary electrons (or Auger electrons) depends, first of all, on the physical and chemical 
properties of the surface.  Thus, at each moment of time, the secondary electrons 
carry information from the sample area associated with the size of the electron 
beam. Visualization of the picture is carried out using an electron-beam tube (simi-
lar television), in which the  electron beam moves  in  synchronous with the elec-
tronic probe. If a signal proportional to the current of secondary electrons is applied 
to the modulating electrode of an electron gun, then on the screen we will see the 
image of the surface in the so-called mode of secondary electrons. Such a device al-
lows you to get a picture that reflects the emission properties of the object being 
studied. In this case, to say something about the elemental composition of the sur-
face is not an easy task.

Fig. 1.3. Schematic representation of the raster electronic spectrometer : 1 - sample, 2 – 
collector for collecting secondary electrons, 3 – energy analyzer of electrons, 4 - energy 
analyzer detector , 5 – electron beam tube, 6 – cathode of electronic gun, 7 – electronic 
gun modulator, 8 – deflection plates of the electron-beam tube, which serve to obtain a 
raster, 9 – the screen of the electron beam tube [166].
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If, along with a collector used to collect secondary electrons, an electron spectrum 
analyzer is installed along energies, then a device will be obtained by which informa-
tion about the elemental composition of the analyzed area can be obtained not only in 
the secondary electrons, but also in Auger electrons. To do this, the energy analyzer 
must be tuned to the known energy of the Auger electrons, which corresponds to the 
Auger transitions of the electrons in the specific chemical elements of the known at-
oms, and on the screen we will see the distribution of the concentration of the corre-
sponding chemical element in the plane of the surface. If we want to obtain informa-
tion on the distribution of the chemical elements of all the impurities present in the 
specimen, then it is necessary to alternately set the REM on the known energies of 
secondary or Auger electrons of other atoms. In figure 1.3  is a simplified schematic 
representation of a raster electronic microspectrometer.

An important difference between the scanning spectrometer of secondary or Auger 
electrons from the ordinary REM is the construction of a vacuum system that achieves 
significantly lower pressures (р<10-8 Pa) than in ordinary raster electron microscopes 
(10-3...10-4 Pa). Such an ultrahigh vacuum is due to the fact that the depth of the exit of 
the Auger electrons is (0,5-5,0)  nm and any contamination, including the chemical 
elements adsorbed from the residual atmosphere of the analytical chamber, leads to a 
significant error in the obtained results.

1.3.6. Scanning tunneling microscopy
The first scanning tunneling microscope (STM) was created in 1982 by researchers 

at the IBM Research Laboratory in Rühlichon (Switzerland). For the creation of the 
device Gerd Binninga (Switzerland) and Henry Rohrer (Germany) in 1986 was award-
ed the Nobel Prize.

Interest in STM is due to its unique resolution, which allows you to conduct re-
search at the atomic level. In this case, unlike microscopes of other types using electron 
beams, a super-high vacuum is not required to operate a scanning tunneling micro-
scope. It can operate under real environmental conditions (for example, in the air) and 
even in a liquid environment.

Application of STM allows to reveal peculiarities of the crystalline structure of the 
surface of various electronics materials, its roughness with resolution at the level of 
nanometers, to observe the regularities of nucleation in the growth of epitaxial films, 
to study viruses, DNA molecules, etc.

By its nature, the electron has a wave acting as a wave, and the body is a  sphere 
property. The yogi of motion is described by the wave function obtained from the solu-
tion of the Schrödinger equation, whose square of the module characterizes the densi-
ties in the probability of finding an electron in a given volume of space.

Calculations show that the wave functions of electrons in an atom are different 
from zero and outside the sphere, which corresponds to the diameter of the effective 
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intersection of the atom (atomic 
size).  Therefore, when the atoms con-
verge, the wave functions of the electrons 
are overlapped before the essential effect 
of the interatomic forces of repulsion is 
significantly affected. There is the possi-
bility of transfer of electrons from one 
year atom to another with a relatively 
high probability.  Thus, it is possible to 
exchange electrons between two bodies, 
converging at a sufficiently small distance 
without their joints, that is, without me-
chanical contact.

To ensure the directional movement 
of electrons (electric current) between 
such bodies, two conditions must be 
fulfilled:

1)  one body should have free elec-
trons (conduction electrons), and the other – the blank electronic levels to which these 
electrons could pass;

2) between two such bodies must be applied potential difference, whose value is 
much smaller than that which is required to obtain a breakdown in the electrical dis-
charge air first dielectric gap between them.

The electric current that occurs under given conditions is explained by the tunnel-
ing of electrons from one metal body to another through the air gap and is called a 
tunnel current. The estimated value of the tunnel current is magnitude:

І≈3 10-9 А.
In practice, the phenomenon of tunneling in STM is realized when one of the con-

ductors is a thin needle (probe) 1, and another (not viscous metal) – the surface of the 
sample of C, which is being investigated, of figure 1.4.

The probe is led vertically (axis 2) to the surface of the sample to the point of tun-
neling current, the values of which are installed and maintained at a certain level. Then 
the probe is moved over the sample surface along the axes X, Y (scanning), maintain-
ing the current unchanged (steady) by moving the needle of the probe to the normal 
to the surface. When scanning, the probe is rested on one and the same in place L from 
the surface of the specimen, that is, it tracks the surface profile (to ensure that the 
condition І=сопst). The vertical movement of the probe to maintain the distance L un-
changed directly reflects the surface relief of the sample being studied. (Figure 1.5).

When working in STM, the distance between the object and the probe lies within 
the range of L≈(0,3-1) nm, which ensures a very low probability of finding between 

Fig. 1.4. Scheme of flow of tunnel current 
between the probe and the object being 
investigated:
1 – probe; 2 – a bundle of electrons; 3 - object 
(sample); and – the potential difference 
between the probe and the object; 4 - tunnel 
current. 
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them environmental molecules of gases under 
normal atmospheric conditions.  Thus, the 
flow of a tunnel current in the «sample probe» 
system occurs in a «vacuum».  The environ-
ment only affects the purity of the surface; p is 
analyzed, determining the chemical composi-
tion of the adsorption sub surface layers and 
leading to the oxidation and other modifica-
tion of its active elements of the atmospheric 
gas atmosphere.

From here follows the practical application 
of the principle of work of STM: for the opera-
tion of the scanning tunnel microscope there 

is no need at all for a high vacuum, as for electronic microscopes of other types of ci-
phers.

This method has begun to be used in scientific researches relatively recently, but 
nowadays its areas of application are very diverse. They can be presented in the follow-
ing way.

1. Physics and chemistry of the surface at the atomic level.
With the help of tunneling microscopy, it was possible to reconstruct the atomic 

structure of the surface of many materials of electronic (and not only) technology. The 
STM allows us to obtain a spectrum of electron states with a resolution on a plurality 
of atomic monolayers and determine the chemical composition of the surface layer, the 
distribution of potentials in the flow of current through a sample, etc.

2. Nanometry – a study of nanometer resolution of roughness of the surface of the 
sample. 

3. Nanotechnologies and Nanophysics - research, fabrication and control of instru-
mental structures of nanoelectronics. 

4.  Research of biological objects  -  macromolecules (including DNA molecules), 
viruses and other biological structures. 

Recently, the number of publics appearing in the third and fourth groups is increas-
ing .

Object
Fig. 1.5. Scheme of moving the probe 
over the object’s surface.
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CHAPTER 2. SUBSTRATE FOR GROWING SEMICONDUCTOR FILMS

 2.1. Al2O3
 Sapphire (Al2O3) – one of the first film substrate for growing GaN (for example, in 

[84] film GaN was grown on Al2O3 by НVРЕ back in 1969). To date, Al2O3 remains the 
most widely used material for the epitaxial growth of GaN thin films.

The advantages of sapphire substrates include the following: mechanical 
strength;  hardness;  high thermal and chemical stability.  In addition, sapphire sub-
strates of high structural perfection and large sizes today are inexpensive and com-
mercially available.  Their main disadvantage is that sapphire substrates have low-
er  thermal conductivity (0,23  W/cm∙K), which makes them unsuitable for use  in 
high-power high-frequency electronic devices.

Sapphire belongs to the space group R с with most bonds in the crystal are ion-
ic. The crystalline structure can be described in two ways: a rhombohedral element 
with an  array cell of 84,929  A  3  or a hexagonal elemental cell in the volume of 
254,792 А3. In the first case, the elementary cell consists of four ions of aluminum with 
a charge state of 3+ (Аl3+) and the waves of oxygen ions in the charge state of 2- (О2-) 
[72]. The main parameters of the sapphire are presented in table 2.1.

Bulk crystals Al2O3 obtained using these methods of cultivation, by crystallization 
flame Czochralski method, a method of heat exchange and technology for tempera-
ture-gradient method [80].

Despite the significant number of advantages of epitaxial growth of a GaN film on 
sapphire substrates, a significant number of structural defects arise in these hetero-
structures due to the difference in the lattice parameters of the sapphire and gallium 
nitride substrate, which is 16 %. The discrepancy between the parameters of lattices of 
substrates and III-nitrides leads to deformation of the lattice of III-nitrides. This de-
formation can adversely affect the electrical and optical properties of the material.

In addition, the thermal conductivity of Al2O3 substrates is very low (0,33 W/cm⋅K) 
[26]. Therefore, they are mainly used in the manufacture of low-power devices.

Various scientific works are characterized by certain technological features.  For 
example, using FL, XRD, Raman spectroscopy, and other experimental techniques are 
investigated using buffer layers, their thickness, other technological techniques, which 
give rise to obvious difficulties in uniqueness of the comparative analysis and interpre-
tation of the results.

The disadvantages of sapphire as a substrate for the GaN epitaxy include a signifi-
cant discrepancy in the orientation of the split planes between the substrate and the 
GaN film, which usually greatly complicates the technology of using these data struc-
tures in optoelectronic and high-frequency semiconductor devices.

In addition, sapphire is an insulator, therefore, in the production of electronic 
equipment based on GaN/Al2O3 structures, it is necessary to create an additional elec-
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trical contact, which in general complicates the technology of the production process. 
The presence of oxygen in the Al2O3 substrate may be the reason for the diffusion of 
these atoms in the GaN epitaxial film, which in turn increases the background concen-
tration of electrons [133].

When analyzing the advantages and disadvantages of substrate based on Al2O3, the 
direction of further technological use of the resulting structures should be taken into 
account. The widespread use of diode lasers leads to a high demand for GaN samples 
suitable for use in appropriate optoelectronic devices. Thus, the question of growing 
thick GaN layers of high crystalline perfection and precision is relevant. The use of 
sapphire as a substrate allows for the effective implementation of the lift-off technique 
(under conditions of growing thick enough epitaxial films), which lies in the separa-
tion after growing the epitaxial film from the substrate. For example, Nakamura [96] 
reported getting GaN thick layers with the subsequent separation of the grown film 
from the substrate. The resulting GaN samples were characterized by high atomic and 
flat surface quality, structural perfection and used in diode lasers.

The paper [153] investigated the possibility of using amorphous diamond-like car-
bon (DLC) films for the self-separation of gallium nitride (GaN) layers grown by 
chloride-hydride gas-phase epitaxy. The DLC films were synthesized by plasma-chem-
ical precipitation at low pressure on sapphire (Al2O3) substrates with crystallographic 
orientation (0001).

But in general, separating the GaN film from a sapphire substrate is a rather com-
plicated technical problem due to the high chemical and thermal resistance of the 
sapphire.

Table 2.1 
Properties of sapphire
Property Value Temperature
Steel grating (nm) а=0,47б5; с=1,2982 20 °С
Melting point (° C) 2030
Specific density (G/cm3) 3,98 20 °С
Coefficient of thermal expansion (К-1) 6,66x10-6 II с-axis 20-50 °С

9,03x10-6 II с-axis 20-1000 °С
5,0x10-6 ┴ с-axis 20-1000 °С

Specific thermal conductivity (W/cm∙K) 0,23 II с-axis 296 К
0,25 II с-axis 299 К

Modul Jung (GPa) 452-460 in the direction [0001]
352-484 in the direction [1120]

Stretching tensile strength (MPa) 190 300 К
Hardness for Knup (GPa) 23,9 300 К
Prohibited zone width (eV) 8,1-8,6 300 К
Specific Resistance (Ohm∙cm) > 1011 300 К
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The need to optimize the functional parameters of grown GaN structures on differ-
ent substrates for scattering samples for the purpose of their further use in lasers pro-
motes the active search for optimal planes, in particular sapphire, suitable for a set of 
parameters to meet the requirements of this direction of technological use. The use of 
different planes of crystallographic orientation, splitting techniques allows to over-
come in some ways the difficulties of using GaN/Al2O3 structures in this aspect.

Samples of c-sapphire and a-sapphire are most often used as substrates for growing 
GaN, with a c-GaN film growing on a c-sapphire, with a plane (0001) rotated 30 de-
grees relative to the c-plane (0001) sapphire, which contributes to the reduction of 
inconsistency in lattice parameters. С-sapphire substrates are difficult to split. In addi-
tion, displacement of the orientation of the corresponding plane of epitaxial GaN by 
30° complicates the situation due to the non-parallelism of the film splitting planes of 
the film and the substrate.

The paper [118] reported the possibility of splitting the c-sapphire along a and m 
planes, which are approximately parallel to the planes and in the GaN films. Suffi-
ciently large split furrows (up to 90  nm) that appear on the surface of the GaN m-
planes cause considerable limitations in the use of diode lasers. The surfaces of the a-
planes in GaN are characterized by much smaller furrows, which gives grounds to 
consider the perspective orientation of the splitting precisely on this plane [80].

GaN films are also grown on a-sapphire [11 0], in which case the films are also 
oriented along the direction [0001]. However, the films are significantly lupus split 
along the r-plane (1120). The paper [85] reports on obtaining qualitative GaN films 
grown on the m-plane of the sapphire and rotated about them by 15-20°, which pre-
vented the twisting and contributed to the formation of a structurally perfect, smooth 
surface of a single GaN.

Despite the fact that the discrepancy in lattice parameters with the GaN compound 
is significantly different for c-sapphire (16 %) and a-sapphire (2 %), however, there are 
no significant changes in the structural perfection and physical properties of GaN 
films obtained on these planes [80]. At the same time, it should be noted that, depend-
ing on the growing technique, the properties of GaN films grown on different planes 
(a and c) of the sapphire substrate differ significantly. Thus, the structures obtained on 
the substrates a-Al2O3 by the method of gas phase epitaxy with the use of organometal-
lic compounds, are characterized by higher quality and perfection than those obtained 
on the basis of c-Al2O3 [30].

Preparation of sapphire substrates before growing GaN films on them is character-
ized by the need for solving the following tasks. First, removal from the surface of the 
material of various types of impurities, reduction of mechanical disturbances of the 
surface due to polishing. Secondly, the change in the size of the wetting of grown layers. 
The final preparatory stage of the process is usually the growth of a low-temperature 
buffer layer [80].
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The average quadratic surface roughness of the sapphire plates is from 0,8 to 2,1 nm 
per mm2. It was shown in [45] that the annealing of the surface (0001) of the substrate 
Al2O3, even in the air flow at T=1400  °C for 5 minutes, reduces the value of the rms 
roughness from 0,8 to 0,3 nm. In [25], it was noted that liquid chemical etching with 
further annealing in the air contributes to the improvement of the morphology of the 
Al2O3 substrate. The value of the full width of the peak of the X-ray diffraction analysis 
at the maximum hemisphere for GaN films grown on such substrates was reduced to 
180 arcsec and 300 arcsec (for planes (0002) and (110 ) respectively). The most widely 
used method of preliminary preparation of Al2O3 substrates for increasing GaN films is 
the sapphire firing in a hydrogen stream at temperatures from 1000 to 1100 °C.

The quality of the morphology of the epitaxial layer GaN on the Al2O3 substrate 
greatly influences the technological conditions of cultivation. For example, the ratio is 
between the elements of the fifth and third group. An example of research in this area 
is the work [40], which determines the effect of the ratio of V/III elements to the mor-
phology of GaN films grown by the MWE method on the c-plane Al2O3.

It should be noted that the conclusions presented in [40] can differ significantly 
from the results of other authors due to a sufficiently large number of growth param-
eters that change in the technological process (source of nitrogen, polarity of the sub-
strate, temperature, pressure in the system, etc.).

Nitriding of the Al2O3 substrate furthermore helps to reduce the density of defects, 
increases the electron mobility and reduces the intensity of the «yellow» band in the 
luminescence of subsequent GaN layers [80].

The duration of the nitriding process is one of the prominent factors that determine 
the structural perfection and morphological quality of the substrate surface. Typically, 
a long time of nitriding contributes to the deterioration of morphology. It was demon-
strated in [58] that when the substrate nitridation time increases from 60 to 400 s (at a 
temperature of 1050 °C) in the GaN layers grown by the MOSVD method, there is a 
decrease in the electron mobility [from 592 to 149 cm2/(W∙s)] and an increase the in-
tensity of the radiation of a defective «yellow» luminescence band.

On the other hand, the effectiveness of nitriding is largely influenced by the tem-
perature. The work [139, 109] investigated the effect of the temperature of nitriding on 
the quality of the substrate and, consequently, on the quality of  GaN  layers  grown 
there. It was determined in [109] that at the temperature of the nitridation of the sub-
strate at 400 °C it is possible to grow sufficiently high quality GaN layers by the 
МОСVD method even at 450 °C, with the crystalline perfection of the films obtained 
improved with increasing nitride time. The reduction of the temperature of nitriding 
up to 200 °C (for 90 min) has a significant positive effect on the crystalline and optical 
perfection of the GaN layers, grown by the МВЕ method [139].

Due to the large discrepancies in lattice parameters and thermal expansion coeffi-
cients between GaN and the Al2O3 substrate in the case of growing GaN films directly on 



 33 

Kidalov V. V., Dyadenchuk A. F. 

the sapphire substrate, they are 
usually characterized by low crys-
talline quality: the typical width 
of the x-wave rotation curves is 
10  minutes, the film surface is 
rough – «hump-like» the electron 
concentration reaches 
1019 cm-3 which practically causes 
the impossibility of obtaining the 
p-type conductivity), the photo-
luminescence spectra are charac-
terized by high intensity of radia-
tion in the yellow stripe. To over-
come these problems, buffer lay-

ers – AlN or GaN [6, 2] are usually used in the thickness of about 10 nm. They were first 
used for МОСVD technology [70], but gradually their application extended to other 
cultivating technologies, in particular, the technology of МВЕ. The buffer layer is neces-
sary to reduce the stresses that arise between the III-nitride material and the substrate. 
The material of III-nitride lies on top of the buffer layer to improve crystalline perfection. 
The quality of the GaN crystal is improved when using AlN as a material for the buffer 
layer, since the lattice mismatch between GaN and AlN is only 2%. The activity of nitro-
gen in the formation of the first monolayers of nitrides on sapphire was considered in 
[188], and processes were proposed for converting mono and nano-layers of Al2O3  to 
III-nitride layers, which reconcile their lattice parameters (figure 2.1).

The formation of the buffer layer AlN on the surface of A12O3 can be accomplished 
by nitriding, by which the surface layers A12O3 are transformed into a layer AlN (through 
the intermediate stage AlO1-xNx). The application of this technique allowed the growth 
of GaN epitaxial films on the substrates A12O3 with significantly improved functional 
parameters and characteristics. The work [58, 41] investigated the influence of nitride 
parameters A12O3 on the functional parameters of the epitaxial films GaN. The sharp 
difference between the nitride produced by the AlN layer and the substrate shows a 
diffusion limitation of the nitride reaction [44]. As a nitrogen source for nitriding, ei-
ther a mixture of ammonia and hydrogen gases (for the МОСVD method), or anneal-
ing of the substrate in a plasma of nitrogen, or heating A12O3 in the ammonia atmo-
sphere for thermal dissociation of the latter on the substrate surface.

A semiconductor compound ZnO may also act as a buffer layer. Thus, in  [138], a 
layer of GaN was grown on a buffer layer of zinc oxide. The crystal ZnO has the same 
symmetry as GaN, with a matrix of mismatching lattice parameters (~1,8%). In 2003, 
epitaxial GaN layer growth on an atomically smooth, single crystal ZnO surface at room 
temperature was demonstrated for the first time [11]. At the same time, the authors argue 

Fig. 2.1. Model of solid phase transformation of surface 
layers of sapphire Al2O3 in AlN at nitriding [188].
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that it is possible to obtain a non-spin-free 
ZnO/GaN heterojunction because  only 
the laser sputtering method can be  ob-
tained, since neither МВЕ nor MOCVD 
allows the film to spray at room tempera-
ture. In the [161] development of the laser 
sputtering technology for obtaining GaN 
films on sapphire substrates with ZnO 
buffer layer is considered. However, there 
is still a search for ways to optimize tech-
nological conditions in order to improve 

the quality of films. In particular, to obtain the conductive layers, the material must be 
doped with, for example, magnesium, for which it is necessary to lower the residual oxy-
gen pressure in the working volume (approximately up to 108 Torr).

It should be noted that the parameters of the epitaxial layer  GaN  grown on the 
substrate A12O3 using a buffer layer), the thickness of the epitaxial GaN film is signifi-
cantly influenced. At thicknesses of a film GaN up to 3 nm, a pseudomorphic epitaxi-
al relationship with the buffer layer AlN takes place.  For thicknesses larger than 
100  nm, there is a practical identity of the parameters of the lattice of the epitaxial 
layer GaN with its bulk samples [36].

Typically, relatively low-temperature buffer layers GaN and AlN are grown at tem-
peratures of 500...550 °C for the МОСVD technique and 400 °C for the МВЕ technol-
ogy on the sapphire surface. Annealing at high temperatures (in the initial stages of the 
growth of epitaxial GaN) contributes to the conversion of amorphous buffer layers into 
crystalline films, preferably with orientation [0001] (for c-A12O3). The consequence of 
the discrepancy between lattice parameters between A12O3 and GaN is the occurrence 
of filamentous defects with a density of about 1010 sm-2 [20].

However, these buffer layers increase the electrical resistance between the substrate 
and the structure, which reduces the advantages of the conductive substrate.

In [120], the possibility of growing epitaxial GaN on the c-plane Al2O3 by the MBE 
method was demonstrated. A GaN buffer layer was formed on Al2O3 (0001), on which 
GaN epitaxial films of 400 nm thickness at a growing temperature of about 700 °C were 
grown. The growth rate of the films was 800 nm/h.

From the analysis of the spectra of the PL and the data of the XRB-measurements, 
signals were detected not only from the «normal» hexagonal modification of the GaN, 
but also from the cubic. In figure 2.2 the PL spectra of such structures are presented. 
The PL bands labeled A and B are well known and related to GaN excitons in a hex-
agonal syngony.

The authors [120] determined that the following three strips of PL (C, B, E) were 
due to cubic GaN radiation. The PL band at 3,279 eV is associated with the recombina-

Fig. 2.2. The spectra of PL epitaxial GaN on 
the substrates A12O3 [120].
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tion of the exciton of a cubic di-
pole localized;  the radiation in 
the range 3,15...3,21  eV corre-
sponds to the recombination in 
the  donor-acceptor 
pairs GaN cubic syngony.

At the same time, it was not-
ed  in the same paper [120] that 
the proportion of the cubic GaN 
usually decreases with an in-
crease in the thickness of the epi-
taxy layer.

The data of photolumines-
cent studies are consistent with 
the XRD measurements per-

formed, which show, in addition to signals from the hexagonal phase, also peaks from 
the cubic GaN, figure 2.3.

As a result of the difference in the coefficients of thermal expansion (the value of 
this parameter for Al2O3 is greater than GaN) when cooling samples of GaN/Al2O3 het-
erostructures grown on c-Al2O3, a significant biaxial compression stress occurs to 
room temperature in GaN epitaxial layers. As a consequence, the parameter of the 
GaN crystal lattice is larger than the constant lattice for the c-plane Al2O3 and smaller 
than the constant lattice value for the a-plane. Of course, this fact has a significant 
impact on photoluminescence and the energy position of the Raman peaks. In addi-
tion, it can lead to cracking of epitaxial films due to considerable mechanical stress. 
The magnitude of the mechanical stress is determined by the conditions of the growing 
process, the thickness of the film, and the level of doping of the film [80].

Determination of the degree of stress, nature and methods for reducing it in the 
structures of GaN/Al2O3  is a prerequisite for significant improvement of the func-
tional parameters of optoelectronic and electronic devices manufactured in this struc-
ture. The average value of mechanical stresses in GaN/Al2O3 structures is 1 GPa [113].

Significant role is played also by impurities in the epitaxial growth of GaN films. 
Surface morphology, transmission spectra in the region of the fundamental absorption 
edge of GaN, reflection spectra in the visible and IR regions, Raman spectra of GaN/
Al2O3 doped with silicon (doping level NSi=1,5×109 sm-3) were studied in [170]. IR re-
flection peaks at frequencies of 534 and 745 cm-1, Raman scattering peaks at 569 and 
750 cm-1 indicate a single-crystal structure of the films, namely, the hexagonal struc-
ture of the wurtzite of symmetry Г1 figures 2.4-2.5).

Thus, we can conclude that using A12O3 as a substrate for epitaxial GaN cultivation. 
The advantages of the substrate are the commercial availability of plates of sufficiently 

Fig. 2.3. Data of XRD-measurements 
of GaN structures on A12O3 (in the mode of θ-2θ). 
Peak, designated as cub, corresponds to the plane 
(222) of the cubic modification; and the peak  
hex-plane (0004) of the hexagonal GaN [120].
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large area and high quality, 
thermal and chemical stabil-
ity, physical strength of the 
material. On the other hand, 
a significant mismatch in 
lattice parameters and ther-
mal expansion coefficients 
between Al2O3  and GaN 
leads to the emergence of 
significant mechanical 
stresses in structures of 
GaN/Al2O3  that negative af-
fect the electric them, opti-
cal and mechanical proper-
ties of epitaxial films 
GaN. To solve this problem, 
additional technical  opera-
tions of growing buffer lay-
ers are used, which, howev-
er, does not eliminate the 
problem to a sufficient ex-
tent.  In addition, a discrep-
ancy in material splitting 
planes Al2O3 and GaN diffi-
cult to process is  the prepa-
ration of structures GaN/
Al2O3  to optoelectronic de-
vices, including semicon-
ductor lasers.

2.2. SiC
One possible way of growing GaN epitaxial films is to use SiC single crystals as 

growth substrates for growth. He has a mismatch between the 13 parameters of the 
lattice with GaN ~3% for the films with orientation (0001).  SiC has a high thermal 
conductivity (~5 Wt/cmC), conductive substrates are available. The coincidence of the 
crystal planes of the SiC and the epitaxial GaN film makes it possible to obtain the 
mirrors of the lasers by scraping. The thermal conductivity of silicon carbide is close 
to the thermal conductivity of copper, which allows it to be used as a substrate for 
high-power light-emitting diodes and lasers, as well as powerful microwave transistors.

In addition, today the commercially available  high-voltage conductive substrates 

Fig. 2.4. IR reflection spectrum films GaN/Al2O3 at 300 K 
[170].

Fig. 2.5 . The spectrum of Raman scattering of GaN/
A12O3 films. The wavelength of the exciting radiation is 
532 nm [170].
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SiC, which determine the relatively simple technology of generating p-/n-transitions 
on GaN/SiC structures compared to GaN/Al2O3 structures. Although it is necessary to 
note that in these structures there are certain problems with the activation of impuri-
ties of the n-type. N-type impurities are used to form the conductivity of the n-type, 
using aluminum to obtain the conductivity of the p-type (concentration of charge car-
riers from  1015  to 1019 cm-3  for both cases). Cleavage plane SiC parallel with similar 
planes epitaxial GaN, which simplifies the preparation of samples for use in lasers.

In table 2.2 shows the basic physical parameters of SiC.
Two modifications of SiC-6Н-SiC and 4H-SiS are now commercially available, 

which belong to the spatial group Р63mс, as well as the wurtzite modification of GaN. 
The distance between the adjacent carbon and silicon atoms is 3,08 A, this value is 
almost the same for various SiC modifications. The ratio c/a between lattice unit cell 
parameters SiC for various modifications are: 1,641 (2H-SiC), 3,271 (4N-SiC), 4,908 
(6N-SiC) [42]. The diameter of the substrates reaches 100 mm, both for silicon and for 
carbon polarity.

The disadvantages of SiC include the fact that it is indirect. Thus, on its basis it is 
impossible to achieve high functional characteristics. In addition, one of the main 
disadvantages of such substrates, especially in the manufacture of LEDs, is their high 
price, which is almost 10 times higher than the price of most other substrates.

The bulk SiC crystals are grown at a temperature of 2200 °C in an argon atmo-
sphere under pressure from 20  to 500  Torr in tantalum or graphite crucibles. The 
crystal is grown due to transport in the gas phase Si, SiC2, Si2C due to the temperature 
gradient between the source of the SiC components and the growing zone [80].

Table 2.2 
Structural, mechanical and thermal properties of SiC at room temperature [54]
Property Polytope Value

Permanent lattice 3С а=0,4359б
2Н 3=0,30753, 0=0,50480
4Н а=0,30730, с=0,10053
6Н а=0,30806, 0=1,51173

Specific density (G/cm3) 3С 3,166
2Н 3,214
6Н 3,211

Melting point (° C) 3С 2793
Prohibited zone width (eV) 3С 2,4

4Н 3,26
6Н 3,02

Linear thermal expansion coefficient (∙10-6 К-1) 3С 3,9
6Н 4,46 along the axis а

4,16 along the axis с
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The advantage of the SiC substrates above the Al2O3 substrates is the presence of a 
vertical scatter plane in SiC, in which the a-plane {11 0} acts. But this plane is not char-
acterized by the weakest strength of ties. At the same time, for Al2O3, the r-plane {1 20} 
is most sensitive to splitting, although it is not perpendicular to the surface, resulting in 
a mirrorless surface when the fracture is not formed. When a sapphire is split along an 
a-plane (which is at an angle orientation close to the r-plane) there is a phenomenon of 
a periodic «shift» of the plane of the split between the a and r-planes, which leads to the 
«gear» of the surface. SiC substrates do not have a similar problem due to the sufficient-
ly large difference in the energy of the connection between the vertical split plane and the 
planes adjacent to the orientation. The above facts indicate a certain advantage of me-
chanical and technological processing of GaN/SiC structures over GaN/Al2O3.

Compared to Al2O3, SiC substrates are facing difficulty in getting a fairly smooth 
surface. The average square root surface roughness of SiC samples is 1 nm, while for 
substrates based on Al2O3 it is on average one order lower. The high value of roughness 
on the surface of SiC from the polishing process contributes to the appearance of de-
fects in the GaN epitaxial film  – the density of screw dislocations in SiC is within 
103...104  cm-2 [135]. During growth these defects are replicated in the growing film, 
which usually negatively affects the efficiency of devices made on the basis of these 
structures. Depending on the size of the Burgers vector, screw dislocations can be of 
two types. If the value of the Burgers vector is twice that of the 6H-SiC lattice constant, 
which is three times greater than the 4H-SiC modifier, then so-called nanosized or 
microtubules arise. These voids are oriented along the axis and penetrate along the 
entire length of the crystal. Today, research efforts are also aimed at overcoming the 
problem of closed screw dislocations, whose density reaches 103...104 cm-2 [80].

One of the main factors that determines the structural and crystallographic perfec-
tion of GaN films on substrates of SiC is the quality of the substrate surface morphol-
ogy, which necessitates additional technological techniques for reducing the value of 
the average square roughness. But this process is complicated by the extraordinary 
hardness of SiC and its high chemical resistance. High-temperature annealing under 
ultrahigh vacuum does not remove oxides from the surface, but leads to depletion of 
the near-surface layer by Si atoms and its graphitization. Several technologies for pre-
processing SiC substrates have recently been proposed to solve this problem. In [143], 
etching of the substrate in the stream of gas mixture HCl+Н2 was proposed; the au-
thors [141, 147] used ionic etching of SiC. The most common use is the use of high-
temperature (Т>1500 °С) heating in an atmosphere of hydrogen [108, 71].

In [155], a two-step method was used to clean the surface of SiC, which involves 
high-temperature processing in atomic hydrogen atmosphere and in-situ etching in 
the Si stream under high vacuum conditions.

However, SiC also has a number of disadvantages as a substrate for the growth of 
nitrides.
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Direct GaN epitaxy on SiC is problematic due to poor wetting between these mate-
rials. This can be overcome using the AlN buffer layers and the AlxGa1-xN buffer layers, 
but these buffer layers increase the electrical resistance between the substrate and the 
structure, which reduces the benefits of the conductive substrate. At the same time, the 
paper [29] presents data on the possibility of obtaining high-quality nitride structures 
on conducting buffer layers for the production of powerful semiconductor lasers.

Despite the fact that the discrepancy between the stable SiC and GaN grids is much 
smaller than in the GaN/Al2O3 structures, its value still remains high, which results in 
a high defect density in the GaN epitaxial film.

Although the roughness of the surface of the silicon carbide substrates reaches 
0,1 nm by today, micropores, the block structure of the substrate, which leads to dif-
ferent disorientation of the SiC surface within a single substrate, still remain. The coef-
ficient of thermal expansion at SiC is less than that of AlN or GaN, which leads to 
stretching of epitaxial structures at room temperature. As a result, even with the use of 
special methods, it is impossible to grow thick (more than 5-6 microns) structures on 
SiC, as this leads to their cracking. The SiC substrate is opaque in the ultraviolet wave-
length range, so it is problematic to use SiC to create UV light-emitting devices.

Due to the high density of deep centers in SiC, these substrates also absorb light and 
in the visible range of wavelengths. Finally, SiC substrates produce only a few firms in 
the world and their cost is an order of magnitude larger than sapphire substrates.

Some papers report the possibility of diffusion of impurities in GaN from the sub-
strate, in particular oxygen from the sapphire substrate [152] and silicon from the sili-
con carbide substrate [162].

Although the surface roughness of silicon carbide substrates currently reaches 
0,1 nm, micropores remain, the block structure of the substrate, which leads to a dif-
ferent misorientation of the SiC surface within a single substrate. The coefficient of 
thermal expansion in SiC is less than that of AlN or GaN, which leads to stretching of 
epitaxial structures at room temperature. Because of this, even with the use of special 
methods, thick (more than 5-6 μm) structures can not be grown on SiC, as this leads 
to their cracking. The SiC substrate is opaque in the ultraviolet wavelength range, so it 
is problematic to use SiC to create UV light emitting devices.

The quality of the GaN epitaxial films is also significantly influenced by the char-
acteristic of the AlN buffer layer. It was shown in [129] that high temperature treat-
ment of substrates of SiC in water contributes to a higher structural perfection of the 
AlN buffer layer that was grown after such processing, in contrast to the AlN layers 
grown on previously untreated SiC substrates. The authors [142] noted the positive 
effect of the pretreatment of the 6H-SiC substrate in water on the crystalline perfection 
of the epitaxial layer GaN.

Nevertheless, the significant disadvantage of using SiC single crystals in the manu-
facture of devices is the high cost of the SiC substrates of good quality and the required 
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polytype. Thus, in the case of using the 
base plane of the silicon carbide poly-
thene 6H, the mismatch over the con-
stant lattice parameter between GaN 
and SiC is ~3,5%, which forces the 
buffer layers to be applied.

In [180], we propose to overcome 
this problem, we see in the use of thin 
and cheap in the production of an epi-
taxial layer of SiC grown on a substrate 
Si.  Thus, the SiC layer appears in the 
buffer chamber.

In [181], an III-based structure 
based on III-nitrides on a silicon sub-
strate (111) was first raised using a 
nanosilver SiC (50-200  nm) obtained 
by the method of solid phase epitaxy.

Thus, it is shown the principle of 
the possibility of creating light-emit-
ting low-defect wide-band structures 
on the basis of silicon-based III-ni-
trides with SiC buffer nanolayer.

It is worth noting that there is a 
contradiction in explaining the nature 
of the mechanical stresses in the GaN/

SiC structures with buffer layers. The results presented in [34] are of interest, where it 
is demonstrated that the stresses in the GaN epitaxial layer (at a thickness of the buffer 
layer AlN 100 nm) were compressive stresses to a thickness of 0,7 μm film, after which 
the compression stress was transformed into a strain stress (to a thickness 0,2 μm), and 
with further decrease in the thickness of the film, the non-stress of compression began 
to decrease gradually. Thus, we can conclude that the type and magnitude of mechan-
ical stress are influenced by a combination of parameters of the substrate SiC, the buf-
fer layer and the technological process of cultivation.

Interesting are attempts to grow a cubic GaN modification on the 3C-SiC substrates 
(001) obtained on samples Si (001). The modification of 3C-SiC has a rather small 
inconsistency in lattice parameters with GaN and is 3,4 %, in addition, this modifica-
tion of SiC is characterized by high thermal stability. On the other hand, 3C-SiC (001)/
Si (001) substrates are characterized by rather low indicators of crystalline perfection 
and surface morphology, which contributes to the formation of the usual hexagonal 
GaN phase. For the role of the buffer layer, AlN samples are not suitable in this case 

Fig. 2.6. SEM image of a chip of an LED 
structure on a SiC/Si template obtained by a 
solid-phase epitaxy (a); the same with a 
smaller increase (b) [181].
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because they have a steady tendency to form a hexagonal modification regardless of 
the orientation of the substrate.

In [103], physicochemical studies were carried out to obtain a cubic GaN on the 
substrates SiC (001). The effect of growing temperature (by МОСVD method) and the 
ratio of elements of the third and fifth groups in the growth chamber to the formation 
of cubic or hexagonal GaN was investigated in [140].

Several papers [103, 37, 22] are devoted to the study of the conditions for the for-
mation of the Gaussian cubic phase by the MBE method. The advantages of this tech-
nology in the aspect of obtaining samples of GaN cubic modification are the use of 
very low temperatures, which contributes to the reduction of the trend towards the 
formation of thermodynamically stable hexagonal GaN. In [137, 9] demonstrated that 
the direct carbonization of Si (001) leads to the formation of thin 3C-SiC surface layers 
(the mean square roughness value is 0,3 nm). The epitaxial layers of the cubic GaN 
grown on similar suppositories are marked by a flat surface; one of the prominent fac-
tors in this is an increase in the growth conditions of the ratio of the components of 
the chemical elements V/III in the direction of gallium.

The value of the full width in the half-maxima of the XRD spectroscopy for GaN/
SiC structures also differs from the significant difference in the values obtained by dif-
ferent researchers. For example, FWHM of XRD peaks in [78] is 145 arcsec for a plane 
(0002), and in [144] – from 310 to 1680 arcsec.

It can be concluded that the SiC substrates have certain advantages over substrates 
based on Al2O3, but note that SiC is one of the most expensive materials in the sub-
strate for the epitaxy of GaN films, therefore, their application in our time, of course, 
is not as widespread as the use of substrates on based on Al2O3.

2.3. GaN
GaN, of course, is the best substrate material for epitaxial GaN growth. The absence 

of a difference in the parameters of the lattice and in the coefficients of thermal expan-
sion simplifies the process of epitaxy (for example, there is no need for nitriding as for 
substrates Al2O3 and SiC), it allows to minimize mechanical stresses in films, to a high 
degree control the polarity of films and the process of their doping, etc.

The structure of the cubic crystal of GaN is characterized by the sequence of 
atomic packaging  – АВС…АВС along the direction of <111>. At that time, for the 
hexagonal modification, this sequence is АВ…АВ along the axis. The cubic GaN refers 
to the symmetry group F4 ̅3m, hexagonal to Р63mc (Fig. 2.7).

So far, the best examples of bulk GaN are the crystals produced by the Polish group 
at the research center at Mirshava (UNIPRESS) and the firm TDI (USA), which re-
ported having a small-displacement GaN diameter of 25  mm. Volumetric GaN is 
grown from liquid soluble gel under nitrogen pressure close to 20,000 atmospheres at 
temperatures up to 1700  °C: high nitrogen pressure solution (HNРS) [111, 112]. The 
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samples are characterized by extremely high crystal perfection (very small value 
FWHM XRD – measurements), minimized mechanical stresses, low dislocation den-
sity. On the other hand, the electrophysical and optical properties of GaN bulk crystals 
are inferior to the heteroepitaxial GaN samples (on others layers). This fact explains 
the high level of final impurities and point defects attributed to vacancies Ga [79].

In figure 2.8 shows an image obtained by the method HNРS samples of bulk GaN. 
The authors highlighted the high crystalline concentration of the samples obtained 
[128].

Interesting fact is the fact that the parameters of constant current current between 
GaN samples with high (up to 1019 см-3) and low electron density are in appropriate. 
The high concentration of electrons results from the presence of oxygen in the crystal 
and contributes to the increase of the constant along the ion of GaN crystals.

Different GaN polar surfaces are characterized by significant divergence in chemical 
properties, which is reflected in the electrical, optical and other physical properties of 
GaN homoepitaxial films. N-surface is characterized by a higher roughness and a higher 

Fig. 2.7. Hexagonal (h-GaN) and cubic (c-GaN) GaN structures [110].

 a) b)
Fig. 2.8. The image of bulk crystals GaN, the size of the background grid is 
-1x1 mm. Bulk crystals obtained without using the seed- method (a), 
and GaN samples grown on seed-GaN (b) specimens [128]. 
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defect density [128]; on the other 
hand, Ga-polarity is determined by 
a greater chemical stability, which 
causes certain difficulties and from 
the point of view of the removal of 
residual damage to polishing.

Despite the relatively small elec-
trical and optical power of the GaN 
substrates, the homoepitaxial GaN 
layers grown on these substrates are 
characterized by the best crystal-
line, photoluminescence and elec-
trophysical properties [67, 66]. The 

paper [100] presents the results of investigations of samples of volumetric GaN sam-
ples up to 10 mm in diameter and up to 0,1 mm in thickness.

In [172], the physical properties of bulk GaN crystals grown from a gallium-based 
melt solution are investigated. The size of individual single crystals reached 
2x2x0,05 mm. In figure 2.9 is a photograph of a similar single crystal.

X-ray diffraction studies have shown that crystals have a 2-H-GaN wurtsite-like 
structure.  The measured lattice parameters at room temperature (a=3.186  A and 
c=5.185 A) are well matched to the corresponding stable GaN single crystals. The half-
width (FWHM) of the X-ray reflection rotation curves (0002) in the ω-scan geometry 
for individual blocks is 90 arcsec.

In addition to the HNРS technology for growing GaN substrates, the НVРЕ tech-
nique is used, followed by separation of the epitaxial layer GaN from the substrate 
material.

According to this technique, GaN specimens up to 50 mm in diameter and 300 mi-
crons in thickness with a growth rate of up to 100 μm/h are obtained, which exceeds 
the results of the HNРS technique. Different types of substrates are used, for example, 
Al2O3 [110],  Si [64],  GaAs  [69]. After separating the substrate, thick epitaxial GaN 
films are polished and etched to prepare for epitaxy. Such films are characterized by the 
presence of problems common to the heteroepitaxial GaN, but to a lesser extent due to 
the sufficient thickness of the films. The crystalline perfection of such films yields 
samples obtained by the method HNРS. At the same time, free-standing GaN films of 
optical and electrophysical properties exceed the «competitors» obtained using the 
HNРS technique because of a significantly lower residual background concentration of 
charge carriers (less than 1016 см-3) and greater mobility of electrons [134].

Homoepitaxial GaN films obtained on similar substrates using MBE and MOCVD 
techniques may even have better physical properties than the substrate itself, an ex-
ample of which is shown in [87].

Fig. 2.9. Photo of GaN single crystal [172].
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Modification of HNРS growing 
bulk crystals of GaN is a method AM-
MONO presented in [32]. The use 
of  ammonia as a source of nitrogen 
and the presence in the growth cham-
ber of the miner (for example, lithium) 
and rare earth elements (to prevent 
GaN contamination with oxygen) have 
made it possible to significantly sim-
plify the technical conditions of the 
HNРS method; the temperature of 
cultivation did not exceed 550 ° С, the 
pressure was from 1 to 5 kbar. Forma-
tion of bulk GaN in this case occurs on 

the basis of the chemical reaction. Without the presence of mineralizers at these tem-
peratures and high pressure, forming GaN is not possible. For three days, the reaction 
of GaN formation has almost completely been completed. The GaN volumetric crys-
tals had a polycrystalline structure with an average diameter of the crystallite grains of 
2-3 microns, and there were also needle-like crystals, small – 70 nm thick and 0,5 mi-
crons in length and large – up to 3 microns in thickness and up to 25 microns in length. 
XRD measurements showed the presence of a pure hexagonal phase. The calculation 
of lattice parameters yielded the following results: a=3.1887±0.0004 A, c=5.183±0.002 A. 
A distinctive feature of GaN crystals obtained by the method AMMONO, there were 
very high crystalline perfection and optical properties. In figure 2.10 shows the mor-
phology of the resulting GaN bulk crystals.

The PL spectra contained typical  GaN  exciton-recombination bands and were 
similar to the best epitaxial GaN samples. In [32], the energy of the radiation for the 
donor connected exciton (EXD=3,4719  eV) is determined, and for the exciton  con-
nected at the acceptor (ЕXA=3,4668  eV).  The obtained data characterize an almost 
perfect, free voltage GaN and therefore can be used as a value for a comparative deter-
mination of the mechanical  properties of the resin  in the epitaxial GaN layers. The 
FWHM FL spectra was 1 meV.

The authors [32] noted the high intensity of the luminescence of the GaN crystals 
at the excitement of their ultraviolet light. Practically, the use of bulk crystals obtained 
by the AMMONO technology, in addition to research purposes (determination of 
reference properties of the GaN compound), can be found for the calibration of ana-
lytical instruments as sources of sublimation and condensation growth methods, de-
tectors and lumifores, stable over a wide range of temperatures, etc.

In [35] presented for  comparative analysis between epitaxial it GaN, grown on 
substrates Al2O3, and GaN, obtained using the MBE method. GaN cultivation on sap-

Fig. 2.10. Morphology of bulk GaN crystals 
grown by the AMMONO method [32].
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phire occurred under optimal conditions 
(nitriding, growing buffer layer). A com-
parative analysis of the study of GaN/
Al2O3 and GaN/GaN heterostructures de-
termined a higher degree of morphology 
of GaN films grown on GaN than films 
obtained on Al2O3.

TEM studies have identified the ab-
sence of additional GaN films obtained 
on the GaN substrates, additional disloca-
tions in the epitaxial layer in comparison 
with the value of 109 cm-2 for the density 
of dislocations in GaN films obtained on 
the Al2O3 substrates. The characterization 
of quantum structures grown on the ho-
moepitaxial layers of GaN approached 

the theoretical models of ideal structures.
The paper [171] investigated the optical properties of bulk gallium nitride crystals 

obtained by the gas-phase method in the chloride system. GaN samples were obtained 
at atmospheric pressure in a horizontal type reactor placed in a multi-zone resistive 
heating furnace. As substrates, crystals of silicon carbide were used.

The growth temperature was within the range of T=1220...1320 K. The growth rate 
varies from 1 to 60 μm/h depending on the technological conditions. It was found that 
exciton bands in photoluminescence spectra are observed in crystals obtained.

In the low-temperature spectra of luminescence (figure 2.11) there was observed 
the presence of both free and bound excitonic states. For T=6 K, apart from the peak 
of the exciton bound on a neutral donor (DBE), with a maximum energy of 3,472 eV, 
two peaks of excitons bound at an acceptor (ABE) with energies of 3,449 and 3,421 eV 
are clearly observed.

From the long-wave side, there are two first peaks of the donor-acceptor (BA) pair 
of radiative recombination: a phonon peak (3,263 eV) and its LO-phonon (hνф=92 meV) 
repetition (3,171 eV). From the short-wave side in the region of 3,48...3,49 eV there is 
a weak step, which, in its energetic position, corresponds to the free exciton A (n=1). 
The found energy position of the exciton bound on a neutral donor coincides very well 
with the energy position of the exciton DBE obtained in [21, 92] for a bulk GaN with-
out mechanical stress (Table 2.3).

 2.4. GaAs
Recently, special attention has been paid to the substrate GaAs, despite the large 

difference between the permanent crystalline lattices of GaAs and GaN compounds. A 

Fig. 2.11. The spectra of a low-temperature 
photoluminescence sample of a volume 
crystal GAN at a temperature (from the top 
down) of 6, 10, 15, 20, 30, 45 K. Excited by 
the radiation of the lamp DRSH-250.
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number of features regarding the technological attractiveness of GaAs as a substrate for 
epitaxial growth GaN are discussed below.

GaAs is a group of spatial symmetry , like the cubic modification of GaN. 
Due to its polarity, GaAs is more complicated than elementary semiconductors; some 
crystallographic faces, for example (111) or (100), are entirely constructed of gallium 
or arsenic [for example (100)A; (111)B; (111)A]. The surface, on which GaAs is easily 
split, is a facet (110) that contains an identical amount of cations and anions. Cur-
rently, GaAs plates with a diameter of up to 150 mm are available with different types 
of impurities and impurities concentration. Conductivity n-type is achieved by doping 
with silicon and tellurium impurities; the concentration of charge carriers (electrons) 
reaches values 1016...1019 sm-3. Zinc is a standard impurity for forming the electrical 
conductivity of the p-type; the concentration of holes reaches 1019  см-3. In table 
2.4 the main properties of GaAs, which are of great importance for the epitaxial growth 
of GaN films, are considered.

GaAs (001) is one of the few substrate materials on which it is often possible to 
grow cubic modification of gallium nitride, which is now one of the priorities of re-
search in the field of growing nitride compounds of the third group. Compared to the 
«main» material for the substrate-sapphire, GaAs has certain advantages: GaN films 
are more easily removed from the surface GaAs than from sapphire, which makes 
GaAs a promising material for obtaining free GaN films.

In addition, gallium arsenide is characterized by a lower tensile ductility than sapphire, 
which determines the ability of GaAs to assume mechanical stresses, greatly reducing them 
in epitaxial films. The GaAs material with crystallographic orientation (111) is the optimal 
candidate for the growth of epitaxial GaN with minimized mechanical stresses.

Table 2.3 
Parameters of low-temperature exciton luminescence of epitaxial layers and bulk GaN 
single crystals [171]
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To the positive features of the GaAs substrate, it is also referred to as the date for 
the growth of bulk single-crystals GaN for the purpose of further use of the latter in 
the corresponding devices or for the epitaxial growth of gallium nitride and solving the 
problem of epitaxial GaN films associated with heteroepitaxy [148, 106].

Thus, one can determine the main positive aspects of the use of GaAs as a substrate 
for obtaining GaN: both structures refer to the semiconductor compounds A3B5, as 
well as the presence of a chemical element in the substrate GaAs that is part of the 
epitaxial film (Ga), which may result in the technological transformation of the surface 
layer GaAs to GaN In addition, one can also highlight the following positive features 
of GaAs as a substrate for growing GaN: low resistance of ohmic contacts, the split 
plane for GaN and GaAs, practically coincide in orientation, as well as the ability of the 
GaAs substrate to assume part of the mechanical stresses in the epitaxial film GaN.

The obvious negative aspects of the use of GaAs as a substrate for the cultivation of 
GaN are a large difference in the parameters of crystalline lattices and the coefficients 
of thermal expansion between gallium nitride and gallium arsenide. Infusion is an 
obstacle to the widespread use of GaAs as a substrate for the growth of epitaxial layers 
of GaN, which is the lack of high thermal conductivity of GaAs, and the thermal stabil-
ity of GaAs is lower than GaN at temperatures of around 800 ° C. GaAs are decom-
posed into liquid gallium and arsenic in the gas phase. The kinetics of the GaAs de-
composition has been studied in [57].

Among the most common technologies for growing the epitaxial layer of GaN on 
GaAs substrates is the MBE method, which is characterized by the use of relatively low 
cultivation temperatures, which usually leads to its wider application  than those of 
MOCVD or HVPE. Also interesting is the fact of the possibility of overcoming the 
following difficulties: by growing the thin «low-temperature» layer of gallium nitride 

Table 2.4 
Properties of GaAs single crystals at room temperature [79]
Property Value

Steel gratings (nm) a=0,56536
Melting point (° C) 1240
Specific density (G/cm3) 5,32
Linear thermal expansion coefficient (х10-6 К-1)) 6,03
Modul Jung (GPa) 85,5
Death rate 3,66
Prohibited zone width (eV) 1,423-1,430
Specific resistance (without impurities) (Ohm∙cm) 104
Mobility of electrons (cm2/V∙s) 8500
Mobility of holes (cm2/V∙s) 400
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on the surface of the substrate GaAs the latter can be used at significantly higher tem-
peratures using the technology of MOСVD or HVPE [79].

High rates of GAN cultivation using MOCVD or HVPE technologies can be ef-
fectively implemented to grow GaA epitaxial films on GaAs substrates, provided that 
they prevent the decomposition of GaAs at temperatures greater than 800 ° C. One 
such means is the use of low-temperature buffer layers GaN. Of course, the growth of 
the buffer layer of gallium nitride is carried out at temperatures in the range of 
550...650 ° C, which are less than the temperature of cultivation using standard tech-
niques. Similar buffer layers prevent the decomposition of gallium arsenide at tem-
peratures greater than 800 ° C and contribute to more efficient nucleation [79, 95, 89]. 
Of considerable interest is the fact that the polycrystalline GaN (buffer layer) is trans-
formed into monocrystalline after thermal annealing at temperatures of 850 ° C for 
10 minutes [88].

Direct formation on the surface of the substrate GaAs crystallization centers GaN 
complicated, firstly, the presence of oxide on the surface of GaAs, and the second – a 
short bond length in GaN compared to GaAs. One of the ways of solving this problem 
is the process of preliminary nitriding of the surface GaAs, as a result of which the 
surface morphology, as a rule, deteriorates. This may be somewhat justified if the sur-
face GaAs contains oxides, in particular, its components. Then, due to nitriding, one 
of the consequences of the process will be the removal of layers of oxides from the 
substrate surface.

As stated in [79], ensuring the surface smoothness of gallium nitride throughout all 
technological steps is a widespread problem for the vast majority of works devoted to 
the acquisition of GaN/GaAs structures due to the abovementioned shortcomings of 
the GaAs material as substrates.

On the basis of the above work it can be concluded that it is necessary to im-
prove the technologies of preparation of the substrate surface of GaAs and to 
carry out the procedure for preliminary cultivation of buffer layers of epitaxial 
films of gallium nitride. One of the key elements of this kind of preparation is to 
treat the surface of the GaAs substrate in a plasma of nitrogen. In some works, it 
was proposed before nitriding to grow a thin layer of high-quality GaAs on the 
substrate, which is characterized by a smooth surface on an atomic scale [19, 63, 
130]. To the positive features of the pre-expanding layer of GaAs can be attrib-
uted a significant reduction of the negative effect of surface layers of oxides on 
the process of nitriding.

It should be noted that an effective remedy for improving the surface morphology 
of GaAs is the surface treatment in the atmosphere of the As or Аs4 [19, 102], which is 
a deterrent to stoichiometry, and a high degree of GaAs decomposition at the tem-
peratures necessary for the efficient growth of epitaxial films GaN. Growing on the 
surface of the GaAs substrate of a high-quality GaAs layer and its subsequent nitriding 
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is an effective substrate coagulation technology for the growth of high-quality gallium 
nitride layers, in particular cubic modification.

The positive feature of the use of GaAs as a substrate for the cultivation of GaN 
should also be attributed to the characteristic feature of the effect of arsenic on the 
cultivation of GaN cubic modification. The paper [43] presents the results of the influ-
ence of arsenic autonegrations on the volume of the GaAs substrate of the growing 
GaN film, which contributed to the growth of the cubic modification of GaN by reduc-
ing the optimum growing temperature. But in all cases, a portion of the GaN hexagonal 
type collapsed with the growth of the thickness of the epitaxy film. Efficiency of PL for 
films GaN hexagonal type was an order of magnitude higher than for films of a cubic 
structure. This situation may be explained by mechanical stresses that did not allow to 
realize the potential benefits of a cubic GaN. For the first time, a successful attempt to 
grow a GaN cubic type on the GaAs substrate was reported in [90]. Since then, many 
researchers have grown such structures with different methods with the use of differ-
ent technologies and pre-treatment of GaAs surface.

According to theoretical calculations, the cubic structure leads to a more pro-
nounced mobility of charge carriers, high optical output (орtісаl gаіп) and good iso-
tropic properties due to cubic symmetry. It should be noted that in practice the similar 
potential of cubic GaN has not been realized due to the fact that there are certain dif-
ficulties in obtaining a stingy, high-quality crystal β-GaN. Gallium cubic nitride is also 
grown on other substrates (for example, Si, 3C-SiC, GaP, MgO), but the most common 
substrate is GaAs (001).

In [95, 14] presents data on the growth of epitaxial GaN films on GaAs (001), pref-
erably in the cubic phase, by MOCVD using a miracle as a nitrogen source (growing 
temperatures of 750...790 ° C and 550 ° C respectively). In the paper [95] a buffer layer 
GAN was used up to 20 nm in thickness. In the same manner, but with the use of di-
methylhydrazine, the cubic GaN [125, 105] was obtained predominantly. In [105], in 
the spectra of low-temperature PL, a peak at 3,26 eV was observed with FWHM=13 meV. 
In works [76, 23, 124, 114, 150] a cubic modification of GaN in films obtained by the 
MBE method was demonstrated. Most of the work as a source of nitrogen is ammonia; 
the growing temperatures ranged from 580 ° C [150] to 700 ° C [124]. The thickness 
of the buffer layer GaN is 10...20 nm.

In some cases, cubic and hexagonal modifications of gallium nitride were formed 
at the same time in epitaxial seams. This fact is caused by a small difference in the 
energies of the formation of cubic and hexagonal gallium nitride [145], which neces-
sitates a high level of control over the technological parameters of not only the process 
of growing epitaxial films, but also improving the preparative processing of the sub-
strate material GaAs (001).

As noted above, nitrogen iodization is one of the key factors in preparing the GaAs 
substrate. Let’s consider later the main features of this aspect.
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In addition to forming on the surface GaAs of the thin layer GaN, nitriding is also 
used to form additional conditions for the formation of GaN germs with the further 
growth of the epitaxy layer GaN and to reduce the mechanical stresses resulting from 
the large difference between the permanent lattice of the epitaxial film and the sub-
strate. As a result of nitriding, a thin, near-surface layer of GaN is formed, which is a 
peculiar template for the further growth of high-quality layers of gallium nitride. It is 
believed that nitriding also contributes to the less active decomposition of gallium ar-
senide at temperatures greater than 800 ° C [148].

The main problem of optimizing the process of nitriding is the need to obtain a 
smooth atomic scale of the surface layer of gallium nitride, while the flow of activated 
(excited) nitrogen atoms in the mixture with the residues of precursors usually wors-
ens the morphology of the substrate. As a nitride means, usually, annealing of the GaAs 
substrate in the ammonia stream is used – for MBE or MOCVD technologies, or pro-
cessing of a substrate in a high-frequency plasma of nitrogen – preferably for the MBE 
method.

Below is a review of literary sources devoted to the definition of the current state in 
the field of cultivation of gallium nitride using the process of nitriding. Interesting 
from this point of view is the work where the procedure with nitriding was considered 
separately from the main process of growing epitaxial films. Thus, in [99] it is noted 
that the use of dimethylhydrazine in the nitriding of the substrate GaAs (in addition to 
the main cultivation process) leads to the formation of a thin layer of GaN. These re-
sults indicate the possibility of using the nitriding process to grow rather thick films of 
gallium nitride (up to 0,2 μm), which, according to XRD measurements, are character-
ized by a rather high structural perfection and have exactly a cubic modification, as 
well as a substrate GaAs. The crystal perfection films GaN defined data analysis XRD 
measurements, which were determined constant lattice parameter obtained gallium 
nitride; the value of the stable lattice was аGаN=0,454±0,003 nm. Such a value of a stable 
lattice determines the high degree of relaxation of mechanical stresses on the boundary 
of the «epitaxial film–substrate», the inconsistency of which parameters in this case 
reaches 20  %. In figure  2.12  shows an image of the split heterostructures GaN/
GaAs [99].

The thickness of the resulting epitaxial layer of gallium nitride and the clarity of the 
boundary between the GaN and GaAs indicate that in the process of nitriding, the 
boundary of the section penetrates into the depth of the crystal, while the arsenic at-
oms diffuse through the grown GaN layer to the crystal surface. Nitrogen atoms that 
have been promoted to the substrate can replace arsenic atoms. Such a situation may 
be due to high values of the coefficients of ionization as azote, and arsenic. In the paper 
[99], it was not exactly the mechanism of diffusion that was determined – whether the 
formation of GaN by the absorption of nitrogen atoms by the vacancies of Аs was 
caused, or there should be another mechanism.
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Definitive works on studying the pro-
cesses of nitriding of the substrate surface 
GaAs (001) can be considered articles [3, 
5]. As a source of atomic nitrogen, a dis-
charge in a plasma of nitrogen was used. 
The main factor influencing the process 
of nitriding, the authors considered the 
temperature of the process of nitriding. It 
was found that at a temperature of nitrid-
ing less than 200 ° C, the process of nitrid-
ing was limited to a kinetic factor (values 
of coefficients of surface migration of at-
oms and diffusion coefficients). For the 
temperature of ur, nitridation, higher 
than 500  0 С, the etching process signifi-

cantly degraded the surface morphology, which may be the result of active desorption 
of arsenic from the substrate surface. Below is a diagram a diagram of the process of 
nitriding at work [3] (Figure 2.13).

It should be noted that in this scheme of nitriding, the main role played by the 
mechanism of diffusion of atoms in the depth of the crystal and the substitution of 
arsenic atoms, which are then desorbed from the crystal surface. The peculiarity of this 
scheme is the definition of general mechanisms of the formation of a thin film GaN, 
and not the internal mechanism of diffusion. However, this work is radical in terms of 
proving the possibility of converting the surface layer of the GaAs substrate into a GaN 
film by nitriding.

The results of experimental studies of authors [3, 5] are to some extent con-
firmed by work [12], where data on surface treatment results (100) of GaAs sub-
strate in plasma NH3. Nitriding was considered as a means of «dry passivation», 
which is an alternative to «liquid» processing. The temperature range in this work 
ranged from 50 to 300 ° C, the nitridation time varied from 1 to 60 minutes. The 
research part of the substrate surface (with the help of XRD measurements – X-ray 
photoelectron spectroscopy) of gallium arsenide during nitriding allowed to deter-
mine in the given temperature range with the fundamental processes of nitration 
of the GaAs substrate. The authors have determined that, at a certain temperature 
and time of physical and chemical processing in the process of nitriding, interme-
diate compounds are formed: the binary As-N compound, which is transformed 
into a triple complex Ga-As-N compound, which means a non-crystalline mixture 
of GаАsxNx-1.  The authors believe that as a result of further nitriding due to the 
desorption of arsenic and nitrogen (the linkage of the As-N), the triple complex 
compound Ga-As-N is converted into a binary GaN (the efficiency of such a pro-

Fig. 2.12. The image of the split of the GaN/
GaAs structure (with preliminary nitriding) 
obtained at a growing temperature of 600°C 
[99].
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cess was determined at tem-
peratures >200°C and pro-
cessing time > 20 min).

2.4.1. Physical and 
technological models of 
nitride substrate GaAs

To a large extent, progress in 
optimizing the nitration pro-
cess of GaAs substrates is re-
strained by the absence at pres-
ent of a particular physics-
mathematical model for the 
conversion of substrate surface 
layers into a semiconductor 
compound GaN.

We proposed [193] a phys-
ics-mathematical model of the 
process of  converting the sur-
face of the substrate GaAs into a 
thin film GaN, on the basis of 
which it is possible to estimate 
the optimal parameters of the 
nitride of the dissociation (tem-

perature, time, pressure in the system, choice of nitrogen source), ultimately to effec-
tively use the advantages of GaAs substrates for growing GaN/GaAs heterostructures.

Let’s consider the theoretical model for the conversion of surface layers of GaAs 
substrates into thin GaN films due to nitriding and its comparative analysis with ex-
perimental results. In order to achieve the goal, it is necessary to solve the invasion 
without giving.

1. Based on the comparative analysis of literary sources, the principles of construct-
ing diffusion models based on the mechanism of kick-оиt and their conformity with 
the processes of nitration of GaAs substrates are to be determined.

2. Identify the distinctive features of the process of converting the surface layers of 
GaAs in compound GaN from the general diffusion doping patterns and their impact 
on the relevant principles of building physical and mathematical models.

3. On the basis of the analysis of theoretical data obtained with the proposed 
physics-mathematical model, determine the degree of their correspondence to the 
experimental results, to make a significant difference in the sensitivity of the model to 
the values of the corresponding coefficients.

Fig. 2.13. Chemical model of the nitriding process 
GaAs (001) [3].
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4. Based on the data of the comparative analysis of theoretical and experimental 
data, to determine the range of optimal physics-technological conditions of nitration 
of the GaAs substrate in order to obtain GaN thin films with sufficient quality of mor-
phological, structural-crystallographic and optical characteristics that satisfy the con-
ditions of a qualitative basis for further cultivating GaN/GaAs heterostructures.

Consider the following methodology for solving the tasks and analyze the results.
As was determined in [99, 3, 5, 12, 122, 83], the process of nitriding GaAs under 

certain technological conditions has as a consequence the conversion of surface layers 
GaAs in GaN, due, on the one hand, to the surface of arsenic atoms and their subse-
quent desorption and, on the other hand, one-time diffusion of nitrogen atoms in the 
volume of a single crystal GaAs.

An analysis of the literature data and the results of our experiments [3, 175, 4, 8, 59] 
indicates a rather wide spectrum of physical and technological parameters of the GaN 
layers obtained as a result of nitriding (thickness on, stoichiometry, structural perfec-
tion, optical properties, etc.) due to the difference in the parameter of the process of 
nitriding (the temperature of the substrate GaAs and the flux of excited nitrogen atoms 
falling on the substrate), the type of atomic nitrogen source (nitrogen, ammonia, di-
methylhydrazine) and the physical properties of the substrate itself.

The model developed for the study of the conversion of the surface layers of gal-
lium arsenide to gallium nitride during nitriding is based, first of all, on the mathe-
matical description of the diffusion of excited nitrogen atoms in a single crystal 
GaAs and its interaction with arsenic sublattice atoms. Of course, this model allows 
us to investigate the kinetics of the process, that is, to determine the state of the sys-
tem at any time of nitriding.

The use of pure nitrogen for nitriding necessitates the high power of the UHF gen-
erator to intensify the gap in strong bonds in the N2 molecule, which, in turn, leads to 
a deterioration in the morphology of the subsequent GaN/GaAs samples. The use of 
ammonia as a source of atomic nitrogen avoids this disadvantage, but at the same time 
creates conditions for active decomposition of GaAs substrate material at a tempera-
ture above 800 °  C. In our experiments, we used ammonia in order to prevent the 
imposition of a defect, nitriding was carried out in three stages.

At the first stage, the GaAs substrate annealing in ammonia was carried out per ton 
of 870 K for 20-30 minutes, which allowed to obtain sub-layers of thin (up to 150 A) 
GaN layers in the surface area of the substrate, which continued to act as buffers and 
allowed in the second stage increase the process temperature up to 1020 K.

The duration of the second stage was 45 to 60 minutes. As a result of the first two 
stages, a heterostructure of the type GаАsxNx-1/GаАs was formed on the substrate sur-
face. Moreover, the triple compound GаАsxNx-1 obviously has a variogenic structure in 
which the parameter x grows in the direction to the outer surface. An analysis of the 
results of the Auger-spectroscopy showed that as a result of the nitriding of the GaAs 
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substrate, the conversion of the surface layers (up to 0,2 μm) of gallium arsenide into 
gallium nitride occurs. In the obtained thin films GaN, arsenic is present in a total 
amount of up to 8 %. The presence of arsenic in the compound GaN determines the 
effect on the photoluminescence properties of the resulting structure. In particular, in 
the spectra of photoluminescence of thin GaN films, a broad band in the range 2,5-
2,6 eV was observed, which was associated with the incorporation of arsenic into the 
lattice GaN [131].

In the third stage of nitriding in order to remove arsenic from the triple compound 
GаАsxNx-1 vacuum in the system decreased to 10-7...10-9 Pa at a temperature of 1020 K 
for 5-7 minutes, which led to a significant decrease in the number Arsenic in the struc-
ture GаАsxNx-1.

Next we consider the main provisions on which the physicomathematical model of 
the conversion of superficial substrates of GaAs substrate to our broader-band GaN 
compounds is proposed.

 2.4.2. Thermodynamic aspect of nitriding GaAs
The application of the thermodynamic approach to the task poses considerable dif-

ficulties. Due to the fact that the process of nitriding of substrates GaAs is character-
ized by a nonequilibrium and non-stationary state of the system.

On the other hand, under certain restrictions of the application of the thermody-
namic approach, it will be possible to determine to a certain extent the fundamental 
possibility of the process of converting the surface layers of the GaAs substrate into 
thin GaN films during nitriding. In the paper [192] an analysis of the processes of 
conversion of GaAs surface layers into thin GaN films in the thermodynamics aspect 
is presented. Let us consider the following aspects of the thermodynamic approach to 
studying the process of nitration of GaAs.

It should be noted that for the realization of the conversion of surface layers GaAs 
into GaN films, it is necessary atomic nitrogen whose relative concentration is deter-
mined by the characteristics of the nitrogen source and can be experimentally deter-
mined. In [192] the results of analysis of condensed phases, which indicate the ther-
modynamic possibility of forming thin films of GaN and availability of binary cut 
GaAs-GaN. Comparison of the enthalpy of the formation of the compound GaN (

=114,2 kJ/mol) and a similar indicator for GaAs ( =72,4 kJ/mole) give it 
is possible to argue about a thermodynamic advantage of forming a semiconducting 
compound GaN.

As noted above,  nitrogen and ammonia are the  most commonly used sources 
of atomic nitrogen during nitriding. Relevant to this reaction are written as follows:

  (*)
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and
 . (**)

Calculations of Gibbs free energy for room temperature were carried out using the 
formula . Thus, for the reaction (*) energy molecule forma-
tion GaN is -2,41 eV, and for reaction (**) is the energy of -0,21 eV. For the reaction of 
reaction (**), additional energy is needed for the collapse of the NH3 molecule, which 
results in a significant difference in the above-mentioned values. In the paper, it is 
noted that in the reaction (*) the enthalpy factor prevails, and the reaction (**) is en-
tropy.

Thus, the analysis of the above estimates allows us to conclude that, under the con-
dition of , the occurrence of these reactions is thermodynamically benefi-
cial, with the advantage in this aspect of forming the compound GaN precisely by reac-
tion (*).

But the main drawback of the thermodynamic approach: the inability to determine 
the deployment process time and evaluation form concentration profiles structure 
GаN/porous-GаАs. The following is a cinematic approach to describing the process of 
converting GaAs surface layers into thin GaN films.

2.4.3. Kinetic approach to the description of the process of nitriding
The problem of diffusion of a chemical element from the gas phase in the volume 

of a crystal is usually described by the second Fick equation (diffusion equation), 
which is based on the law of mass balance, and in the one-dimensional case has the 
form:

,

where C(x,t) is the concentration of impurity atoms (diffusant), D – is the coeffi-
cient ofdiffusion.

In our case, the initial conditions are C(x,0), and the boundary conditions will be: 
C(0,t)=N0, where N0 is the constant concentration of diffusant atoms on the surface of 
the crystal, x is the coordinate, along which is considered diffusion process.  The 
boundary condition C(0,t)=N0  for a diffusant (nitrogen atoms) is due to the presence 
of a constant source of nitrogen coming from the outside, on the substrate surface. 
Thus, our system can be considered as a case of diffusion from a constant infinite 
source in a half-infinite body. The solution of the second Fick equation in our case is 
an additional error function: 

.

In this solution is a tabulated error function.
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But such a model is not valid for mathematical description of the process of nitrid-
ing; nitrogen concentration profiles in GaAs do not obey either the Gaussian distribu-
tion or the additional error function .

First of all, when compiling a thematic model, it is necessary to start the visa with 
the predominant mechanisms of the process of nitriding. The study of similar struc-
tures [8, 59, 17, 119] provides an indisputable basis for adopting a model of diffusion 
of nitrogen atoms inside the GaAs substrate by the kick-out mechanism. The essence of 
the mechanism is based on the following positions: the nitrogen atoms diffuse over 
interstitials and can displace the atoms of arsenic at the depth of the crystal GaAs in 
the interstitial position and occupy its place in the arsenic substrate – a direct reac-
tion. The reverse reaction consists in the fact that the interstitial atoms of the hypocrite 
displacing the nitrogen atoms from the nodes in the interstitial position. The applica-
tion of the diffusion of the kick-out mechanism for the diffusion of nitrogen in gallium 
arsenide has been substantiated in works [17, 119].

This process can be represented as follows:

where , ,  - nitrogen atom at node substrate arsenic, arsenic atom in in-
terstitial position and nitrogen atom in the interstitial position respectively.

Graphical representation is as follows (Figure 2.14), where ● – atom of arsenic in 
the node, □ – nitrogen atom in the interstitial position.

The mechanism kick-out causes in general dependence of the diffusion concentra-
tion not only of atoms of dopant (nitrogen), but atoms substrate As that causes sig-
nificant difficulties in choosing the optimal minimum required unknowns in the 
mathematical model.

A mathematical description of the general foundations of diffusion by the kick-out 
mechanism is considered by the authors of [132, 39, 18]. A useful comparative analysis 
of theoretical calculations and experimental nitrogen distribution profiles in GaAs is 
presented in [17, 119].

The classical profile of the 
concentrations of diffusion at-
oms from the gas phase penetrat-
ed into the solid body can not, 
because  of the material of the 
mathematical model, reflect the 
fact that the accumulations of 
nitrogen atoms in the surface 
layers of the substrate. Obvious-
ly, the mathematical model of the 
process of nitriding should re-Fig. 2.14. Schematic representation of the diffusion 

by the mechanism kick-out [65].
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flect this aspect, which in turn determines the need for the introduction of additional 
components to the classical diffusion equation.

To reflect the process of diffusion of nitrogen in the volume of the crystal GaAs, 
three main processes need to be determined:

1. Diffusion of nitrogen by interstate. 
2. Interaction of nitrogen with arsenic atoms. 
3. Diffusion of arsenic from the volume of crystal. 
The mathematical description of the direct dependence of the diffusion coefficient 

on the concentration of nitrogen atoms in this case does not provide an opportunity to 
explicitly explain the fact of the accumulation of nitrogen atoms in the nodes of the 
subgroup As. Our mathematical model of the process of nitriding was determined by 
the following factors:

a) in order to describe the direct reaction , it is necessary to 
take into account the two components of the diffusant (nitrogen atoms) – the interstitial 
component and the nitrogen atoms in the nodes of the Asc substrate (as already noted 
above, these components are denoted as  and  respectively);

b) the application of equilibrium values of the concentration of defects in GaAs – 
arsenic vacancies ([As]) and the concentration of arsenic atoms (As) in the nodes cause 
certain mathematical difficulties in determining the unequivocal relationship between 
the data we value. To solve the problem, we proposed, as for nitrogen atoms, to distin-
guish between two components of the state of the atoms of As: arsenic in the inter 
nodules and in the nodes of its own subgroup (  and As, respectively).

Thus, the mathematical model of nitriding GaAs in this case should consist of at 
least a system of four interrelated differential equations of the second order, which cor-
respond to the specified processes (diffusion of nitrogen at interstate, interaction of 
nitrogen with arsenic atoms, diffusion of arsenic atoms).

In the general case, the mathematical description of the diffusion by the kick-out 
mechanism is determined by the presence of a component in the equations that deter-
mines the fraction of the atoms of the diffusant (nitrogen) involved in the interaction 
with the atoms of the arsenic substrate, which results in the displacement of the arsenic 
atoms in the interstitial position at the same time with the replacement of arsenic vacan-
cies obtained by nitrogen atoms. Of course, the definition of the kind of such a compo-
nent is based on obvious considerations. The fate of this interaction is proportional to the 
addition of the concentrations of atoms of the diffusant and the atoms of the proper 
subgroup in the nodes and the corresponding interaction coefficient, the significance of 
which largely depends on the magnitude of the energy of the direct reaction to the for-
mation of defects: arsenic atoms in the interstitials and nitrogen atoms in the nodes of 
the arsenic substrate.

In general, the equation of the dependence of the concentration of one of the com-
ponents on time and coordinates can be represented as follows:
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of nitrogen atoms in the interstate positions and in the nodes, respectively. It should be 
noted that the position of the nitrogen atom in the node of the arsenic subcarrier is 
considered immovable, which determines the differences in the differential equations 
(1) and (2). Similarly, the ratio for interstate arsenic is written.

The use of these coefficients allows, under certain constraints, to reduce the system 
of differential equations of the second order (1) and (2) to one with an effective con-
centration-dependent diffusion coefficient:
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In [164], it was shown that the  effective diffusion coefficient, depending on the 
physical and technological conditions (boundary conditions, structural perfection of 
the material), can be represented, for example, as follows:
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However, presented in equations (1)-(3) there is only is only on in language perfor-
mance of «local» equilibrium, which is set in the cameras of E over time, which is 
possible when selecting nodes concentration and volume in arsenic for the constant. 
This situation is valid at values of the concentration of nitrogen atoms in the limits of 
1019 cm-3 ([17, 119]) and the insignificant intensity of the process of conversion of the 
surface layers of the substrate GaAs into the GAN film due to the preservation of the 
concentration of the nodule arsenic at the initial level – about 1022 cm-3

In our case, the transformation of the surface layers of the GaAs substrate into a 
thin-film GaN is performed, which prevents the full use of the simplifications due to 
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the fulfillment of the conditions for the establishment of the local equilibrium and the 
invariability of the concentration of the arsenic nodal atoms.

From the hypothesis of the coefficients of the direct (K1) and the reciprocal (K2) of 
the kick-out reaction ( i s iN +As N +As→   and  s i iN +As N +As→  correspondingly), it 
can be estimated on the basis of our experiments and the results presented in [131, 17, 
119]. This ink was conducted on the basis of the method described in [18]. Effective 
coefficients of diffusion of arsenic and nitrogen in gallium arsenide are taken from 
works [17, 119]. Their values are: for nitrogen – eff

AsD ≈10-13cm2/s, for arsenic (intersti-
tial)  eff

AsD ≈10-19  cm2/s. The values of the coefficients are given for the temperatures 
around 1020 K.

The equation (1), taking into account the above-mentioned coefficients, can be 
represented in the following form:
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It should be noted that in the initial stages of nitriding, when the concentration of 
diffused nitrogen does not exceed 1019сm-3, equation (5) can be simplified as follows:
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Taking into account the above facts, the differential equation for intergranular ni-
trogen is written as:
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Similarly, the equation for interstate arsenic is written.
It should be noted that the given data of effective diffusion coefficients were deter-

mined for the range of nitrogen concentration in the nodes of array subgraphs to 
1019  cm-3, which allowed the authors [17, 119] not to take into account the electric 
charge of diffusants. In this case, during the manufacturing process of converting the 
surface of the substrate material GaAs in compound thin film GaN, the concentration 
of atoms and zotu in interstitial positions   and the nodes pidґratky arsenic   ex-
ceeds the equilibrium concentration of carriers 1017  сm-3, a possible doping effect is 
likely to have an effect on the effective diffusion coefficients of nitrogen and arse-
nic. On the other hand, when approaching the concentration of nitrogen atoms node 
1020...1021 сm-3 will have a transition to diffusion in the compound GaN, resulting in 
the need to simulate dependent diffusion coefficient of interstitial nitrogen   nodal 
nitrogen concentration  .

The values of the coefficients of the direct К1 and the return К2 of the kick-off reaction 
were evaluated by us on the basis of the letters of data [17, 119] and the analysis of their 
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conformity with the admissible value of the mathematical model. The estimation of the 
relations between these coefficients at different values of the ratio of nodule arsenic and 
nitrogen in the structures GаАsxNx-1 was based on the results of work [1]. The ratio be-
tween the values of К1 and К2 for the concentration of nitrogen in GaAs in the range of 
0,3%, the value is about 1; with an increase in the concentration of nitrogen up to 3 %, 
the ratio  increases by almost an order of magnitude. We used linear extrapolation of 
data to determine the range of ratio coefficients K1 and K2 at a concentration of nitrogen 
in the structure up to 100 % (that is, actually already a bicomponent compound GaN). 
Thus, the value of the ratio of coefficients  for the  semiconductor compound 
GаАsxNx-1  (from the value of the parameter x is about 1) is approximately 50  to 
100  units.  This uncertainty is a consequence of insufficient number of experimental 
studies in this complex technological area.  The magnitude of the reciprocal response 
coefficient can, moreover, be obtained on the basis of the model proposed in [136]. The 
value of K2 of one order is estimated with the value we previously appreciated.

Knowing the tendency of changing the value of the ratio  at different values of 
the parameter x in the structure GаАsxNx-1 is necessary for the mathematical model to 
account for the fact that the surface area of the compound GaAs is converted into thin 
films GaN and, consequently, to take into account the constant change in the ratio of 
the coefficients of the reaction by the kick-out mechanism depending on the concen-
tration ratios of nitrogen and arsenic.

This basic aspect of modeling the conversion process in our case and cause the need 
to evaluate the changes in effective diffusion coefficients of nitrogen and arsenic in the 
process of changing the percentage ratio of nodule arsenic and nitrogen. To construct 
a similar model, it is necessary to know the values of the diffusion coefficients of ni-
trogen and arsenic in GaN.

We do not know the published results for determining the values of these coeffi-
cients. However, the assessment of the diffusion coefficient of nitrogen in GaN can be 
made on the basis of [111, 77], where the values of migration barriers (in particular for 
nitrogen in the diffusion of internodes in GAN for different charge states of interstitial 
nitrogen) and the magnitude of the energy of forming the corresponding defects are 
determined.  Energy (height) migration barrier for interstitial nitrogen in  GaN is 
2,4 eV (for a neutral interstitial atom) and 1,6 eV (atom with charge -1).

Knowledge of the height of the migration barrier allows us to estimate the magni-
tude of the coefficient of diffusion of interstitial nitrogen. Its value of 10-13 сm2/s is of 
the order of magnitude one with an effective diffusion coefficient of nitrogen in GaAs 
[17, 119] at a temperature of 750 ° C (for a negatively charged ion with a charge of -1).

Similar estimates of the diffusion coefficient of arsenic in GaN us not in the Idoma 
people. On the other hand, the uncertainty in the estimation of the diffusion coeffi-
cient of interstitial arsenic in the triple compound GаАsxNx-1 to some extent reduced 
by the need to take into account in the mathematical model the fact of arsenic accu-
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mulation in the near-surface layer and its active desorption at short-term heating in a 
vacuum at a temperature,  white 750 °  C, which imposes appropriate limits on the 
magnitude of the diffusion coefficient of arsenic.

On the basis of the results of the experiments of the authors and the analysis of the 
above literary sources, we determined the approximate values of the physical param-
eters of the converted after nitriding of the epitaxial layers of the GaN, in particular, 
the thickness of such films. It is usually within 0,1 μm. Thus, taking into account the 
thickness of the GaAs crystal – about 300 microns, it can be expected that at a depth 
of 1 μm from the astronomical nitriding on the upper substrate, the concentration of 
the atoms of the mouse remains constant, which gives the basis for the formation of 
the following limiting and under the following conditions:

( ) ( ) ( ) 00 ,;0,0;0, CtlxCtCCxC
iii AsAsAs =>== ,

where l is 1 μm, 
iAs

C - the concentration of interstitial arsenic,  0C - the equilibrium 
concentration of interstitial arsenic in the volume of the crystal.

On the basis of the solution of the system of coupled differential equations with 
different values of the diffusion coefficient, one can find an acceptable and physically 
substantiated value of the latter. Our conclusions about the range in which this value 
can be found was based on the fact that, due to processing in the second stage of the 
nitriding of the substrate GaAs, thin GaN surface films contained arsenic (up to 8%) 
in the nodes of the nitrogen substrate. Consequently, the arsenic diffusion coefficient 
at interstitials GaN is not high enough to ensure that, in the process of nitriding (under 
the chosen technological conditions), virtually the entire stream of interstitial arsenic 
exits onto the surface of the crystal and desorbed.

Thus, as a necessary component of the model, qualitative and quantitative estimates 
of the flow of «squeezed» to the surface of arsenic and its subsequent desorption 
serves.  It is obvious that the number of interstitial arsenic atoms , which is 

formed per unit time, is proportional to magnitude  t
C

sN

∂

∂
. This gives grounds for the 

assumption that the diffusion coefficient of the interstitial atomic bell pepper must 
have a much higher value than that of nitrogen. In the other case (with approximately 
the same value of the diffusion coefficients), the concentration profiles of the elements 
will have peak at the same coordinate, which will have the effect of significantly reduc-
ing the intensity of the technological conversion process [193, 62].

The high intensity of the conversion process is confirmed by experimental data 
from literary sources and the results of our experiments. The analysis of the known 
data testifies to the following: at a temperature in the range from 600 to 750 ° C during 
nitriding for 1-1,5 hours, a thin sub surface layer of gallium nitride is formed up to 
0,2 microns thick.
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Such a conclusion allows to some extent determine the unknown parameters of the 
system (in particular, the coefficient of diffusion of arsenic in the GaN), on the basis 
of which the optimal approximation of the mathematical model to experimental data 
is possible, which in turn allows us to predict the optimal parameters of experiments 
in the processes of nitriding.

The penetration of nitrogen to the depth of the crystal is, of course, due to the gra-
dient component of the «inter-node» diffusion, while the direct and reciprocal reac-
tions of the kick-out mechanism, in turn, determine the change in the gradient of 
concentration, which results from the emergence of certain mathematical difficulties 
in the search for analytical solution Problems: finding the dependence of nitrogen 
concentration on time and coordinates. In addition, the change in the concentration 
gradient of nitrogen atoms is also due to the diffusion of arsenic atoms, the concentra-
tion of which has a significant effect on the overall balance between the direct and 
reverse kick-out reaction.

It is the correlation between the intensities of these diffusion components that de-
termines the shape and concentration «height» of profiles of nitrogen and arsenic at-
oms. We will separately analyze the influence on the kind of theoretical concentration 
profiles of the relationship between the gradient flow and the total flow of atoms by the 
kick-out mechanism.

Turning to the aforementioned necessity in determining the ranges of changes in 
the diffusion coefficients of nitrogen and arsenic in the compounds GaN and GaAs for 
mapping in the mathematical model of the process of converting the substrate mate-
rial into a binary compound GaN, we shall estimate the following quantitative charac-
teristics of the trend of change in the diffusion coefficient of arsenic in the transition 
from the compound GaAs to GaN.

The diffusion coefficient of interstitials of arsenic in a binary GaAs compound can 
be estimated from the results of works [17, 15, 81]. The values of the energy of the 
migration barrier for interstate arsenic do not exceed the value of 1,7 eV, which may 
cause considerably higher diffusion rates of interstitial poppy in the substrate g of the 
substrate than in zones saturated with nitrogen, and, moreover, probabilistic, in the 
structure GаАsxNx-1. The following aspects of the determination of the degree of influ-
ence of the change in the diffusion coefficient of interstitial arsenic for the compound 
GаАsxNx-1 on the process of converting GaAs substrate.

The determination of the ranges of changes in the diffusion coefficients of nitrogen 
and arsenic during the conversion of the surface layers of the GaAs substrate in the 
compound GaN makes the following conclusions. The higher intensity of the diffusion 
of the interstitial component of arsenic atoms in the GaAs compound means that dur-
ing the experiment, the flow of interstitial arsenic from the volume of a single crystal 
to a certain extent is «compensated» by the flow of displaced arsenic atoms due to the 
kick-out reaction. Thus, during the nitriding at a distance of about 100... 150 nm from 
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the surface in the volume of the GaAs single crystal, the concentration peak of the 
interstitial atoms of arsenic is formed, which is one of the determining factors that 
influence the process of converting the substrate material into the GaN compound. 
The formation of such a concentration peak is due to factors, the essence of which we 
consider below.

The correlation between the intensities of the two main directions of reactions dur-
ing the implementation of the kick-out ( isANAsN si +→+  and AsNAsN iis +→+
) mechanism determines not only the shape of the concentration profiles of the diffus-
ants, but also the most important – the possibility or impossibility of the conversion 
process at all.

If you can assume that the ratio of the coefficientsK1 and K2 is of such significance 
that the «fluxes» of the atoms formed in the result of the direct and the reciprocal reac-
tions are mutually offset one by one, then the solution of the connected system Dif-
ferential equations will have the usual form of distribution, which describes the diffu-
sion of atoms from the gas phase in the volume of solids.

A similar situation is possible only under conditions of low concentration of nitro-
gen atoms, which, from a mathematical point of view, allows us to determine the 
concentration of nodal arsenic atoms as a constant. But under these conditions one 
should take into account the fact that the distribution of interstitial nitrogen atoms has 
a nonlinear form, therefore the dependence of the ratio of the concentrations of arsenic 
and nitrogen atoms on the spatial coordinate will take place.

As a result, even the equilibrium coefficients reactions mechanism kick-out not be 
considered intensity ratio of direct and reverse reactions as fixed values that would 
clearly characterized the process of converting the surface of new substrate layer GaAs 
in compound nitride GaN.

Thus, during nitriding at different distances from the crystal surface, the pace of 
conversion over the kick-out mechanism has different meanings, which determines the 
non-equilibrium of the processes of diffusion and the interaction of atoms. At the pres-
ent time, the analytical solution of this problem is extremely mathematical, therefore, 
an effective analysis of the model in this aspect is possible by studying the ratio of 
theoretical and experimental concentration profiles of nitrogen and arsenic atoms 
obtained at different values of critical parameters: temperature, limit nitrogen concen-
tration, diffusion coefficients according to the mechanism kick-out and so on.

From the previous analysis lead to the obvious conclusion, which is that the imple-
mentation process of converting a necessary condition for a higher intensity value of 
direct response mechanism to kick-out, than the reverse. In turn, this fact leads to a 
faster increase in the concentration of arsenic atoms ( ) in the internodes, which 
can lead to an increase in the intensity of the reverse reaction AsNAsN iis +→+ . It 
should be noted that the theoretically calculated forms of such a concentration profile 
of  atoms do not necessarily have to repeat the concentration profile of the nodal 
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nitrogen atoms . Obviously, due to the inter-node diffusion component, the arsenic 
atoms will reach the surface of the sample.

In addition, with the prevalence of the concentration of interstitial atoms of arsenic 
above the equilibrium concentration of this defect in GaN (the value of which at this 
temperature is 1017...1018 cm-3 [17, 119]), a highly probable intense diffusion of intersti-
tial arsenic in the depth of the crystal GaAs [61].

Both of these directions of diffusion in any case will contribute to the «spillage» of 
the concentration profile of interstitial arsenic, which, in turn, inhibits the intensity of 
the reciprocal reaction. Thus, we can draw a conclusion on the importance of the influ-
ence of the inter-node component of arsenic diffusion on the entire process of convert-
ing the near-surface area of a single crystal GaAs into thin films of GaN in general. 
Obviously, when using insufficiently high values of the diffusion coefficient of the in-
terstitial component of arsenic, at a certain stage of nitriding, there may be a «freezing» 
of the conversion process as a result of the equilibrium of the intensity of direct and 
reverse reactions in the kick-out mechanism.

On the basis of the analysis of literary sources [99, 3, 4] and the results of our ex-
periments [59, 60] we can draw conclusions regarding the requirements to the math-
ematical model and the values of the above parameters. First, the result of nitriding is 
the formation of surface layers GaN in the thickness of 100... 250 nm, and secondly, the 
process of converting the surface area of the substrate GaAs into a GaN film at such 
depth occurs within 1... 2 hours at temperatures from 870 to 1020 K.

It should be noted that the given difference in the temperatures required for this 
speed of the envelope process is determined both by the characteristics of the GaAs 
substrate and by the atomic nitrogen source, which, as noted above, has an effect cor-
responding to the effect of the physicochemical reactions on the substrate surface, and 
in the diffusion of nitrogen atoms in the depths of the GaAs crystal.

Thus, we have certain requirements for the model of nitriding – the formation of a 
thin film (up to 200... 250 nm) GаNxAsx-1 within 1-2 hours, the value of x is within 92... 
100%.

Based on these provisions, it is possible to determine the range of restrictions on 
the values of parameters of the model of nitriding, namely, the diffusion of interstitial 
arsenic in the binary compound GaN and the rate of conversion, which, in turn, is due 
to the correlation between the coefficients of direct and reverse reaction by the kick-
out mechanism.

Obviously, if the intensity of the flow of nitrogen atoms, which, by direct reaction, 
pushes the arsenic atoms out of their own subgroups and occupies their positions in 
the nodes, is less than the intensity of the reciprocal reaction in the entire sub surface 
of the substrate, then there will be no accumulation of nitrogen atoms in the nodes, 
which makes it impossible to convert at all. On the basis of this aspect, one can con-
clude that the intensity of the direct reaction by the kick-out mechanism should out-
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weigh the intensity of the reciprocal reaction, at least, provided that the concentration 
of interstitial atoms of arsenic and nitrogen occurs at the initial stages of nitriding.

The theoretical distribution in the mathematical model of nitrogen atoms to the 
two components –   and   (atoms in the nodes and in interstitial positions, respec-
tively) allows us to study the characteristics of the behavior of the intergranular nitro-
gen profile in order to analyze the correlation between the intensities of direct and 
reciprocal reactions.   Obviously, if the conversion process is carried out, the fact of 
accumulation of nitrogen atoms in the GaAs substrate can be perceived only for the 
node component .

If we take for the intensity of the reciprocal reaction sufficiently the values of the 
coefficient K2, then the distribution of interstitial atoms   will be practically identical 
to the case of classical diffusion from the gas phase. Otherwise, at a high value of the 
ratio, practically all of the nitrogen, which falls to the depth of the crystal liner, will 
occupy the place of arsenic in the grating, which will be reflected in the degree of 
«steepness» of the inclination of the concentration profile of the nodal atoms of nitro-
gen and mice.

Of course, if the resulting stream of nitrogen and arsenic atoms, by the sum of the 
direct and reciprocal reactions intensities, will be much less than the «interstitial» flow 
of these atoms, then the concentration profiles will not differ significantly from the 
distribution of the mechanism of the additional efrc error function.

Due to the high intensity of the direct reaction in the near-surface area of the sub-
strate a significant excess of interstitial arsenic is formed.  The localization of the 
maximum of its concentration profile is determined by the value of the total intensity 
of the interstate current due to the kick-out reaction, but depends on the value of 
the diffusion coefficient of the interstitial component of arsenic atoms. As will be 
noted further, the accumulation of interstitial arsenic will have a significant effect on 
the formation of the structure of GаNxAsx-1/GаАs in the second stage of the nitriding 
process.

Let’s consider the results of measurements of the Auger spectra and analyze the 
concentration profiles of the heterostructures obtained at different temperatures and 
at the time of nitriding. In figure 2.15 shows the experimental and theoretical nitrogen 
distribution curves in the structures GаNxAsx-1/GаАs treated with different parameters 
of the second stage of nitriding. The temperature of annealing in ammonia for the first 
circuit was: in the first case, 920 K (curve 1) and 1020 K in the second (curve 2).

The theoretical curves coincide well with the experimental concentration values 
(indicated by circles) based on the results of the Auger spectroscopy, which indicates 
that the mathematical model is sufficiently substantially consistent with the processes 
occurring at the nitriding of the GaAs substrate.

The excess of interstitial arsenic leads to the fact that its concentration is sufficient 
to maintain a significant level of reciprocal reaction AsNAsN iis +→+ , which 
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leads to the formation of the triple compound GаNxAsx-1  х~0,92...0,98). Short-term 
heating in a vacuum (without the atmosphere of nitrogen) at a temperature in the 
range of 1020... 1070 K contributes to the release of «residual» arsenic on the surface 
and its subsequent desorption into the gas medium, resulting in the value of the pa-
rameter x becoming practically equal to 1, which is confirmed also the disappearance 
in the photoluminescence spectra of a band of 2,5 eV energies, which is associated with 
the integral arsenic in GaN [131].

According to the results obtained from mathematical modeling of the process of 
nitriding, it was found that structures after the second stage of nitriding carried out in 
different physical and technological conditions, characterized by the presence of arse-
nic in quantities up to 8 %. With an increase in the temperature of nitriding to 750 ° C, 
the nitrogen concentration is significantly shifted to the depth of the sample, indicat-
ing that it is possible to obtain GaN/GaAs structures in the thickness to the micron by 
nitriding the monocrystalline substrates GaAs. Comparison of maximum «heights» of 
concentration profiles in Figure 2.15 indicates that the increase in the temperature of 
nitriding over 970 K, although contributing to an increase in the value of the param-
eter x in the structures GaNxAs1-x/GaAs, but still not sufficient for obtaining virtually 
«pure» structures of GaN/GaAs.

To analyze and explain the results obtained, we consider theoretical and experi-
mental concentrations of arsenic in the structures of GаNxAsx-1/GаАs (Fig. 2.16).

Curve 1 corresponds to the structure of GаNxAsx-1/GаАs obtained during the first 
two stages of nitriding (structure 1), curve 2 – a structure that was further processed 
in the third stage in a vacuum ≤10-7 Pa, for 10 minutes at a temperature 1020 K (struc-
ture 2). In the near-surface region of the structure 1 thickness of about 20 nm there is 
a «step» of the concentration profile of arsenic.

The insufficient rate of desorption of arsenic from the near-surface GaAs layer into 
the gas phase is the reason for the accumulation of arterial interstitial atoms ( ) 
below the surface of the image at a depth of maximum at 0,2 μm. Such a situation leads 
to an increase in the intensity of the reciprocal reaction in the kick-out mechanism and 
to a large extent prevents the incorporation of nitrogen into the substrate of arsenic. In 
the structure 2 of this kind there is no step, which indicates the practical completion of 
the conversion of the triple compound GaNxAsx-1 into the binary compound GaN in 
the given technological regimes of nitriding.

In figure 2.17 shows the theoretically calculated nitrogen and arsenic concentration 
profiles after nitriding of the substrate of GaAs at a temperature of 870 K for 1 hour, 
which is well in agreement with the experimental data on the distribution of nitrogen 
and arsenic atoms in the depth of the specimen. In the near-surface area of about 
100 nm thickness, there is a «step» of the concentration of arsenic in both the experi-
mental and theoretical dependences of As (a triple compound of GaNxAsx-1  in the 
near-surface GaAs region is formed).
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Fig. 2.15. Experimental (point) and theoretical (line) nitrogen concentration profiles in
GaNxAs1-x/GaAs structures, nitride temperature 870 K (1), 900 K (2).

Fig. 2.16. Experimental (dots) and theoretical (line) arsenic profiles in the film GaNxAsx-1.
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In addition, taking into ac-
count the work (1) determined 
in the paper [1], the fact that the 
concentration of interstitial ni-
trogen atoms in the GaAs com-
pound is reduced rapidly  in the 
case of rapid short-term heating 
can break down the assumption 
of increasing the ratio of coeffi-
cients . From a mathematical 
point of view, this situation may 
be due to the decrease or even 
destruction of the «step» in the 
concentration profile of arsenic.

Thus, the main factor in the 
appearance and disappearance of 
the step most likely to be either a 
significant increase in the coef-
ficient of diffusion of interstitial 
arsenic or an increase in the ratio 
of coefficients  . Let us further 

analyze these two factors in terms of their influence on the correspondence of the 
mathematical model with experimental data.

In the scientific literature there is no data on the activation energy of arsenic de-
sorption from the surface of GаNxAsx-1. However, referring to the results of work [57], 
where data for the activation energy of desorption of arsenic dimers (values of order 
1,9... 3,9 eV) from the GaAs surface are presented, an approximate estimation of this 
value for the structures GаNxAsx-1, which, in the end, allows us to come up with an 
adequate mathematical description of the experimental results. There is every reason 
to believe that the totality of the two factors mentioned above determines the relative 
magnitude of the «step» of arsenic in the near-surface layer GaAs. Obvious is the high 
degree of consistency between theoretical and experimental data.

The choice of the temperature of nitriding 1020 K is due to the optimal correlation 
between the conversion rate of the surface layers GaAs in the thin films GaN and the 
thermal stability of the substrate material, which determines the good morphology of the 
resulting structures. At high temperatures, the flow of arsenic from the sample and its 
desorption considerably exceeds the total nitrogen flow in the substrate: the diffusion 
component of the flow and the kick-out reaction. Further temperature increase requires 
additional technological techniques to prevent the decomposition of the GaAs substrate, 
which greatly complicates the entire technological process of nitriding as a whole.

Fig. 2.17. The concentration profiles of nitrogen and 
arsenic atoms have been calculated theoretically after 
nitriding of a GaAs substrate at 870 K for 1 hour and 
experimental data on the distribution of nitrogen and 
arsenic atoms in depth.
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It should be noted that 
the effectiveness of the pro-
posed model is restrained 
by insufficient data on the 
study of other mechanisms 
of nitrogen diffusion 
in  GaN  , in particular, we 
consider it certain that they 
have a definite influence on 
the process of conversion 
of the surface lay-
ers  GaAs  into thin films 
GaN as well as the vacancy 
mechanism – the participa-
tion of a part of intersti-
tial  nitrogen  atoms  in the 
substitution vacancies for 
arsenic  However, the  lack 
of experimental  and theo-
retical data on a similar 
mechanism at present does 

not allow for mathematically reasonable but to take into account the indicated mecha-
nism in the general mathematical model of the conversion of surface GaAs layers into 
thin films GaN due to nitriding.

The authors of the paper [12 believe that due to the subsequent nitride disassembly 
due to the desorption of arsenic and nitrogen (rupture of the As-N), the superficial 
triple complex compound Ga-As-N is converted to GaN (the efficiency of such a pro-
cess was determined by temperature > 470  K and processing time> 20  min). The 
scheme of processes during nitriding is presented below (Figure 2.19).

According to experimental measurements, GaAs samples treated under different 
technological regimes saw signals from arsenic and gallium and determined the type 
of bonds that are characteristic for semiconductor GaAs and GaN compounds. Signals 
(in addition to the GaAs-specific connection) were determined from gallium nitride, 
which at certain parameters of nitridation over the intensity dominated signals from 
GaAs. On the basis of the analysis of experimental data, a conclusion was made regard-
ing the mechanism of the formation of thin layers of GaN. In addition to the signals 
from GaN and GaAs, a signal from the As-N chemical bond disappeared, which disap-
peared with increasing temperature. The model of the nitride process in this case is 
presented in the following positions: at low temperatures, at the beginning of nitriding, 
an As-N layer (50...100 ° C) is formed on the surface of the substrate, with increasing 

Fig. 2.18. Theoretical and experimental concentrations of 
arsenic and nitrogen in the surface layer of GaAs substrate 
after short-term heating in vacuum.
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temperature there is a more active 
diffusion of nitrogen atoms in the 
substrate and formation due to this 
triple compound Ga-As-N (at 
T=100...150  ° C). At temperatures 
above 200  °  C, the diffusion pro-
cess of nitrogen continues more 
actively. He responds with vacan-
cies of arsenic or «squeezes out» 
arsenic atoms from nodes, occupy-
ing their place in a lattice. In addi-
tion, such a temperature causes a 
high degree of arsenic desorption 
from the volume of the crystal, 
which causes the formation of a 
thin-film binary compound GaN.

The interesting facts of such an 
experiment include the ultra-high 
quality passivation of the GaAs 

substrate with this technology. The GaAs substrates, which were passivated only by the 
«liquid» method, after several days of stay in the air demonstrated the presence of a 
signal from oxides, while the samples treated with the method of nitriding, and after 
two months of stay in the air had no signs of forming on the surface of oxide lay-
ers. The essence of the use of the method of XRS did not allow to accurately determine 
the thickness of layers GaN, but the value of thickness did not exceed, according to 
work [12], tens of angstroms.

It was found in [107] that high-quality GaN films of 0,2 micron thickness (film produc-
tion temperature of 980 ° C) by MOVРE using trimethyl gallium (TMG) and 1,1 dimeth-
ylhydrazine (DМНу) as sources of gallium and nitrogen. In figure 2.20 depicts a split of the 
GaN/GaAs system with an intermediate low-temperature GaN layer. The evaluation of 
hexagonal inclusions in the cubic phase of GAN was carried out using diffractometric 
measurements of the ratio of the intensity of diffractometric peaks from the plane (002) of 
the cubic phase GaN to the intensity of similar peaks from the plane (1011) of the hexago-
nal phase in the ω-scan mode. The total value of inclusions of hexagonal modification was 
about 3%. In the spectra of photoluminescence of layers GaN (T=6 K), an intense exciton 
ultraviolet band of the cubic phase of GaN was observed. Thus, the low-temperature inter-
mediate layer GaN allowed to realize the advantages of high-temperature technology for 
obtaining qualitative films of GaN cubic modification.

Together with the formation of high-quality structurally charged layers of GaN, a 
high degree of polycrystallinity of the interface between the GaN layer and the GaAs 

Fig. 2.19. Schematic diagrams of surface processes 
during nitriding (in work [12]).
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substrate was observed. In [122], the 
unevenness of the layers of gallium ni-
tride was observed. It was observed that 
during the nitride-dissociation, the GaN 
formation in the direction {111} GaAs. 
This situation motivated the creation of 
a large number of boundaries in poly-
crystalline GaN/GaAs.

In order to prevent such negative 
phenomena in order to improve the 
structure of the boundary of the section, 
it was proposed to use a higher rate of 
cultivation, on the one hand, and the use 
of arsenic stream (in the formation of 
the first atomic layers of GaN), on the 
other hand, in order to reduce the de-
gree of desorption of arsenic from the 
substrate material [114].

The analysis of the results of [114, 3, 
122] on the nitriding of the surface of 
gallium arsenide determines certain 
contradictions regarding the effect of the 
technological parameters of nitriding on 
the quality of gallium nitride epitaxial 
films grown in subsequent processes.

An interesting fact of the difference in the analysis of the effect of nitriding on 
the cultivation of a cubic or wurtsite modification of gallium nitride is presented 
in [63], which gives results on the growth of the wurtsite structure of GaN on the 
surface of the substrate (111) GaAs. Moreover, there was no significant effect on 
the structure of the epitaxial layer GAN in the process of nitration of the GaAs 
substrate (epitaxial films GaN were grown by the MBE method, as a source of 
atomic nitrogen, a radiofrequency discharge was used in nitrogen). Contrary to 
the works [121, 55], [63] presents the results of obtaining a cubic modification of 
GaN on the surface (001) GaAs without prior nitriding. Conversely, the hexagonal 
structure was blown up after the nitriding of the GaAs substrate. The explanation 
of these contradictions lies in the different types of sources of atomic nitrogen, 
plasma parameters, nitride temperature, and the like.

The work [116] demonstrates the dependence of obtaining cubic or hexagonal 
modifications of GaN on GaAs substrates from the percentage relationship between 
elements of the third and fifth groups: when cubic modification is formed when the 

Fig. 2.20. Highly-passive transmission and 
electronic microscopy from the collision (a), 
and surface (b) [107].
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stoichiometry is displaced toward the gallium atoms. And vice versa – maintaining the 
conditions for the superiority of nitrogen atoms promotes the growth of hexagonal 
GaN.

The theoretical and practical substantiation of the role of nitride processes is dis-
closed in [104, 75]. According to their authors, the process of nitriding not only deter-
mines certain physical and mechanical properties of the substrate for the further 
growth of epitaxial films GaN, but directly forms in the near-surface layer of the sub-
strate GaN layers due to the diffusion of nitrogen atoms in the substrate and the dis-
placement of arsenic atoms, which leads prior to the formation of the cubic structure 
of the resulting film and contributes to the subsequent cultivation (by MBE or 
MOCVD methods) of the cubic structure of gallium nitride.

Such a mechanism is energy efficient in terms of comparing the interatomic com-
munication forces. Arsenic atoms, extruded from the baskets, are combined into 
As2 diamonds and desorbed from the substrate, contributing to the formation of the 
cubic structure of gallium nitride in the surface layers of the substrate [79]. The effi-
ciency of the process of nitriding in terms of the formation of gallium nitride films of 
a particular crystallographic structure depends primarily on technological parameters 
such as temperature, type of nitrogen source, and also the characteristics of the nitro-
gen stream: density, the ratio between elements of the fifth and third groups (at a later 
stage growing of the epitaxial GaN on the technologies of МВЕ, МОСVD, НVРЕ, etc.).

The ambiguity of the results of the observations on the influence of technological 
pairs of nitride rates on the subsequent formation of nitride films of cubic or hexago-
nal  structure in a certain way is  explained in the paper [75].  When growing GaN 
technology МВЕ excess of gallium on the substrate surface (due to desorption of arse-
nic at high temperatures) it promotes cubic GaN structure. This is consistent with the 
known facts of the significant effect of the magnitude of the ratio between nitrogen and 
gallium atoms in the initial stage of cultivation (subject to high temperatures) to the 
formation of the cubic structure of gallium nitride.

But again, returning to work  [3], we note that high  temperatures are not unam-
biguously the decisive factor in the formation of a cubic modification of GaN. High 
temperatures contribute to more active desorption of arsenic from the substrate sur-
face, and as a consequence, cause deterioration of the surface morphology, which in 
turn leads to the formation of a predominantly hexagonal structure of GaN [122].

The displacement of stoichiometry in the direction of lack of nitrogen atoms con-
tributed to the subsequent formation of the cubic structure of gallium nitride [95, 101].

It should also be noted the results of work [56], where, during the nitriding of the 
substrate’s design, a certain pressure of As was maintained, which greatly contributed 
to the reduction of arsenic desorption from the surface and prevented deterioration 
due to the given process of morphology of the substrate surface. In addition, the back-
ground pressure of arsenic could prevent formation of redundant gallium atoms on the 
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substrate surface, which would stimulate hexagonal modification of gallium nitride 
[75]. The aforementioned theoretical aspects are supported by the practical results of 
work [56], where the GaN films of the hexagonal modification were obtained.

A positive solution to the problems and coarse morphology of the surface of the 
buffer layer by growing the thin layers of GaN at a temperature of 1000 ° C contributes 
to a significant improvement in the morphology of the surface of the buffer layer, 
which confirms the results of work [88]. This fact opens the prospect of minimizing 
the effects of rough morphology of the previous layers on the quality of the cultivation 
of a high-quality epitaxial layer GaN.

It should also be noted that the sulfur content in the results of the cultivation of 
gallium nitride on the substrates (111) GaAs [68], where by the technique of НVРЕ on 
the surface (111) GaAs, samples of GaN were obtained with a large number of defects 
due to arsenic desorption through the grown GaN film. At the same time, the possibil-
ity of obtaining GaN films with a mirror surface on the same substrate (111) GaAs was 
demonstrated in [46].

2.5. Substrate based on porous compounds
The growth of GaN on various monocrystalline, smooth atomic scale substrates 

collides with a range of problems that are caused by the very nature of heteroepitaxy. 
The density of the threaded dislocations and the dislocation disjoins for the hetero-
epitaxy GaN reaches 108...1010 сm-2, for comparison – a similar value for homo-peptic 
GaAs and triple GaAlAs compounds is 102...104 cm-2 [112]. The diffusion of impurities 
is directed predominantly along the propagation of filamentous dislocations, causing 
the heterogeneity of the distribution and, as a result, «blurred» boundaries of p-n-
junctions [123].

In addition, such defects cause a decrease in the mobility of charge carriers and 
thermal conductivity, which limits the area in using devices based on GaN. For ex-
ample, for use in high-power electronic devices, relatively large crystal planes are re-
quired, and at the above-mentioned density of defects in the heteroepitaxial GaN, it is 
currently not commercially available [79].

Several technological methods have been proposed by several scientific groups to 
prevent the emergence of stress in GaN epitaxial films. The most common techniques 
in this field is nitridation floor or substrate used by low temperature buffer layers of 
AlN or GaN, or a combination of several buffer layers, growing on technologies ELO 
(epitaxial lateral overgrow - epitaxial lateral extensions) and others [16, 10, 149]. Gen-
eralization of data on the influence of critical defects the lattice structure in GaN on its 
optical and electron properties is presented in [79].

Among studies on the influence of mechanical stresses on GaN epitaxial films on 
their functional and parameters, it is possible to single out a number of works devoted 
to the theoretical substantiation of the principles of their ability to measure the stress-



74 

MONOGRAFIA

es in such films on different substrates. In [24], the influence of mechanical stresses in 
GaN hexagonal films on the resonance energy of excitons was determined. For the 
same hexagonal GaN structures [98] the effect of mechanical stresses on films on the 
structure of the valence band; interestingly, both compression stresses and stresses 
were investigated. A significant contribution to the development of means of deter-
mining the mechanical parameters and their theoretical justification presented in [82] 
where the influence of deformations on the electronic structure of the semiconductor 
was studied.

The work [146] is devoted to the  technological aspects of growing GaN films and 
determination of mechanical stresses in obtained films. In [91], based on the study and 
analysis of optical spectra of integral excitons, a conclusion was made as to the effect on 
these spectra of mechanical stresses in GaN films. An early work [7] will monodise a shift 
of 20 meV to the blue side and expand the PL band of the exciton bound on a neutral 
donor.  The reason for these factors was the presence of mechanical stresses in the 
films. In the paper [127], the energy characteristics of the exciton spectra of GaN/GaN 
homoepitaxy films free from mechanical stresses were studied. Value-energy radiation 
amounted responsible ve bottom for excitons type A (3,4785 eV) and B (3,483 eV).

The first successful attempt to grow epitaxy GaN on porous substrates was made in 
[183]. The authors will be able to monetize the possibility of obtaining a metastable 
cubic phase of gallium nitride (β-GaN) on the GaAs porous substrates by the MBE 
method. Layers GaAs (100) and GaAs (111) n-type (carrier concentration for a num-
ber of >1018 см-3) A and B orientations processed in an aqueous solution of HF. Anode 
bias voltage (8-14) was applied to the electrolyte cell in a pulsed mode at a frequency 
of ~2 Hz. The current density in the maximum was ~(0,6-1) A/cm2. The pores formed 
during the processing of GaAs samples in the NF were in the form of rectilinear chan-
nels of a triangular cross section with a clearly expressed anisotropy of formation in the 
direction of <111>. GaN cultivation was carried out using a plasma nitrogen source 
based on the technology of electron-cyclotron resonance. Electron microscopic studies 
have shown that, at a thickness of about 2000 A, on the porous substrates, an epitaxy 
layer GaN with a characteristic growth morphology is formed in conditions of excess 
gallium (the presence of droplets of gallium was observed on the surface), figure 2.21.

In GaN films grown on the substrate of porous GaAs (100) and (111) crystallo-
graphic orientations, an edge luminescence was observed with an energy at a maxi-
mum of 3,26 eV; the FWHM value was 180 meV. This band is attributed to the exciton 
bound on a neutral donor in a GaN crystal of a cubic sinongion.

The analysis of the spectra indicate that porous substrates GaAs (100) and GaAs 
(111) were obtained epitaxial film modification cubic GaN (β-GaN), while in «nor-
mal» monocrystalline GaAs substrates with orientation (111) is formed mainly GaN 
hexagonal modification (α-GaN), and on GaAs (100) substrates a mixture of hexago-
nal and cubic GaN.
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The average value of biaxial stress in heteroepitaxial GaN films is 1 GPa [113, 94]. 
One of the most promising directions for eliminating such mechanical stresses is the 
use of porous GaN layers, which was proposed in [94]. It was reported that the GaN 
epitaxial films grown on work structures – GaN/SiC (НVРЕ) – were successfully ob-
tained. After cultivation, the pirated gallium nitride was processed in a HF solution 
using ultraviolet excitation to form pores. Pore sizes are smaller than 0,3 microns. The 
upper layer of gallium nitride was also augmented by the method of НVРЕ on porous 
GaN. Measurements of XRD and PL showed higher quality and structural perfection 
of epitaxial films on buffer layers of porous gallium nitride. XRD measurements char-
acterize the steel lattice of epitaxial films, by which one can determine the degree of 
difference between these parameters with layers of gallium nitride, integral from me-
chanical stresses. For example, one can consider such a relation 
, where c – is the lattice for a structurally perfect volumetric GaN (c=5,1850 A), and 
with с0 – is static lattice for GaN, the growth on the porous GaN. In figure 2.22 shows 
the SEM image of the split GaN/por-GaN/SiC.

We see that the sample has a perfect monocrystal structure. Significant «bulging» 
of the Brezhiv reflexes on the electronogram testifies to the high smoothness of the 
surface on an atomic scale. The presence of Kikuchi lines, caused by inelastically scat-
tered electrons from waves lying beneath the surface (100 A), indicates a high degree 
of structural perfection.

In figure 2.23 shows RНЕЕD images for the obtained structure.
In this case, however, the type of reflex on the electron diffraction pattern is more 

characteristic of three-dimensional diffraction, which is due to the developed micro-
relief of the GaN film surface obtained on the porous substrate GaN.

Measurement of the PL spectra showed the presence of a band (at 77 K), which 
is attributed to the exciton bound on the donor. The maximum of such a band for 
GaN/6Н-SiC was at 3,449 eV. The positioning of the maximum of a similar band 
for GaN/porous-GaN was shifted by 22  meV in the short-wave (blue) region, 
which, according to studies [113], meant a decrease in the deformation value by 
0,9 GPa. The parameter FWHM of exciton peaks for a GaN/porous-GaN structure 
was 20 meV. For the GaN/6H-SiC structure, we conducted the value of this param-
eter was 32  meV, which indicated a higher quality of the epitaxian of their fila-
ments of gallium nitride grown on 6H-SiC substrates using a buffer layer of porous 
GaN compared to films of gallium nitride grown directly on the 6H-SiC substrate.

The reduction of mechanical stresses in GaN epitaxial films grown on Si shown 
in [13]. On the substrate Si, a GaAs layer of 2 microns thick was grown. By the ac-
count of the nitriding process (NH3 at a temperature of 1000 ° C) a partially porous 
GaN structure was formed, that is, the fundamental possibility of converting a thin 
layer of GaAs into a GaN film due to nitriding has been confirmed. The nature of the 
pores in the formed GaN layer is explained, on the one hand, by the diffusion of 
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arsenic and gallium atoms (as a result of 
the decomposition of GaAs) and, on the 
other hand, counter-diffusion of nitrogen 
atoms during nitriding and growing epi-
taxial GaN.

A comparative analysis of samples of 
studies obtained using the techniques B and 
B+ showed:

1. The presence of longitudinal bands in 
RНЕЕD and a smoother GaN surface indi-
cate an improvement in the properties of 
GaN epitaxial films obtained using two 
(buffer and intermediate) GaN layers.

2.  Analysis of the  SEM image of the 
split of structures testifies  to the  forma-
tion of a mixture of  porous and mono-
crystalline  GaN converted  into 
a GaAs surface layer.

The mechanical stresses in GaN epitaxi-
al films were determined by measuring FL, 
XRD and Raman spectroscopy. According 
to the results of the analysis of these mea-
surements, it was concluded that the me-
chanical stresses in GaN films were signifi-
cantly reduced  due to the use of a porous 
Buffer GaN layer. The peak of exciton radia-
tion is about 364 nm (at room temperature). 
The energy of the exciton peak reached 
3,4 eV, which is less than 0,01 eV from the 
energy value of the same exciton for GaN 
films free of mechanical stress (according to 

work [145]). Raman shift in this case was equal to 563 cm-1; for free from mechanical 
stresses of GaN films (on a sapphire substrate) this value is 567 cm-1 [13].

2.5.1. Getting the porous surface of silicon
Porous silicon was obtained by the traditional method – by electrochemical treat-

ment of a single-crystal plate Si.
Samples in Si experiments were the anode. As a cathode, platinum (0,3 mm in di-

ameter) was selected, which was located parallel to the anode.  Directly the etching 
process was carried out in the fluoropolymer cell. The experiment was carried out at 

Fig. 2.21. Electron microscopic studies of 
the GaN/por-GaAs structure: the GaAs 
(100) porous substrate split and 
morphology, (b) the GaN/por-GaAs 
structure split, and the morphology of the 
epitaxial GaN layer on porous GaAs [183].
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room temperature. In the process of experiments, the following parameters changed: 
time of action, initial current strength, concentration of acids.

For studies, plates of monocrystalline silicon grown on the Czochralsky method, 
p-type conductivity doped with boron with a specific resistance of 0,03  Ohm∙cm, a 
diameter of 75  mm, a thickness of 380  μm, and crystallographic orientation of the 
surface (100) were used.

The chemical processing of the plates was carried out in the following mixtures: 
НСl:Н2O2:Н2О=1:1:5, NH4OH:H2О2:H2О=1:1:5, HF:H2O=2:1, HF:H2O:C2H5OH=2:1:1. 
In the latter case, ethyl alcohol was added to the electrolyte to improve the permeabil-
ity of hydrofluoric acid in pores.

Immediately before electrochemical treatment, the plates were washed in deionized 
water and dried in a centrifuge.  The plates thus prepared were cut into rectangular 
samples measuring 3 см2, which were placed in a special holder in an electrolytic bath. 

The etching process took place over a time interval of 10 to 30 minutes, at specified 
depots and concentrations of electrolyte components, the density of currents varied in 
the range from 8 to 400 mА/сm2.

Upon completion of the process of electrochemical treatment, the surface of the 
plates was purified from etching products.

The morphology of the surface and the cross section of the treated plates were in-
vestigated using a scanning electron microscope JSM-649 with a resolution of x60000.

On the SEM-micrograph of the cross-section of porous silicon (Figure 2.24) it is 
clearly visible the pronounced porosity of the surface of the samples. Pores sprouted on 
the entire surface of the plate with the formation of massive etching pits. Such a surface 
has a large effective area compared to a monocrystalline analogue. The pore size of the 

Fig. 2.22. SEM image of GaN/por-GaN/SiC 
structures (SiC substrate not shown [94]).

Fig. 2.23. RНЕЕD-representation for 
epitaxial GaN, grown on the structure 
porous-GaN/SіС [94].
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resulting structures varies within 1-3  microns, 
the penetration depth is 40 microns.

Using X-ray microanalysis was deter-
mined  the chemical composition of the surface 
of porous Si (Figure 2.25).

Other chemical elements were not found on 
the surface of the test sample except Si. The com-
ponents of the electrolyte were absent both on 
the surface and inside the formed pores.

The next task was to obtain both a macropo-
rous and a nanoparticle Si surface. Such porous 
layers are worthy of further use of semiconduc-
tors, since they display an ordered pore system.

2.5.1.1. Nanoporous Si
Nanoparticle silicon was obtained by electro-

chemical etching of monocrystalline Si plates with crystallographic orientation of the 
surface (100) of the p-type conductivity with a specific resistance of 6 mOhm·cm.

In figure 2.26, and is represented by the morphology of the surface of porous 
Si. The pore size was 17 nm, and the thickness of the porous layer was 240 nm.

Surface and sectional images are obtained on ultra high resolution scan electron 
microscopy (x12500). It is on a microscope with this resolution that you can observe a 
nanoparticle structure.

The research results indicate that the pores are perpendicular to the surface and 
have nanometer size. Parameters of the structures received are listed in Table 2.5.

2.5.1.2. Macroporous Si
Macroporous silicon with an ordered lattice was manufactured using standard 

technology:
With the aid of photolithography, windows in an oxide mask on the Surface Si (100) 

n-type conductivity were created. Obtaining macropores with the size of more than 
fifty nanometers is possible only for silicon n-type;

Algal etching of seeding pits through the mask;
Anodizing was carried out in a solution of HF fluoric acid in backlit illumina-

tion. When illuminated in the process of etching the n-type silicon, greater value of 
porosity is achieved than when etching in the dark.

In figure 2.27 shows the morphology of the surface and the cross-section of porous 
Si. Microphotos were obtained using a scanning microscope JSM-6490. 

In figure 2.28 the microphotographs obtained by atomic force microscopy are pre-
sented.

The parameters of the silicon samples obtained are shown in Table 2.6.

Fig. 2.24. Picture of a cross-section 
of porous Si: 
j=30 mA/cm2, t=10 min, electrolyte 
HF:H2O:C2H5OH=2:1:1. 
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2.5.2. Obtaining the porous surface of semiconductor A2B6 – ZnSe
One of the few materials of semiconductor electronics, in which the formation of 

pores is possible, is silicon. It is possible to create time in semiconductors of the group 
A3B5 in SiC, SiGe, GaAs, GaP, InP, etc.), however, such number of studies have not 
been carried out for semiconductors of the group A2B6 [185].

Let’s consider the main aspects of obtaining a porous surface by the method of 
electrochemical etching of a group A2B6 semiconductor on an example of ZnSe.

The porous surface of ZnSe was obtained by electrochemical etching of a mono-
crystalline ZnSe n-type conductivity with a polished surface as an anode in the appli-

Fig. 2.25. Results of study of porous-Si samples by energy-dispersive X-ray spectroscopy.

 a) b)
Fig. 2.26. Surface and cross section of porous Si.

Table 2.5 
Parameters of nanoporous Si
Elevation h, m 150×10-6
Diameter of pore d, m 490×10-9 
Distance between pores, m 480×10-9 
The size of a plate of nanoporous silicon, m2 10-4
Degree of porosity, % 62
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cation of a positive potential, such as in an electrolytic fluoroplastic bath and platinum 
on a cathode, which are arranged parallel to each other. As an electrolyte, mixtures of 
hydrofluoric, hydrochloric and nitric acids were used. The current source was a power 
supply based on the KIS-3R33S module.

Before etching, the specimens were subjected to pre-treatment for purification 
from external contaminants.

The optical contacts on the reverse side of the semiconductor samples were formed 
by means of a magnetic coating of the zinc film.  The prepared samples were then 
placed in an electrolytic fluoroplastic bath for further electrochemical treatment.

Powder formation in zinc selenide n-ZnSe under anodic etching in electro-
phoreses HF:HNO3:HCl=2:3:3, HF:HNO3:HCl=2:3:2, HF:HCl=1:2, 
HF:HNO3=1:3, HNO3:HCl=1:2  for a time interval of 10  to 30  minutes, in the 
indicated depots and concentrations of electrolyte components, the density of 
the currents varied in the range from 30 to 270 mA/cm2. The experiment was 
carried out at room temperature. Further, the specimens were washed in deion-
ized water and dried in air. 

Microphotographs of porous-ZnSe morphology were obtained using a scanning 
electron microscope JSM-6490. When using different conditions, a variety of porous 
structures was obtained.

Fig. 2.27. SEM images of the surface and cross-section of macroporous Si.

Table 2.6 
Parameters of macroporous Si
Elevation h, m 242×10-6
Diameter of pore d, m 15×10-9 
Distance between pores, m 20×10-9 
The size of a plate of macroporous silicon, m2 10-4
Porosity 45 %
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There was a tendency to grouping on the surface of openings around already 
formed earlier, however, when reaching a certain value of the penetration voltage of 
pores in the volume of the crystal stopped. The depth of such openings was much 
smaller than the values of the entire depth of the pore. The destruction of thin layers 
between pores may have a mechanical nature, that is to happen under the pressure of 
reaction products that accumulate in pores. The study of sample fractures did not re-
veal traces of the presence of the liquid phase in pores.

Electron microscopic studies demonstrate the mosaic structure of the sample sur-
face in the form of numerous pores. Pores have clear outlines and are located approxi-
mately the same distance from each other. There are two characteristic areas. One is 
the region of the origin of pores, the other is mainly formed. The sizes of the pores lie 
in the range from 50 to 100 nm, the distance between which is several nanometers. 

Throughout the sample surface pores are chaotic. At some sites there is an accumu-
lation of massive pores. When two of the above acids were used, powder formation 
occurred, but the pore sizes were quite large; in the case of mixing the three acids HF, 
HNO3, HCl, smaller openings were observed. The porous layers obtained on samples 
in the mixture of hydrofluoric, nitric and hydrochloric acids, but with a higher concen-
tration of hydrochloric acid, had a more pronounced porosity.

However, when using hydrofluoric acid, pore formation occurred over a short-
er time interval.  The pores were smaller and penetrated deeper.  The formation 
began at a lower current density. According to [194], the process of formation of 
porous material is precisely when using hydrofluoric acid, depending on the pro-
cess of delivery of fluorine ions into the reaction zone. The morphology of the 

Fig. 2.28. Surface image of a nanoporous Si method of atomic force microscopy.
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porous samples obtained with the use of hydrofluoric acid demonstrates a meso- 
or macropore mesh. The formation of such pores is often associated with the out-
put of defects and dislocations on the surface of the crystal.  In this case, there is 
often a significant etching of the surface.

Proceeding from the analogy that during etching of silicon the role of an oxidizer 
is carried out by nitric acid, and also knowing that addition in chloride solutions of 
nitric acid accelerates the rate of electrolytic reaction, it is possible to obtain porous 
surfaces with more densely packed pores (degree of porosity 60-70 %). However, as in 
the case of iodides, nitric acid affects the thickness of the irregular porous layer. 

It was also found that when processing in an electrolyte with a lower pH value, a 
lower voltage was required to initiate the pore formation process. It has been observed 
that the lower the pH, the lower the penetration depth of the pores and the greater 
their diameter.

When added to the solution of ethanol, the threshold voltage of powder formation 
is significantly increased, while the porous layer has a more qualitative structure, 
which is expressed in the reduction of pore size. Generally speaking, ethyl alcohol is an 
organic diluent of an electrolyte.  When added to an aqueous solution, for example, 
hydrofluoric acid (HF:H2O: C2H5OH=1:1:2  ratio), the rate of electrolytic reaction is 
slowed down, and, therefore, more time is needed to obtain porous structures.

If the process of electrochemical etching occurs at low current density, then the 
number of holes in the semiconductor is not sufficient to organize the solid front. As 
a result, the dissolution of the semiconductor occurs only on the surface. According to 
the theory, the pores begin to grow in the places of defects on the surface and under 
the action of drift holes penetrate inside the sample. In the spatial charge region of a 
n-type semiconductor, a layer with a concentrated positive charge is formed, the thick-
ness of which is determined solely by the number of free holes in the semiconductor.

The porosity of the sample increases with increasing the value of current density 
from 10 to 200 mA/cm2. 

In conditions where pore formation is the dominant electrochemical process pro-
ceeding at a given value of polarizing voltage on a single crystal semiconductor anode, 
the stationary configuration of the surface of the porous layer is formed until the mo-
ment of reaching the maximum current density.

It is of interest to consider the process of formation of the mosaic structure, de-
pending on the time of etching. In small hours of etching (15 min.), The mosaic struc-
ture on the etched surface is poorly observed. When etching for 30 minutes on the 
etched surface there is a more precise origin of the mosaic structure.

Consequently, the mosaic structure begins to appear during etching lasting 30 min-
utes or more.

Photographs of the morphology of the porous layer of zinc selenide were obtained 
using a scanning electron microscope JSM-6490.
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In figure 2.29  and 2.30  microphoto-
graphs of ZnSe porous surface morphol-
ogy are presented. The samples differed 
in the formed pores, which are charac-
terized by different degrees of porosity, 
different diameters, and the depth of 
penetration of pores. 

The pore diameter is from 0,5  to 
1,5  microns. As you can see from the 
photo, the pores are chaotic. Having 
studied the cross-section of the porous 
layer on a raster electron microscope, it 
was determined that it has a thickness of 
10 microns and a complex branch struc-
ture. 

Most quality porous structure was 
obtained by using a mixture of 
HF:HNO3:HCl=2:3:3 at a current density 
of 150  mA/cm2  Figure 2.31). For this 
electrolyte, the pore diameter ranged 
from 0,5 to 1,5 microns.

The pores are chaotic in the entire 
surface of the sample.  In some areas 
there is an accumulation of massive 
pores.  The cross section of the porous 
layer has a complex structure, its thick-
ness was 10 microns. 

The results of the porous-ZnSe mor-
phology study were analyzed and en-
tered in Table 2.7.

2.5.2.1. Study of the chemical composition 
of the surface porous-ZnSe

It is known that even with polishing 
etching, the stoichiometry of the semi-
conductor surface is possible. In the 
process of electrochemical etching of the 
semiconductor compound ZnSe there 
was a violation of the stoichiometric 
composition of the compound.

Fig. 2.29. SEM images of the surface of 
porous n-ZnSe, HF:HNO3:HCl=1:3:2, 
j=150 mА/сm2, t=15 min.

Fig. 2.31. SEM image of porous surface 
n-ZnSe, HF:HNO3:HCl=2:3:3, j=150 mA/cm2, 
t=20 min.

Fig. 2.30. SEM image of sample surface, 
HF:HNO3:HCl=2:3:2, j=150 mA/cm2, t=20 min.
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Changing the surface relief is accompanied by a change in its chemical composi-
tion.  Chemical analysis (table 2.8) constitutes a violation of stoichiometry original 
crystal. In most areas of the subgrain Se is exposed to a greater effect of the substances 
that are part of the electrolyte than the subcutaneous Zn. However, when comparing 
the maximum and minimum value of etching of zinc and selenium sublattices, it can 
be seen in different parts of the sample of deviation, which is not more than 10 % of 
the total amount of matter.

Also, oxygen atoms appear on the surface of the sample, but the maximum amount 
of oxides in the state is not more than 5 %. Table 2.9 indicate that the oxides are local-

Table 2.7 
Parameters of porous ZnSe
Elevation h, m 10×10-6
Diameter of pore d, m 1×10-6 
Distance between pores, m 0,5×10-6 
The size of the plate porous ZnSe, m2 10-4
Permeability, % 45

Fig. 2.32. The surface of porous ZnSe, for which a chemical analysis was carried out.
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ized only in certain areas, and not evenly distributed over the surface of the sample 
under study.

In works [165, 164, 33] the manufacture of a porous layer of ZnSe by anodic elec-
trochemical etching is considered. Such structures can be used in the manufacture of 
sensors (as their sensitivity depends on the surface area), solar cells (the possibility of 
accumulation of a record amount of energy), phosphors, gas sensors, etc.

The obtained control results will allow to regulate technological processes of forma-
tion of porous layers.  The ZnSe semiconductor can have a wide range of porosity 
(2-85 %) and, consequently, a variety of microstructures and electrical properties.

The works  [165, 164, 33] analyze the physical and technological aspects of ob-
taining and analyzing the properties of porous layers.  The process of forming a 
mosaic structure depending on the time of etching, the composition of the electro-
lyte and the current density are considered. It should be noted that porous semicon-
ductors, and in particular porous-ZnSe, are considered by scientists as raw materials 
for the production of various sensors on their basis. The work of the sensor is based 
on a violation of chemiluminescence due to the energy of recombination of hydro-
gen atoms on the porous surface of ZnSe. The factors that determine the sensitivity 
of the sensor are established.

2.5.3. The porous substrate GaAs
We received porous layers of GaAs substrates monocrystalline gallium arsenide n-

type, doped silicon (NSi=1016...1017  сm-3), with crystallographic orientation (001) to 
help the method of electrolytic etching in a solution of HF in ethanol of different con-
centrations and at different densities of current. In figure 2.34 hover e but images po-
rous morphology claim surface samples GaAs.

The study of the porphyry p-GaAs morphology obtained using the same anodiza-
tion technique, which was used for n-GaAs samples, is presented in figure 2.35. Before 

Table 2.8 
Investigation of the chemical composition of the porous GaAs surface presented in 
figure 2.32
Spectrum O Zn Se Total
1 0.90 56.83 42.28 100.00
2 4.92 73.40 21.67 100.00
3 3.71 71.88 24.41 100.00
4 4.08 30.15 65.77 100.00

Table 2.9 
The number of elements on the surface of porous-GaAs (Figure 2.32)
Spectrum O Zn Se
Maximum 4.92 73.40 65.77
Minimum 0.90 30.15 21.67
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the annealing of samples in atomic nitrogen, their annealing was used in atomic water 
to remove surface oxides.

To analyze the surface morphology, a technique of a scanning electron microscopy 
was used. Depth of pore for porous surface, depicted in figure 2.35 is 150 nm.

As noted above, the substrate nitridation porous GaAs is a promising technology 
for semiconductor heterostructures GaN/porous-GaAs/GaAs surface resulting from 
the conversion of new layers of substrate GaAs of thin film GaN. We carried out ex-
periments on nitriding of GaAs porous substrates.

 The process of nitriding was carried out in two stages:
– first at a temperature of 673 K for samples of series A and 873 K for samples of 

series B for 1 g of a unit in a stream of NH3;
– the second one at a temperature of 923 K for 5...30 minutes without ammonia in 

vacuum (for removing GaAsxN1-x arsenic from the surface layers and disordered phase 
GaAsxN1-x in a thin GaN film).

For the chemical analysis of the surface, we used the method of X-ray electronic 
spectroscopy. Experiments were carried out on the spectrometer EC-2401.

In figure 2.36 shows XRS-spectra, from which the difference in energy position of 

Fig. 2.33. The surface of porous ZnSe, for which a chemical analysis was carried out. 
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the 3d gallium line of the GaAs porous surface after the removal of surface hydroxides 
and after annealing in atomic nitrogen is evident.

In fig. 2.36 shows the XRS spectra from which the difference in the energy position 
of the 3d gallium line of the porous GaAs surface after the removal of surface oxides 
and after annealing in atomic nitrogen is evident.

In figure 2.37  shows X-ray diffractograms of two GaN films obtained on GaAs 
substrates (001): for sample A (nitride temperature 673 K), figure 2.37 a and sample B 
(themes temperature to nitridation 873 K), figure 2.37 b.

The diffraction peak of 2θ=34,6° for sample A may be related to reflection from the 
plane (0002) of a hexagonal modification of GaN. For sample B, only the peak 2θ=40,4° 
is observed, which is due to the reflection of X-rays from the plane (002) of the cubic 
GaN phase.

In figure 2.38 depicts a split of GaN/por-GaAs/GaAs heterostructures according to 
scanning electron microscopy. The thickness of the porous layer of GaAs was 6 μm, the 
thickness of the GaN film was 1 μm. As can be seen from figure 2.38 GaN film has no 
cracks.

The structural perfection of GaN films was determined from diffractometric stud-
ies. The minimum half-width of the diffractometric peaks from the plane (200) of the 
GaN cubic layers corresponds to porous substrates with a porosity of about 25 %, fig-
ure 2.39.

The spectra of PL obtained by us for samples A and B (for T=77 K) are shown in 
figure  2.40  and 2.41, from which it is evident that the recombination radiation for 
sample A is concentrated in the ultraviolet and yellow regions of the spectrum, while 
for sample B it is slightly shifted to a longer-wavelength region: the purple and orange 
region of the spectrum, respectively.

Let’s consider the photoluminescence spectrum of sample A (figure 2.40). A smog 
with a wavelength of 357 nm in the maximum corresponds to the energy close to the 
width of the band gap of the hexagonal phase (Еg=3,5 eV for T=77 K). The small half-

Table 2.10 
Investigation of the chemical composition of the porous GaAs surface presented in 
figure 2.33 
Spectrum O Zn Se Total
1 0.96 43.04 56.00 100.00
2 0.95 44.89 54.16 100.00
3 2.92 44.26 52.82 100.00
4 0.58 22.78 76.64 100.00
5 0.78 16.36 82.86 100.00
6 0.82 12.91 86.28 100.00
Maximum 2.92 44.89 86.28
Minimum 0.58 12.91 52.82
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width of this band allows us to assume that it corre-
sponds to the recombination of free excitons and is not 
related to any of the defects of the GaN film. The PL 
band (λ=357 nm) of this exciton is shifted to the long-
wave region of the spectrum in comparison with the 
width of the band gap GaN to the value of the Rydberg 
constant R in the material.  Rу=13,6т*(ε0

2т0), where 
т* – the effective electron mass, т0 - the mass of a free 
electron and ε0  – dielectric constant.  The measured 
pelvis is shifted to hexagonal GaN by 25  meV 
(Δλ=5 nm) [159]. The wavelengths at the maximum of 
this band λ=357 nm correspond to the above estimate. 
Consequently, we can conclude that the PL band with 
a maximum at λ=357 nm corresponds to the recombi-
nation of the free exciton of the binary GaN compound 
of the hexagonal system.

For sample A in the ultraviolet region, lines with wavelengths of 369 nm and 
380 nm are also observed, which corresponds to the energies of bound excitons in 
the hexagonal phase. This coincides with the Keynes law [38], according to which 
the magnitude of the binding energy of the excitons localized on the donors and 
on the acceptors is 0,2 ЕD and 0,1 ЕA, where ЕA and ED energy ionization of accep-
tors and donors. The PL band with a maximum at λ=369 nm corresponds to an 
exciton localized on the donor, and the band with a maximum λ=380 nm corre-
sponds to the exciton localized on the acceptor in the hexagonal GaN phase. In 
addition to the exciton excitation bands, there is also an intense band of PL in the 
yellow range of the spectrum with a maximum at λ=530 nm. According to [54], the 
intense yellow band of PL is associated with the presence of a large number of 
crystallites in the hexagonal phase, the boundaries of the section and extended 

 a) b) c)
Fig. 2.34. Morphology of porous GaAs p-type, obtained by electrolytic etching in a 
solution of HF in ethanol of different concentrations and at different densities of current

Fig. 2.35.Image of the surface 
of a paired GaAs p-type layer 
with scanning electron 
microscopy
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defects. Acceptors can be vacancies of galli-
um or impurity oxygen atoms.

For sample B (Fig. 2.41), in the violet region 
of the spectrum, bands with maxima of 399 and 
406 nm are observed, which may be related to 
excitons in the GaN cubic phase [173].

A weak band of about 580-650 nm is ob-
served in the visible region of the spectrum for 
sample B, which is an analogue of the yellow 
luminescence in GaN of a hexagonal bundle. 
In table  2.11  shows the main photolumines-
cence bands of GaN films of their origin for 
different syngons.

In figure 2.42 shows the spectra of photo-
luminescence (T=300  K) of GaN films ob-
tained on porous substrates of GaAs with 
varying degree of porosity: c – 15 %, d – 30 %. 
All of the PL spectra are normalized to the 
band with a maximum of radiation at 

λ=361,6 nm. The yellow band is associated with the presence of defects in the crystal 
structure in GaN films [203]. The ratio of the intensity of these bands (І361,6/І480) char-
acterizes the optical quality of GaN films [38].

The surface quality of the GaN film is the most important property of the substrate, 
since it is at it that the further expansion of the semiconductor device structure is car-
ried out.

Fig. 2.36. The 3d line is the Ga level for 
the porous GaAs surface treated in the 
plasma of hydrogen (1) and after 
annealing in atomic nitrogen (2)

Fig. 2.37. X-ray diffractometric studies of samples A and B (a and b respectively).
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Different types of irregulari-
ties  determine the overall surface 
texture. It is possible to note the fol-
lowing categories of surface defects.

1.  Defects of atomic size (point 
defects, dislocation lines, monatom-
ic steps on the plane of the cutoff). 

2.  Defects of submicron size 
(scratch after polishing).

3. Defects of micron size (scratch 
after grinding). 

4.  Macrodefects (surface goug-
ings). 

The surface roughness of 
the GaN film, which is determined by the average deviation of the profile from the 
average value, was 0,104  nm. Maximum height of the humps was 0,707  nm, mini-
mum – 0,44 nm.

We also consider the possibility of obtaining thin GaN films on GaAs porous sub-
strates with orientation (111) using the nitride method. The crystallographic orienta-
tion n-GaAs single crystals (111) were processed in an aqueous solution of HF. The 
study of porous GaAs by scanning electron microscopy showed that the pore diameter 
is about 100 nm (under the conditions of the anode electrochemical treatment).

The annealing of the GaAs porous substrates with the crystallographic orientation 
of this (111) was carried out at T=673 K (for samples of the A series) and T=873 K (for 

Fig. 2.38. Split structure of GaN/por-GaAs/GaAs.

Fig. 2.40. The photoluminescence spectrum for 
sample A for T=77 K.

Fig. 2.39. Diffractometry peak half-
width of the plane (200) cubic layers 
of GaN, received at the porous 
substrate GaAs with different porosity.
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samples of the B series) in a high-
frequency plasma of especially pure 
nitrogen. Working pressure in the 
atomic nitrogen atom was 10-3  mm 
hg.  art. For excitation FL used be 
pulsed nitrogen laser ILHI-503 with 
a wavelength of 337,1  nm and a 
pulse duration of 10  ns  (average 
power was 10 kW). The FL spectra 
were analyzed using a computer 
controlled MDR-12  monochro-
matogram. The samples were in an 
optical cryostat at a temperature of 

liquid helium or nitrogen.  Surface morphology was investigated using atomic force 
microscope.

In figure 2.43 shows the results of X-ray diffractometry for series A and B. For both 
series of samples, powerful diffraction peaks from planes (002) and (004) of the GaAs 
substrate are observed. In addition to these peaks, the diffraction peaks are 2θ=39,8° 
and 2θ=86,6, which correspond to the reflection of X-rays from the planes (002) and 
(004) of the cubic GaN, as well as the peak 2θ=34,6°, which corresponds to the reflec-
tion of rays from the plane (0002) of the hexagonal GaN phase. Comparing these ex-
perimental data, we arrive at the conclusion that with increasing GaN film tempera-
tures, the intensity of the peaks of 39,8° and 86,6° corresponding to the Gaussian cubic 
phase increases, while the intensity of the peak is 34,6° responsible for the reflection of 
X-rays from the plane (0002) of the hexagonal phase decreases.

As a result of the scanning electron microscopy of the GaN film surfaces (at differ-
ent magnifications) and the split of this sample, the thickness of the porous GaAs is 
1,5... 2 μm. The thickness of the film is GaN-1 μm. When the crystal is scattered, the 
GaN film is crumbling, so there is no clear boundary between the film and the GaAs. 

Table 2.11 
Main photoluminescence band GaN films according to [173]
Photoluminescence 
band

Optical 
range

Crystal The origin of the FL strip

357 nm UV hexagonal free exciton
369 nm UV hexagonal Eixiton bound to the donor
375 nm UV hexagonal Exciton, bound to a shallow acceptor
380 nm UV hexagonal Exciton, bound on the acceptor
399 nm UV cubic Fused exciton bound
406 nm UV cubic Fused exciton bound
460 nm Blue hexagonal Reconciliation of donors and acceptors

Fig. 2.41. Photoluminescence spectrum for 
sample B at T=77 K.
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The size of the surface grains was 
0,2 microns.

In the spectra of FL at 77 K GaN 
films (for samples of series A and B), 
radiation is observed in the ultravio-
let and visible bands. Let’s consider 
spectra of photoluminescence of sam-
ples of series A. The short-wave band 
of PL with a wavelength at a maxi-
mum of 380  nm corresponds to the 
exciton bound on an acceptor in the 
hexagonal phase GaN. In addition to 
the wavelength band at 380 nm, nar-
row exciton bands at 399 and 406 nm 
are due to the recombination of 

bound excitons localized on defects in the cubic GaN phase (see Table 2.11). A broad 
band with a wavelength at a maximum of 480 nm is associated with donor-acceptor 
recombination [115, 28] in violation of stoichiometry ([Ga]/[N]>1). In the yellow 
range of the spectrum, a band with a maximum of about 530 nm is observed. Accord-
ing to [97], it is associated with the presence of GaN films in the hexagonal phase, a 
large number of interface boundaries and extended defects.

In the spectra of PL samples of the series B, the bands are due to the recombination 
of bound excitons localized on defects in hexagonal and cubic phases (see Table 2.11).

However, in comparison with the A series samples, the intensity of the bands oc-
curring in the cubic phase (λ=399 nm and λ=406 nm) of these samples increases by 
almost 2,5  times, while the intensity of the bands due to the presence of hexagonal 
modification (λ=380 nm), decreases almost 2 times. In the grown films GaN there are 
two phases  – cubic (Eg=3,2  eV at room temperature) and hexagonal (Eg=3,39  eV at 
room temperature). The expansion of the spectral bands is due to the defect and het-
erogeneity of the structure due to the existence of two phases in the grown films. 
Consequently, using PL and X-ray methods of measurement, it was found that GaN 
films grown in the temperature range of 670-870 K on GaAs porous substrates by the 
nitride method are heterogeneous and consist of cubic and hexagonal phases. In films 
obtained at a lower temperature (673 K), the hexagonal phase prevails, and in the films 
obtained for a higher and higher pressure (873 K) the cubic phase. The decrease in the 
intensity of the band with a wavelength of maximum 480 nm indicates a higher and 
higher GaN films obtained for T=673 K.

The obtaining of structurally qualitative films of gallium nitride of n- and p-types 
of conductivity allowed to create effective LEDs and semiconductor lasers for the blue 
region of the spectrum. The main channel of radiationless recombination in this case 

Fig. 2.42. Spectra of PL GaN films obtained on 
GaAs substrates with different degree of porosity: 
from – 15%, d – 30%. [176]
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has its own point defects of gallium nitride, which form deep energy levels in the for-
bidden zone of the material. The increase of stoichiometry and crystalline perfection 
of GaN films will not only allow the maximum radiation to be shifted to the shorter-
wavelength ultraviolet region of the exciton luminescence of gallium nitride [54], but 
also to increase the efficiency of electroluminescent structures.

In figure 2.44 shows the PL spectra of two GaN films grown by MBE and radical-
ray epitaxy, measured at T=4,2 K.

The low-temperature photoluminescence spectra of GaN films of thickness 0.1 μm 
grown on porous GaAs substrates include a weak band of yellow luminescence and 
luminescence in the blue region of the spectrum due to radiative recombination 
within the donor-acceptor pair. The main recombination radiation was in the region 
of free (FE) and bound (BE) excitons. On the same in figure 2.44 is the spectrum of 
photoluminescence of a 0,3 μm GaN film grown on volumetric GaN single crystals by 
molecular beam epitaxy (the energy of free excitons of types: A  – 3,4799  eV, B 

Fig. 2.43. X-ray diffractometric studies of the series A (a) and B (b) [175].
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-3,486 eV, C – 3,5025 eV; the 
energy of bound excitons is 
within the limits of 3,467-
3,479 eV) [127, 93].

Comparing these spectra, 
we see that the maxima of 
exciton bands of lumines-
cence GaN films obtained on 
porous GaAs substrates are 
shifted to a 0,02  eV in the 
short-wave region. A similar 
shift in the photon spectra of 
the microscope is due to the 
mechanical stresses arising in 
a thin GaN film grown on a 
porous substrate GaAs.

Thus, the films grown by 
nitridation GaN on porous 
substrates GaAs (111) was ob-
served ultraviolet radiation 
due to recombination of free 

and bound excitons in hexagonal phase, which suggests a high structural perfection and 
quality films. Insignificantly displaced in the high-energy region of the spectrum of ex-
citon strips, there is evidence of mechanical stresses in GaN films. But the magnitude of 
these stresses is much smaller than in GaN films grown on GaAs monocrystalline sub-
strates by the radical-ray epitaxy, where exciton radiation was not observed at all.

The difference in the lattice parameters and the coefficients of thermal expansion 
between the GaAs substrate and the GaN epitaxial film are the main factors in the 
presence of mechanical stresses in this structure. The stress causes the limitation of the 
luminescence efficiency, that is, the relaxation of mechanical stresses in the films leads 
to a large number of dislocations of inconsistencies that cause the emergence of nu-
merical centers of non-radiation recombination. In addition, with mechanical stresses 
in thin GaN films larger than 1 GPa, cracking is observed for the most part, even the 
separation of the film from the substrate.

Among the methods for determining the mechanical stresses in films, the main is 
the analysis of data X-ray diffraction, photoluminescence, Raman spectroscopy.

In our work as a substrate material monocrystalline and porous GaAs were used. 
Comparative analysis of the quantities of mechanical stress in thin films of GaN, re-
ceived two cut these types of substrates, in these structures allows to make the height 
but a pocket on the impact of porous structures on the relaxation of tensions. Deter-

Fig. 2.44. Photoluminescence spectra (4,2 K) for two 
GaN films: 1 – grown on GaN bulk crystals by a 
molecular beam epitaxy of 0,3 μm thickness (according 
to [127, 93]), 2 – which was grown by us by the radical-
ray epitaxy method on a porous substrate GaAs of 
thickness 0,1 μm [174].
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mination of the magnitude of me-
chanical stresses in epitaxial films 
based on the data of X-ray diffrac-
tion analysis is based on the deter-
mination of the parameter of the 
constant lattice of the film obtained 
and on the subsequent calculation 
of the relative elongation included 
in the general formula for calculat-
ing the value of the mechanical 
stress in films [27].

With the data of X-ray diffrac-
tion studies, we established inter-
connections between the values of 
mechanical stresses and the stable 
game for structures based on mono-

crystalline GaAs (Sample 1) and porous GaAs:
sample 2, crystallite size 100 nm;
sample 3, crystallite size 50 nm;
sample 4, crystallite size 20 nm (Table 2.12).
The calculation of the mechanical stress σa was carried out according to the follow-

ing formula:

where E – is the volume elastic modulus, and γ – is the Poisson coefficient. Based 
on the calculations of the numerical values of σa, we can conclude that the GaN films 
obtained as a result of the nitriding of porous GaAs, are characterized by a higher de-
gree of relaxation of mechanical stresses. The value of σa for samples obtained on po-
rous substrates is 2-3 times less than for samples grown on monocrystalline substrates. 
The value of the constant lattice parameter c0 for the GaN-free strain is taken from the 
work [74] – c0=5,185 A.

In addition to X-ray diffraction analysis, the analysis of photoluminescence spectra 

Table 2.12 
The values of mechanical stresses and constant lattice in GaN epitaxial films, determined 
on the basis of X-ray diffraction analysis
Structure Sample number с, А σa, GPа
GaN/GaAs 1 5,175 0,95
GaN/porous-GaAs 2 5,180 0,47
GaN/porous-GaAs 3 5,181 0,38
GaN/porous-GaAs 4 5,182 0,31

Fig. 2.45. Raman spectra mode E2 (high) to layers 
of GaN, grown on porous substrates GaAs with a 
pore diameter of 20 nm (a) and 100 nm (b).
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is used to determine the degree of 
mechanical stress in epitaxial 
films.  The displacement of the spec-
tral bands of exciton radiation in epi-
taxial GaN films obtained on one or 
the other substrates characterizes both 
the character and the magnitude of 
the stresses. The paper [126] presents 
data on the dependence of the nature 
of the displacement of photolumines-
cence bands on the type of stresses in 
GaN films: stresses of compression 
and stretching. The main «competi-
tors» of GaAs are the following mate-
rials for sampling epitaxial cultivation, 
such as Al2O3, SiC and Si that cause 
the shift of the photoluminescence 
spectra to the short-wave region in the 
case of compression stresses (for ex-
ample, the substrate A12O3), or to the 
long-wave region in the case of strain 
tensions (substrates Si, SiC). The mag-
nitude of the displacement of the PL 
spectra is proportional to the magni-
tude of the mechanical stress. Nu-

merical analysis to determine the de-
pendence of the displacement of photo-

luminescence strips on stresses was based on the method presented in [27, 94].
The displacement of the maximum of the excitonic strip of PL for GaN films ob-

tained on porous GaAs substrates with a porosity of 15  %, 25  % and 60  % is 
ΔE19=0,15  eV, ΔE25=0,025  eV, ΔE60=0,21  eV. The minimum displacement energy of 
exciton bands is observed for GaN films grown on porous GaAs with a degree of po-
rosity of 25 % (in relation to the spectrum of photoluminescence of GaN films grown 
on single-crystal GaN substrates). The minimum mechanical stress in GaN films for 
the shear energy of the PL band ΔE=0,025 eV is 0,5 GPa.

Raman spectroscopy is one of the effective methods for measuring mechanical 
stress in epitaxial films, which provides an opportunity for additional comparative 
analysis of the results obtained on the basis of X-ray diffraction and photolumines-
cence research.

The papers [113, 27, 94, 13, 31, 73] present the basic provisions for the use of Ra-

Fig. 2.46. The image of the surface of a GaN 
film grown on porous GaAs substrates with a 
pore diameter of 100 nm.
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man spectroscopy to determine the 
magnitude and nature of mechanical 
stresses in GaN epitaxial films obtained 
on different substrates.

The stresses in GaN films obtained 
on porous substrates of GaAs with dif-
ferent morphologies were determined 
by us using experimental Raman spec-
troscopy measurements.

Raman spectra were studied us-
ing Z(Х,У) -geometry. An ideal GaN is 
a crystal that has a hexagonal structure 
of the spatial group 
.  The Raman active phonons include 
mod A1 (TO), A1 (LO), E1(TO), E1 (TO), 
E2 (low), E2 (high). Measurements of Ra-
man spectra were performed at room 
temperature.  An argon laser was used 
as a source of excitation. The size of the 
laser spot  was 1  μm and the spectral 
resolution was 2 cm-1. The power of the 
radiation that fell, for example, was 
about 20 mW. In figure 2.45 the Raman 
fashion bands  E2 (high) for GaN layers 
grown on GaAs porous substrates with different surface morphologies are presented 
(E2 mod for bulk samples GaN is 567,8 cm-1).

From figure 2.45 it can be seen that the E2 high) mode shift for GaN films obtained 
on porous GaAs substrates with a pore diameter of 20 nm is significantly less than for 
GaN films obtained on porous GaAs substrates with a pore diameter of 100 nm. Ac-
cording to [113], the evaluation of biaxial stresses in GaN film was based on the for-
mula σ=∆ω/6,2 cm-1 GPa. In the film GaN, for the first case (pore diameter of 20 nm), 
the value of σ was about 0,14 GPa, and for the second case (pore diameter of 100 nm) – 
0,5 GPa.

The roughness of the GaN film was experimentally investigated using an atomic 
force microscope. In figure 2.46 pre attitudes image surface film GaN, nitridation ob-
tained on porous substrates with pore diameter substrates GaAs 100 nm.

For comparative analysis in figure 2.47  shows the image and morphology of the 
GaN film surface obtained by the nitride method on a porous substrate GaAs with a 
pore diameter of 30 nm.

As can be seen from figure  2.46-2.47  with decreasing pore diameter substrate 

Fig. 2.47. The image of the surface of a GaN 
film grown on porous GaAs substrates with a 
pore diameter of 30 nm.
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pocket GaAs magnitude of the roughness of the film GaN and spread its values relative 
to the average decrease. The minimum roughness value for a GaN film is 25 nm. This 
parameter is close to the value of the roughness of the GaN films obtained on the po-
rous GaAs, but a greater roughness parameter for GaN films obtained on single-crystal 
GaN substrates, whose magnitude in the latter is 0,25 nm.
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CHAPTER 3. GROWING AND TECHNOLOGY OF NITRIDE GROUP III

3.1. Methods of growing quantum films
Quantum films are two-dimensional (2D) structures in which the quantum limit 

operates only in one direction -  the thickness of the film is perpendicular to the pit 
[185]. The density of electron states in a quantum film, depending on the energy, has 
a step shape, which replaces the typical parabolic space for free electrons in three di-
mensional (3D) structures. Electrons in quantum films are usually called two-dimen-
sional electron gas [186].

Geometrically, a film is a thin layer of a crystal whose thickness d is comparable to 
the de Broglie wavelength (d~λ) for charge carriers. The charge carriers in quantum 
films can move freely in the plane xy, but their motion in the z-axis direction is limited 
by the segment dz. Moving in the direction of the axis z, electron layer is not able to 
leave because its thermal motion energy (~0,026 eV at room temperature) is much less 
and the energy with which he would have penetrated into the neighboring region 
(~several eV). Therefore the electron motion in the z direction can be seen as one-di-
mensional motion in the first infinitely deepest minutes rectangular second hole width 
dz [157].

The total energy of charge carriers in quantum films consists of quantized values 
determined by the effect of a quantum restriction in the z direction and monotone 
kinetic components in the directions x and y [185]:

At present, there are many methods of making high-quality heterostructures, 
among which one can distinguish:

1. Thermal evaporation of the film material in vacuum,
2. cathode sputtering. The method of cathodic spraying differs from the thermal 

methods by the fact that the starting material is the solid matter that is heated. The 
process takes place in an inert gas environment at pressures of 0,133-13,3 Pa at a lower 
temperature than in the methods of thermal evaporation,

3. The magnetron is sputtering,
4. Ion-plasma spraying,
5. Electrolytic deposition [158].
Epitaxy. Epitaxy – a key concept in IC technology.
Epitaxy is a capacity-oriented crystalline layers on single crystal substrates. The 

grown epitaxial layer repeats the structure and orientation of the substrate. There are 
two types of epitaxy:

• homoepitaxy (avtoepitaxy) – substrate layer and the same chemical composition 
or just different impurity composition;
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• heteroepitaxy – the substance of the substrate and the growing layer, different in 
chemical composition and crystalline structure.

Epitaxia substantially expands the functionality of elements, devices of electronic 
equipment. Epitaxia is possible from any phase: gas (gas phase epitaxy – GPE), liquid 
(liquid or liquid phase epitaxy – LPE) and solid (solid phase epitaxy – SPE). Most of 
the processes of epitaxy are carried out by the deposition of the steam-gas phase. In 
conditions of ultrahigh vacuum, molecular-beam epitaxy (MBE) is performed. The 
growth of the crystal during epitaxy with PPE and MBE occurs at lower temperatures 
than the melting point (Тпл.).

With any epitaxy method, the growth cell should consist of a source containing the 
ingredients of a growing crystal, the medium through which the transport of atoms to 
the growth zone and the substrate on which the crystallization takes place. If the trans-
fer medium is a vacuum, then it is a vacuum epitaxy. In a vacuum, atoms can be trans-
ferred to the substrate in the form of molecular beams. Therefore, this type of epitaxy 
is called molecular beam (MBE). The most developed were GPE and LPE. Methods of 
GPE are divided into chemical and physical.

However, not all epitaxial technologies can give the boundary of nanostructures 
with the desired properties. For example, epitaxy from the gas phase under traditional 
technology is carried out at high temperature (850-1000)  0 С, which leads to appre-
ciable diffusion of atoms in the solid phase and to the dilution of the boundaries of the 
layers. The liquid-phase epitaxy according to the traditional scheme does not allow to 
form superfine (~100 nm) layers rather uniform in thickness [157].

The process of the liquid phase epitaxy occurs by crystallizing matter on the surface 
of the substrate of molten metal, is used mainly to obtain layers of double or triple 
semiconductor compounds [160]. The essence of the LPE method is to crystallize the 
solution from the melt and differs depending on the method of removing the solution 
from the surface of the film. LPE can be conducted at relatively low temperatures (400-
500 o C). It makes it possible to obtain multilayered epitaxial structures and films of a 
certain configuration.

Methods of SPE consist in the oriented growth of epitaxial layers in two-layer and 
three-layer systems with isothermal burn-out. One of the layers is monocrystalline lin-
ing, the other is amorphous or polycrystalline layers of semiconductors and metals [169].

At present, two technologies of growing quantum films are widely used [184]:
1. gas phase epitaxy from organometallic compounds (GPEMOC);
2. molecular beam epitaxy (MBE).
Consider some of the technologies in more detail.

3.1.1. The method of molecular-beam epitaxy
 The molecular-beam epitaxy technology was stolen in the late 1960s by J. R. Ar-

thur and Alfred Cho. Despite the rather simple idea, the implementation of this tech-
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nology requires extremely complex technical solutions. The basic requirements for the 
installation of the epitaxy are as follows [198]:

• In the installation chamber, an ultrahigh vacuum must be maintained – the re-
sidual gas pressure must be below 10-8 Pa (~10-10 mm Hg).

• The purity is evaporating, should reach 99,999999%.
• Necessary molecular source capable of evaporation of refractory substances 

(such as metals) with the ability to regulate the flow density of a substance.
• The epitaxy feature is the slow growth rate of the film (usually less than 1000 nm 

per minute).
Molecular beam epitaxy (MBE) is an improved second kind of thermal spraying 

methods under ultrahigh vacuum conditions.
The molecular beam epitaxy is made in a vacuum and is based on the interaction 

of several molecular beams from a heated monocrystal substrate [158].
This method helps to control the structure and condition of the surface of the sub-

strates, regulating the density of the molecular stream, that is, the rate of growth of the 
crystals, to enable the mask to perform local crystallization using a mask, to obtain 
clear interlayer boundaries, to grow superfine (10-100 nm) epitaxial layers of semicon-
ductors, dielectrics and metals, create superlattices, and carry out multi-layered lattice 
building. The method of instantaneous evaporation is closest to the method of deposi-
tion from molecular beams and consists in the fact that the initial substance continu-
ously and uniformly enters the evaporator, and the thermodynamic equilibrium is 
maintained between it and the composition of the gas phase [168]. This method is 
particularly beneficial in obtaining multilayered epitaxial structures, in which materi-
als with sharply different physical properties are combined [191].

In fact, MBE is an improvement on conventional method of spraying metal films 
by evaporation in a vacuum [151].

In the method MBE thin single crystal layers formed on the heated second single 
crystal and including therein a substrate through reactions between molecular or 
atomic beams and the surface of the substrate. The high temperature of the substrate 
contributes to the migration of atoms on the surface, which results in the atoms oc-
cupy strictly defined positions. This determines the oriented growth of the crystal of 
the molded film on a monocrystalline lining. The success of the epitaxy process de-
pends on the relationship between the parameters of the film and substrate lattice, the 
correctly chosen relations between the intensities of the incident beams and the tem-
perature of the substrate [186].

Physical principles of MBE schematically presented in figure 3.1 [156, 151].
Atomic or molecular beams are created in diffusions (diffusion – slow vaporization 

of metal vapor through a small hole) cells (4,5) at sufficiently high temperatures and 
sent to a monocrystalline substrate heated to the required temperature (2). The diffu-
sive cell is a cylindrical reservoir made of pyrolytic boron nitride or high-purity graph-
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ite.  The number of diffusion 
cells is determined by the com-
position of the molded hetero-
structure and serves both for the 
evaporation of the main compo-
nents (4) and the alloying ele-
ments (5).

Each heater contains a cru-
cible, which is the source of one 
of the constituent elements of 
the film. The temperature of the 
heaters is selected in such a way 
that the vapor pressure of the 
vapor is sufficient to form the 
corresponding molecular 
beams.  The evaporating sub-
stance is transferred at a rela-
tively high speed to the substrate 
under vacuum conditions.  The 
heaters are arranged so that the 
maxima of the intensity distri-
butions of the beams intersect 
on the substrate [158].

The surface of the crucible is: 
a heating tensional spiral and a 

thermal screen, usually made of tantalum foil. Impulse cells can operate in the tem-
perature range up to 1400 ° C and withstand short-term heating to 1600 ° C [186].

The number of diffusion cells depends on the composition of the film and the pres-
ence of doping impurities. In the case of complex semiconductors (double, triple com-
pounds), a separate source is required for the evaporation of each component of the 
film (for example, AlxGa1-xAs requires separate sources of Al, Ga, As). The temperature 
of the diffusive cell determines the size of the flow of particles entering the substrate 
and is carefully controlled. Management of the composition of the main material and 
alloying impurities is carried out with the help of flaps covering the one or the other 
flow. If during the growth of the structure it is necessary to change the concentration 
of the same impurity sharply, several sources of this impurity are used at different 
temperature of the diffusive cell. Homogeneity of the composition of the film over the 
area and its crystalline structure are determined by the homogeneity of the molecular 
beams. In some cases, for increasing homogeneity, the substrate with a growing film is 
constantly rotating [187].

Fig. 3.1. Scheme of installation of MBE to obtain 
doped triple compounds. The whole installation is 
located in the chamber of ultrahigh vacuum: 1 – 
heating unit, 2 – substrate, 3 – valve of a separate 
cell, 4 – diffusion cells of the main components of the 
heterostructure, 5 – diffusion center of doping 
impurities [186].
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The introduction of impurities under MBE is usually carried out with the help of 
additional effusions of these cells containing the necessary alloying element. Many 
impurities that are used in other forms of epitaxy are inappropriate for MBE. In the 
course of the MBE, only those alloying materials are used successfully, whose atoms are 
more likely to bind to the surface than evaporate from it. The resulting electrical and 
optical properties of the films depend on the ratio of the flows of the main elements 
and the flow of the impurity, the temperature of the substrate, as well as the nature of 
the real embedding of the impurity in the lattice and the degree of their electrical activ-
ity. The most important problems for most impurities are their accumulation on the 
surface, desorption, formation on the surface of compounds, formation of complexes 
and auto-compensation.

Thus, in principle it is possible to allocate three working areas of the MBE [151]:
I – zone of generation of molecular beams by diffusion cells;
ІІ – zone of mixing of beams of elements evaporated from various diffusion cells;
ІІІ – zone of formation of heterostructure.
The MBE includes the following elementary processes occurring in the growth zone:
• Adsorption (adherence) of falling on the substrate of atoms or molecules consti-

tuting grown compounds.
• Migration (superficial diffusion) of adsorbed atoms along the substrate surface, 

which may precede the dissociation (decay) of the compound molecules.
• Embedding of atoms constituting a heterostructure into a crystalline lattice of a 

substrate or growing monoatomic layer.
• Thermal desorption (separation) of atoms that are not embedded in a crystal lat-

tice.
• Formation and further growth of two-dimensional crystal embryos on the sub-

strate or surface of a growing layer.
• Mutual diffusion of atoms embedded in a crystal lattice.
Features of the MBE method [151]:
• the intensity of the beams of all components can be independently regulated by 

changing the temperature of the cells and controlling the damper;
• the rate of deposition of matter on the substrate is usually one monoatomic layer 

per second, which allows to achieve high homogeneity of composition and struc-
ture of film materials;

• the possibility of abrupt interruption and renewal of growth due to the use of 
mechanical flaps near the diffusion cells for all components;

• the possibility of introducing various vapor-like components for changing the 
composition of the layer and controlling the concentration of impurities by intro-
ducing additional sources that create the necessary bundles of molecules or at-
oms;

• possibility of analysis and control during growth.
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Advantages of the MBE method [158]:
• relatively low temperature of growth (substrate temperature);
• accuracy and manageability;
• allows to create high-quality, diverse film structures of nanoscale range;
• possibility of obtaining films from materials with different evaporation tempera-

tures;
• possibility of abrupt interruption and subsequent restoration of inflow to the 

surface of the impurities of molecular beams of various materials, which is most 
important for the formation of multilayered structures with sharp boundaries 
between layers [186].

The disadvantage is the complexity of implementation, low productivity and high 
cost [151].

In modern MBE-control units as the composition of residual gas and vapor and 
formed the basic parameters of the structure: structural and perfection, phase compo-
sition, thickness and so on [151]. In general, setting MBE is a complex device with 
many monitored parameters. Therefore, modern installations MBE are usually con-
trolled by powerful computers [187].

The most studied to date are impurities in GaAs. Beryllium and magnesium have 
the acceptor properties most suitable for GaAs. Germanium has amphoteric proper-
ties, and its practical application is limited to the need for careful selection and main-
tenance of the substrate temperature and the ratio of streams of arsenic and gallium. It 
allows you to obtain p-GaAs with a concentration up to 2∙1020 cm-3. When Be intro-
duced, there is no segregation or anomalous bulk diffusion of the impurity. The con-
centration of active acceptors is directly proportional to the temperature of the effusion 
cell, that is, the pressure of the Be Beat. Each Be atom generates an active acceptor with 
a level of 30 meV above the edge of the valence band [187].

Donor properties in GaAs are silicon, tin, sulfur and selenium. Germanium, as an 
amphoteric additive, also allows n-type conductivity under certain conditions. The tin 
is a convenient admixture. The concentration of active donors is directly proportional 
to the flow of Sn in the molecular beam and can be reduced to 5∙1019 cm-3. However, 
its significant disadvantage is the accumulation of MBEs in the growing GaAs surface. 
For this reason, the finest admixture of donor type is silicon. It provides a concentra-
tion of holes in GaAs to 1,3∙1019 cm-3 [187].

3.1.2. Gas-phase epitaxy from organometallic compounds
The method of alternative MPE is a gas-phase epitaxy of organometallic com-

pounds (MOVPE) [151].
The epitaxial growth of materials by depositing on the substrate of thermal decom-

position products (pyrolysis) of organic gas molecules containing the necessary 
chemical elements is called the Metalorganic Chemical Vapor Deposition method 
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(MOCVD). This term was proposed by the inventor of the method by Harold Manas-
sewit in 1968. Unlike MBE in MOCVD, growth does not occur in a vacuum, but in the 
presence of gas at moderate pressures.

MOC-hydride epitaxy is the most flexible, cost-effective and productive technology 
for growing multi-layer semiconductor structures. The technological process includes 
a complex of gas-phase and surface reactions, combined with processes of leakage and 
heat transfer and processes of mass transfer. The velocity of such physical and chemical 
processes determines the quality of the grown layers (the uniformity of the layers by 
thickness, the uniformity of the structure and chemical purity) [191].

At room temperature, a broad class of substances containing metal-carbon (organo-
metallic compounds) or metal-oxygen-carbon bonds (alkoxides) and coordination com-
pounds of metals with organic molecules are in most cases liquids, although some of 
them, even at high the temperature remains solid. The compounds are transferred to the 
reaction zone by carrier gas, such as molecular hydrogen, and gaseous reagents are 
formed by pyrolytic (under the action of high temperature) decomposition near the 
substrate surface, isolating film-forming components [151], [184, 200, 187].

The idea of the MOCVD method can be illustrated with the help of figure 3.2 sche-
matically depicts a reactor, in which there is an epitaxial growth of the structure [198].

Crystallization in the process of epitaxy of organometallic compounds (MOC) is 
carried out by passing a homogeneous gas mixture of reagents with carriers above a 
heated substrate in a cold-wall reactor. Used for the growth of semiconductor films 
hydrides at room temperature and gases are commonly used in a spine of small addi-
tions to H2. These organometallic and hydride components are mixed in the gas phase 
and pyrolysis in the stream of H2.

As a result of the reaction of pyrolysis, when the gaseous compounds decompose on 
the components on a hot surface to form a solid precipitate, an annealed solid semicon-
ductor compound is formed. The temperature of pyrolysis is 600-800 o С. The heating of 
the substrate and the growing film is usually created by a powerful radio frequency gen-
erator with a frequency of about 450 kHz. Pyrolysis takes place in an open reactor at at-
mospheric or reduced (~70 mm Hg.). Reducing the pressure of the gas mixture in the 
growth of compounds allows you to effectively manage both the gradient of changes in 
the composition of impurities, and the gradient of changes in the composition of the 
main components. The reduced pressure of the gas mixture also limits the flow of para-
sitic reactions in the gas mixture. At low pressure, the growing process is carried out at 
significantly higher gas flow rates. Increasing the rate of gas flow in principle allows you 
to obtain more homogeneous layers. At reduced pressure it is possible to increase the 
speed of gas flow without increasing the flow of cold gas mass. An increase in the flow 
rate under atmospheric pressure would lead to cooling of the substrate.

There are reactors in which the flow of the gas mixture is directed perpendicularly 
to the surface of the substrate (more often it is vertical type reactors), and reactors in 
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which the flow of the gas 
mixture moves along the 
surface or at a small angle 
to it (usually, these are hor-
izontal type reactors). An 
example of a vertical reac-
tor for obtaining materials 
A3B5  is shown in fig-
ure 3.3 [187].

Multilayer, multi-epi-
taxial and no structures 
can be grown in a single 
series, the backbone of the 
cycle. Several organome-
tallic and hydride sources 
can be connected to the 
reactor [187].

Chemicals manufactur-
ing process determines the rate of growth, quality and purity of crystal in its electrical 
and optical properties, the ability to warehouse management. For the bundle of some 
types of A3B5 semiconductors, the resulting reaction is written as [187]:

In particular, this type of reaction is used to obtain GaAs and AlAs. Using similar 
reaction can grow thin films of other binary, ternary and quaternary s connections. For 
example, for growth, the following process is commonly used [187]:

In this case, the composition of the epitaxial film is directly determined by the ratio 
of partial pressure trimethylgalium and trimethylaluminium in the gas phase [187].

The alloying of the growing epitaxial layer is carried out by introducing into 
the gas stream a corresponding p-agent. For the doping of A3B5 compounds, p-
type impurities usually use organometallic reagents: diethylzinc and bisciclopen-
tadienylmagne, and for the doping with n-type impurities the H2Se and SiH4 hy-
drides are used. Organometallic reagents can easily decompose at a temperature 
of growth, so the admixture of impurities in the growing layer is limited to dif-
fusion through the boundary layer and surface kinetics. An increase in the veloc-
ity of the gas stream accelerates the growth of the epitaxial layer. An increase in 
the partial pressure of reagents in the gas stream also increases the rate of growth 
in all cases [187].

Fig. 3.2. Scheme of open type horizontal reactor with cooled 
walls for MOVPE: 1 – quartz case; 2 – a coil of the HF 
generator for heating the substrate; 3 – heating unit; 4 – 
substrate; 5 – water cooling (inlet); 6 – water cooling (issue). 
Schematically shows the distribution of the velocities ν and 
temperature T in the gas stream in the diffusion layer near 
the substrate.
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The growth of multi-
layer structures is carried 
out by changing the gas 
atmosphere in the reactor. 
The rate at which such a 
change is made depends 
on the magnitude of the 
flow and geometry of the 
reactor. At high velocities 
in the flow, it is possible to 
replace the gas quickly 
enough and get sharp 
jerks. The time required to 
be replaced is determined 
by the amount of flow. 
Therefore, the sharpness of 
the boundaries is related to 
the growth rate and, 
for  example, with the 
growth of the compounds 
A3B5, depends on the 
concentration in the gas 

stream through the reactor reactant containing the element of the third group.  Ex-
perimental data on the superlattice GaAs-AlxGa1-xAs lead to the conclusion that the use 
of automated systems can not create growth superlattice layers with a thickness of 
1,5 nm (in some cases up to 0,7 nm), high structural perfection [187].

The change of composition occurs practically on the thickness of one monolayers. 
For rapid change in the composition of the gas phase in the growth surface, it is neces-
sary to optimize the design of the reactor of the day to eliminate the blurring of the 
concentration front in the gas stream through various diffusion processes [187].

When growing thin layers of the MOVPE method, the control of the parameters of 
the films directly in the process of synthesis is unsuitable, because quite aggressive gas 
media are used. MOVPE technology competes with MBE technology due to its sim-
plicity and higher performance, but this technology gives a vague profile changes in 
the composition and doping [151].

 3.1.3. Physical vapor deposition techniques (PVD)
 This group of methods is combined with a general scheme of coating and using 

vacuum. First, coating materials translated from condensed state to vapor, then held its 
transportation to the substrate (material, which coated), where the deposition of the 

Fig. 3.3. Schematic representation of the vertical reactor of 
the gas-phase epitaxy MOC, used to grow the doped 
epitaxial layers of AlxGal1-xAs: 1 – quartz reactor; 2 – high-
frequency heating; 3 – lining; 4 – holder; 5 – 
thermostabilized cells; 6 – flow sensors; 7 – pneumatic 
valves [187].
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coating vapor and the formation of the coating. The use of vacuum facilitates the trans-
lation of material into the vapor phase [186].

The advantages of PVD for film and coatings are:
1. obtaining a very uniform surface of their layer in the thickness from <1 nm to 

200 microns with a very good reproducibility of the properties;
2. Coating of the surface (magnetron method) of practically unlimited length: the 

ability to selectively apply to selected areas;
3. obtaining multilayer coatings with layers of different thicknesses and from dif-

ferent materials;
4. formation of structure, structure and properties of layers by variation of techno-

logical parameters of drawing;
5. minimize environmental pollution.
The disadvantages of this group of methods include:
1. complexity and high cost of technological and control equipment;
2. the need for very high qualification of service personnel;
3. relatively low productivity, complexity of the development of the technological 

regime for a particular case of obtaining the coating, especially for obtaining coatings 
from compounds with a high accuracy of chemical composition;

4. the need for special training covered surfaces [186].
Let’s consider some methods from this group of methods.
 Thermal evaporation. The method of thermal evaporation is based on heating the 

source materials with the help of any source of energy (resistive heating, electron 
beam, electrical discharge, etc.) to the evaporation temperature, as well as the evapora-
tion and condensation of vapors on the surface of the solid in the form of thin films 
and coatings [186].

As a result of evaporation or sublimation, the substance passes into the vapor 
phase. The steam, which is in the thermodynamic equilibrium with a liquid or a solid, 
is called saturated. The evaporation is due to the fact that the kinetic energy of mole-
cules or atoms in the surface layer of a solid or liquid is so much greater than the aver-
age of their energy in volume at a given temperature that they break off and spread into 
free space. The energy of atoms is determined by the rate of evaporator heat and is 
0,1-0,3 eV [186].

The quality and durability of the films are more dependent on the cleanliness of the 
substrate. Therefore, the substrate surface is pre-polished and thoroughly cleaned. Of-
ten during the spraying, the substrate is heated with a special heater to a temperature 
of 100-300 0 C. When heated, the substrate partially removes the internal stresses in the 
film, and improves its adhesion to the substrate.  Substrates can be made of glass, 
quartz, mica and non-magnetic metals.  The simplest scheme of the installation for 
obtaining thin films by the method of thermal evaporation of a substance in a vacuum 
is shown in figure 3.4 [158].
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The substance to be deposited on substrate 1 is placed in a crucible 2 made of re-
fractory metal, for example tungsten. The crucible is heated until it reaches a suffi-
ciently high temperature at which the source material begins to evaporate. Pairs from 
the molten substance in the form of an atomic beam, extending from the crucible, fall 
on the substrate 1 and settle on its surface, forming a layer in the form of a thin film 
(vacuum condensate) [158].

If the substrate is placed in advance on the plate (mask), then in the process of 
condensation on the substrate formed films that are shaped in accordance with the 
shape of the holes in the mask. Thus, with the help of mask 3 it is possible to give the 
films different sizes and shapes [158].

The entire system is placed in a vacuum chamber 6 pumped to a sufficiently high 
vacuum. The vacuum should be such that the atoms do not collide with the molecules 
of the residual gas during its movement to the substrate, that is, their trajectories 
should be straightforward.  This condition is fulfilled if a pressure of about 10-5 mm 
mercury pill is created in the camera. In this case, the distance from the evaporator to 
the substrate pretty figure and compared with the mean free path of gas molecules and 
atoms will reach most of the substrate without experiencing collisions with residual gas 
molecules.  This vacuum is easy to get in an ordinary laboratory first vacuum sys-
tem. At deposition of vapors on a substrate there is a transition of atoms of a metal 
from a vapor phase to a condensed state [158].

The considered method allows to receive films of different thicknesses. It is con-
trolled by changing the speed or condensation time. There are several factors influenc-
ing the film formation process, the most significant of which is the temperature of the 
substrate. Depending on this temperature, different condensation mechanisms can be 
realized, which largely determine the structural state and magnetic properties of the 
films. In particular, with an increase in the temperature of the substrate from 200 to 
500 0 C, a noticeable change in the magnetic permeability and magnitude of the exter-
nal magnetic field, in which the ferromagnetic medium is saturated, is observed [158].

The advantages of the method of thermal evaporation include the relative simplic-
ity of equipment and process control, and to the disadvantages is the low adhesion of 
the coating due to the low energy deposited on the substrate of atoms or molecules and 
high sensitivity to the presence of the surface of the substrate of foreign films and con-
taminants. The influence of these defects can be reduced by using special surface 
preparation methods (ultrasonic surface cleaning, chemical or electrochemical purifi-
cation and / or etching, ion etching) [186].

Cathodic sputtering.  The schematic diagram of the installation is shown in fig-
ure 3.5 [186].

The method is carried out as follows. The vacuum volume containing the anode 
and the cathode is pumped to a pressure of 10 Pa, after which an inert gas is discharged 
(usually Ar at a pressure of 1-10 Pa). For the ignition of the glow discharge between the 
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cathode and the anode, a high volt-
age of 1-10  kV is applied. Positive 
ions of inert gas, the sources of which 
are the plasma of the flare discharge, 
are accelerated in an electric field 
and bombard the cathode, causing its 
dispersal. Sputtering atoms fall on 
the substrate and settle in the form of 
a thin film. Cathodic sputtering is 
mainly used to obtain layers of metal 
materials [186].

Advantages of the cathode sputter 
method in the following [158]:
• non-inertia of the process;
• low process temperatures;
• preservation of stoichiometric 
material during spraying;
• the possibility of obtaining 
films uniform in thickness.

Method has drawbacks :
• low rate of deposition (0,3-1 nm/s);
• the pollution of the films with the working gas as a result of the process at high 

pressure;
• low degree of ionization of the deposited substance.
Magnetron sputtering. The scheme of installation is shown in figure 3.6 [186].
The main elements are a flat cathode made from a spray material, an anode posi-

tioned along the perimeter of the cathode, a magnetic system (usually based on 
permanent magnets) and a water cooling system. Power lines of the magnetic field, 
closing between the poles and, intersect with the lines of the electric field. The prin-
ciple of operation of the device is based on the inhibition of electrons in the cross 
between these electric and magnetic fields. It is known that the charge that moves in 
electromagnetic in half and, Lorentz force, the direction of which, according to the 
rule of the forces,  depends on the direction of its components.  In this part of the 
Lorentz force due to the magnetic field does not perform work, but only distorts the 
trajectory of the particles, causing it to move in a circle in a plane perpendicular to 
the E and B. Thus, a magnetron devices with simultaneous action of electric and 
magnetic fields change the trajectory electron motion. Electrons emitted by a cath-
ode and formed as a result of ionization, under the action of a closed magnetic field, 
are localized directly above the surface of the spattering material. They appear to fall 
into the trap formed on the one hand by the action of a magnetic field, which causes 

Fig. 3.4. Scheme of the evaporating part of the 
vacuum unit for receiving films: 1 – lining, 2 – 
evacuated alloy shuttle, 3 – mask, 4 – film, 5 – 
heater, 6 – housing of the vacuum chamber [158].
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the electrons to move along a cycloid trajectory near the surface, on the other – by 
repulsion of their cathode’s electric field in the direction to the anode. The probabil-
ity and the number of collisions of electrons with argon molecules and their ioniza-
tion are sharply increasing. Because of the heterogeneity of the action of electric and 
magnetic fields at a  cathode  zone of ionization in different parts different.  The 
maximum value is observed in the region where the lines of magnetic field induction 
are perpendicular to the vector of the electric field intensity, and the minimum is 
where their direction coincides. The localization of the plasma in the cathodic space 
allowed to obtain a higher ion current density at lower operating pressures and pro-
vide high spraying speeds [186].

Magnetron devices are low-voltage ion sputtering systems. Voltage of a direct cur-
rent source does not exceed 1000-1500 V. When the negative potential is applied to the 
cathode between the electrodes, an abnormal glow discharge in the medium of argon 
is excited. The presence of a magnetic trap provides at the same gas pressures a dis-
charge occurs at lower voltages compared with diode systems. The voltage level of 
300-700 V. The gas pressure and magnetic field have a significant second impact on the 
characteristics of the discharge. Pressure reduction results in higher operating voltag-
es.  At the same time, for each magnetron system there is a range of values, usually 
10-1 Pa, in which the pressure variation does not significantly affect the change of dis-
charge parameters. The influence of the magnetic field is similar to that of the gas 
medium. Therefore, low working pressures in magnetrons provide an increase in the 
magnetic field induction, whose magnitude at the cathode surface is 0,03-0,1 T. In-
crease of specific power contributes to the stabilization of discharge in the field of low 
pressure [186].

Fig. 3.6. Scheme of a magnetron system of ion 
sputtering with a plane cathode: 1 – insulator; 2 – magnet 
conductor; 3 – water cooling system; 4 – body of the 
cathode node; 5 – permanent magnet; 6 – the wall of the 
vacuum chamber; 7 – power lines of the magnetic field; 
8 – circular water-cooled anode; 9 – the erosion zone of 
the spray cathode [186].

Fig. 3.5. Scheme of the 
installation for coating 
cathode spraying: 1 – 
chamber; 2 – cathode; 3 – 
grounded screen; 4 – valve; 
5 – lining; 6 – grounded 
anode; 7 – a resistive heater 
of the substrate [186].
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Advantages of the method [163], [186]:
– High spraying speed at low working voltages (600-800 V) and at low pressure of 

working gas;
– Absence of overheating on the sides;
– Low degree of film contamination;
– Possibility of obtaining even on thick films for more plasticized substrates [186].
Vacuum arc deposition. The method is based on the creation of a vacuum arc of a 

stream of highly ionized metallic plasma that evaporates. Submission to the substrate 
of high negative potential provides efficient cleaning by spraying its surface with ions 
deposited in the material, activation, diffusion of atoms in the substrate. This ensures 
high adhesion of the coating material to the substrate compared to the magnetron 
method. The discharge of the reaction gas into the vacuum chamber allows the coating 
to be obtained on the basis of compounds having high physical and mechanical prop-
erties.  Significant difference of the vacuum-arc method from the magnetron is the 
presence in the plasma stream of droplets of the evaporating material, which affects the 
structure of the coating, introducing in it additional distortions, boundaries, pores. To 
reduce the droplet component, a number of plasma filters have been created [186].

Ion beam irradiation. The method is actually a much improved version of the 
magnetron cathode and techniques but the first spraying. The main difference between 
the method is that ions of the gas inertia are fed to the spray material (targets) from a 
separate independent ion source in the form of a concentrated stream with an energy 
of 1-10 keV [186].

In this method, a beam of high-energy particles is used for sputtering. To create 
such flows of particles with controlled energy, systems of ion guns were developed (Fig. 
3.7) [158].

The low-voltage discharge (40-80 V) is excited in the medium of argon. The pres-
ence of a thermoelectric cathode provides a discharge stability in a wide range of pres-
sures from 100 to 10-1 Pa. The magnetic field created in the cylindrical anode changes 
the trajectory of electrons, increasing the probability of collision with gas mole-
cules.  The focusing and acceleration system allows to obtain practically monoener-
getic bundles of ions with energy from 100 to 3000 eV and a current density of 0,1 to 
20  mA/cm2. There is information about the receipt of argon beams with a current 
density of 26 mA/cm2 at an accelerating voltage of 1000 V. The production of low-en-
ergy ion beams with high current density is limited. To neutralize the flow of ions, in 
order to spray dielectric materials, a source of low-energy electrons is installed in the 
cannon [158].

The disadvantages of the method include [186]:
• the possibility of processing surfaces of materials only in the zone of direct action 

of the ion beam,
• The depth of ion penetration into the material (especially at low energies)
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• leakage of surface spraying processes
• high cost and complexity of equipment and processing,
• complexity,
• insufficient study and difficulty control of the whole complex of processes that 

occur during ion implantation.
Electron-beam evaporation. The basic scheme of electron-beam evaporation in a 

vacuum is given in figure 3.8 [158].
An accelerated beam of electrons is directly directed to the surface of the evapora-

tion by means of a deflection system. When colliding with particles of the environ-
ment, electrons can lose their energy and change the direction of motion. The number 
of collisions is determined by the concentration of particles, the length of the elec-
tronic stream and its intersection. To exclude gas discharges in the process of heating 
it is necessary to apply high-purity raw materials [158].

The method is carried out at a residual pressure value in a chamber that does not 
exceed 10-2-10-3 Pa. In electron-beam evaporators, electrons are accelerated in an elec-
tric field to energies of 5-30 keV, and therefore, a violation of soft braking and charac-
teristic X-rays may occur [158].

Analysis of the energy consumption of electrons shows that with a specific power of 
103-105 W/cm2 30-40 % is spent on melting and evaporation (2-10 % for evaporation, 
30-35 % for melting). Another power is spent on heat exchange through heat conduction, 
radiation and is carried by electrons emitted from the heating zone. The latter depends 
on both the material that is evaporating and the parameters of the electron beam. In this 
case, the main part of the electrons is elastically and inelastically reflected by electrons, 
the energy and quantity of which is determined by the nature of the material, and the 

Fig. 3.7. Installation for ion-beam spraying: 1 – charge of working gas; 2 – thermionic 
cathode; 3 anode; 4 – magnetic system; 5 – accelerating electrode; 6 – a bundle of ions; 
7 – spray material; 8 – lining holder; 9 – connection to the vacuum system; a – ion gun; 
b – spray pattern [158].
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angle of incidence of the 
beam [158].

The electron gun is a 
device to create, acceler-
ate and focus the electron 
beam – consists of a cath-
ode unit and focusing 
system, providing flow 
direction (figure 3.9). 
The latter includes a 
precatodium focusing 
electrode that accelerates 
the anode and a magnetic 
focusing device [158].

In this case, the elec-
trically conductive evapo-
rating material is brought 
into a water-cooled cru-

cible and then heated by an electron beam at an accelerating voltage of the beam of 
2-10 kV and a current of about 0,1 A [186].

The disadvantage of electron-beam evaporation, as well as evaporation from cru-
cibles, is the difficulty of evaporation of a material, which consists of components with 
different resins of vapor at one and the same temperature, which raises the problem of 
obtaining a coating with a given chemical composition [186].

3.1.4. Chemical methods
Method of chemical assembly. A certain alternative to the methods discussed above 

may be a chemical assembly of surface structures [182, 151].
The method of chemical assemblage (CA) and its variants – the method of molecu-

lar stratification (MS) and atomic-layer epitaxy (ALE) – is the result of the search for 
fundamentally new methods for the synthesis of ultrathin layers. They are based on 
the  formation of  surface chemical compounds in the chemisorption of components 

Fig. 3.8. The basic scheme of electron-beam heating with 
vacuum spraying: 1 – the cathode forming the electrode; 2 – 
thermionic cathode; 3 anode; 4 – the flow of electrons; 5 – 
magnetic focusing system; 6 – node of electromagnetic beam 
at 900; 7 – a crucible of water cooling; 8 – steam flow; 9 – 
valve; 10 – Lining holder; 11 – vacuum system [158].

Fig. 3.9. Scheme of plane-beam electronic gun: 1 – cathode node; 2 – wire thermionic 
cathode; 3 anode; 4 – accelerated beam of electrons; 5 – device of magnetic rotation of 
electrons; 6 – water cooled copper crucible; 7 – a cooling trap for reflected electrons [158].
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from the gas phase and are new so-called cyclic-discrete processes. Due to the possibil-
ity of realizing almost monolayer chemisorption of the components of the formation 
of crystalline structures occurs in layers of the mechanism, that is, without the forma-
tion of three-dimensional embryos. This allows you to obtain solid films with a thick-
ness of several monolayers of substance (less than 1 nm). This method is used mainly 
for the synthesis of nanostructures of binary compounds [151].

The main feature of CA is that the process of layer formation is controlled not by a 
single thermodynamics of phase transitions, but by the thermodynamics of macrore-
agents involved in chemical reactions. This method allows the synthesis of nanostruc-
tures on the surface of solids by multiple alternating chemical reactions according to a 
given program. Due to the low activation energy, surface reactions of CA are usually 
carried out at relatively low temperatures (25-400  °  C), which allows for obtaining 
multilayer structures with sharp boundaries in composition. The hardware design of 
the CA method can be a simplified version of the MBE, so the presence of ultrahigh 
vacuum is not a prerequisite.

The disadvantages of CA are the limited range of reactive substances and the low 
rate of the process [151].

Methods of chemical vapor deposition (CVD). The basis of the CVD methods is the 
deposition of films on the surface of heated parts from metal compounds in the gaseous 
state. Deposition, as a rule, is carried out in special chambers and at reduced pressure by 
means of the use of chemical reactions of restoration, pyrolysis. In some cases, the reac-
tions of the interaction of the main gaseous reactant with the secondary materials can be 
used. The most commonly used as their compounds are halogens, organometallic com-
pounds. For example, metal halides are reduced by hydrogen to the metal to form a hy-
drogen bond. The optimum flow of oxygenreactions occur most often at temperatures of 
500-1500 ° C. Therefore, the processed parts are heated to these temperatures, which en-
sures the localization of the chemical reaction near the surface of the parts, and therefore 
the optimal flow of the process, high properties of the coating and good adhesion. The 
formation of the coating is carried out by means of a continuous layering of the depos-
ited material. The high temperature of the process can also intensify the processes of 
solid-phase or gas-phase diffusion of elements between the coating and the substrate. 
The method provides a coating of 1-20 microns in thickness at 0,01-0,1 μm. The method 
can be used to apply coating on the inner surfaces of pipes and openings. In addition to 
metal films, films made of boron, borides, carbon, carbides, nitrides, oxides, silicon and 
silicides can also be obtained [154, 186].

The main disadvantage of CVD methods is the need to heat the parts to high tem-
peratures. On the one hand, it has a negative effect on the mechanical properties and 
structure of the substrate, on the other hand, it raises additional problems in the case 
of the need to obtain a nanostructural state of the coating itself [186].
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