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1. INTRODUCTION 

Main physical–chemical methods of modelling the Nonlinear and Relaxed Optical processes and 

phenomena is analyzing [1 – 23]. The main difference lies in the nature of the phenomena and processes. 

Nonlinear optical processes have a non-equilibrium nature [2 – 6], while relaxed optical processes are 
usually irreversible [1, 6 – 13, 23]. This difference is due to the specifics of these sciences. Nonlinear 

optics (NLO) is the branch of optics that describes the behavior of light in nonlinear media, that is, 

media in which the polarization density P responds non-linearly to the electric field E of the light [6]. 

The non-linearity is typically observed only at very high light intensities (when the electric field of the 
light is >108 V/m and thus comparable to the atomic electric field of ~1011 V/m) such as those provided 

by lasers. Above the Schwinger limit, the vacuum itself is expected to become nonlinear. In nonlinear 

optics, the superposition principle no longer holds. Relaxed Optics (RO) studies in a broader sense the 
processes of secondary relaxation of primary optical excitations in a medium [1, 7 – 13]. In this case, it 

includes Linear and Nonlinear Optics, which are "responsible" for radiative relaxation. The same part, 

which is responsible for non-radiative relaxation, is Relaxed Optics in the narrower sense of the word 
[1]. It is understood that both non-equilibrium and irreversible processes and phenomena are caused by 

short-lived or long-lived physical-chemical changes in the environment [1]. Knowledge of the 

mechanisms of these changes allows us to explain the microscopic nature of the corresponding 

phenomenon or process.  

Let's first analyze how this is modeled in Nonlinear Optics. First concept  was  represented by H. Haken 

[2]. He put the idea of an analogy between phase transitions and nonlinear optical phenomena forward. 

He used L. Landau's thermodynamic theory of phase transitions for this purpose. He analyzed the 
possibility of describing nonlinear optical phenomena by phase transitions of the first and second order. 
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These studies were later developed in [3, 4].  In this case, we can formally attribute one or another phase 
transition to certain nonlinear optical phenomena and processes, but it is quite difficult to talk about any 

microscopic mechanisms of the phenomenon. 

Formal analogy between second order phase transitions and synergetic was made and analyzed , 

including by H. Haken [2]. 

This analogy can be legitimizing with help de Broglie formula (1). This formula is represented the 

equivalence between ordered and disordered information for closed system [7, 24]. 

𝑆𝑎

ℏ
=

𝑆𝑒

𝑘𝐵
,                                                                                                                                                  (1) 

where Sa – action, Se – entropy, ℏ – reduced Planck's constant, 𝑘𝐵  – Boltzman constant.  

This approach was also applying to first order phase transitions [2]. 

From a physical-chemical point of view, nonlinear optical phenomena and processes are caused by the 

absorption of light at impurity centers, the concentration of which is usually 5-7 orders of magnitude 
lower than the concentration of atoms of the base material [2]. That is why the main methods for 

modeling classical nonlinear optics are classical and quantum electrodynamics (perturbation theory can 

be used, and all nonlinear optical phenomena are nothing more than perturbations caused by the 

nonlinear polarization of the medium) [6]. Physical-chemical processes are implicitly included in the 
nonlinear polarization of the medium [8]. From a temporal point of view, nonlinear optical phenomena 

are forming in times that are approximately equal to the generation time of the nonlinear polarization 

and its lifetime. This approach does not allow for adequate description of such processes as time delay 
of certain nonlinear optical phenomena, aging of laser and nonlinear optical media, processes of laser 

radiation chaos, laser-induced breakdown of media, etc [1]. In addition, it is necessary to somehow 

describe nonlinear processes associated with the medium's self-absorption; this area is poorly studied 
in classical Nonlinear Optics [1, 2, 5, 6]. 

Relaxеd Optics was created in order, on the one hand, to supplement the explanation of Nonlinear 

Optics processes that could not be adequately explained using the theoretical apparatus of nonlinear 

optics, and on the other hand, it was necessary to create the physics of laser technologies [7 – 13].  

From this point of view, Relaxed Optics can be considered as an extension of Nonlinear Optics to the 

phenomena and processes of non-radiative relaxation [1]. 

That is why Relaxed Optics is a synthesis of such sciences as: solid-state radiation physics, physical 
chemistry, nonlinear optics, quantum electronics, physics of critical phenomena, etc [1]. 

Thus, one of the basic concepts of solid-state radiation physics is the Seitz energy – the energy required 

to break all the closest chemical bonds of an atom in a crystal [8, 9]. The energies of incident particles 
in solid-state radiation physics (ions, electrons, neutrons, gamma quanta) are much greater than the 

energies of optical photons [8]. Therefore, the processes of irreversible interaction of laser radiation 

with matter are too soft for solid-state radiation physics and too hard for Nonlinear Optics. In this case, 

we have to move from atoms and electronic states to the types of individual chemical bonds and, in 
addition, take into account the excitation saturation regime (laser effect). It is the excitation saturation 

regime that allows us to move from the long-range to the short-range approximation regime. At the 

same time, we can base such concepts on broken bonds, polyphase transformations, cascade processes, 
etc [8, 9]. 

Based on this, three main concepts of RO were created. 

The first concept is kinetic-dynamic [1], it is based on the phenomenological classification of 

phenomena of the processes of interaction of optical radiation with matter, based on their energy, time, 
geometric and concentration characteristics. On its basis, all phenomena of the interaction of optical 

radiation with matter were explained, including linear and non-linear optics. The phenomena and 

processes of Relaxed Optics themselves were also classified. 

The second concept is electromagnetic [1]. It is an extension of the concept of nonlinear optics: the 

expansion in a series of powers of the electric field strength of the polarization of the medium, into 

irreversible phenomena. For this, the Poynting tensor was used as the product of electric and magnetic 
induction with their expansion in a series of powers of the electric and magnetic field strengths. 
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The third concept is coherent [1]. It was built on the basis of the concept of coherent structures, which 
is a generalization of the classical concepts of coherence and their transfer to structures. Its 

classifications echo the classifications of the kinetic-dynamic concept. 

It should be noted that most relaxation-thermal processes have a cascade nature. Based on this, the 

concept of photochemical efficiency with the Stark-Einstein principle [5] was generalized to the concept 
of photonic efficiency with the generalized Stark-Einstein principle.[9]. In this case, differential photon 

efficiency was introduced for simple processes and integral photon efficiency for cascade processes. In 

addition, a coherence zone was introduced for cascade processes. This allows us to distinguish a short-
range cascade from long-range purely dynamic processes (thermal and plasma). 

It was also showing that, along with thermodynamic nucleation processes, electromagnetic nucleation 

processes are also effective in a number of cases [8]. In particular, these theories include the cascade 

model of excitation of chemical bonds in the excitation saturation regime [1, 7 – 9] and the electrostatic 
phase model of V. Stafeev [8], which is based on the idea of chemical affinity.  

It should be noted that neglecting short-range processes in the excitation saturation regime and using 

long-range thermal and plasma models often lead to contradictory explanations of experimental data. 

Relaxed-optical processes are associated with more intense light absorption, including the region of the 

material's self-absorption [1]. In this case, depending on the intensity of irradiation, we have a whole 

cascade of phenomena and processes (from optical pumping of laser radiation to the corresponding 
phase transformations of the irradiated material). To model such processes, we must use 

crystallographic lattices or phase diagrams of the irradiated material. 

2. MAIN RESULTS 

Let us now analyze the models used to explain the experimental results of laser radiation with 
antimonite and indium arsenide. 

The profiles of the distribution the photostimulated donor centers in subsurface layers InSb and InAs 

are represented in Figure1 [1]. The samples of p-type conductivity are irradiated by pulses Ruby laser 

(pulse duration  20 ns, wavelength 0.6943 m). For intensity of irradiation I0 > 0.01 Jcm-2 for InSb and 

I0  >  0.012 Jcm-2   for InAs  the n-layers on p-type materials are created. 

 

Figure 1. The profiles the distribution the layer concentration of the donor centers in inverse layers InSb and 

InAs after Ruby laser irradiation with various density of energy (monoimpulse regime): 0,07 (1); 0,1 (2); 0,16 

(3); 0,16 (4); 0,25 (5); 0,5 Jсm-2 (6). 1-3—InSb, 4-6—InAs [1]. 

For intensity of irradiation I0< 0.1 Jcm-2 for InSb and I0 < 0.16 Jcm-2  for InAs  the profiles of the 
distribution of donor centers are represented the Buger-Lambert law (law of absorption the light in 

homogeneous media). For further increasing the irradiated intensity the profiles of the concentration 
donor centers have diffusion nature. The visible destruction of the irradiated  semiconductor melting, 

the change of the surface color) had place for I0  > 0.3 Jcm-2 for InSb and I0 > 0.5 Jcm-2  for InAs. This 
effect has oriental character [1]. For crystallographic direction {111} the process of the creation 

damages is more effective as for direction {110}. 
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The profiles of a distribution of donor centers in InSb after laser irradiation are representing in Figure 

2 [25]. An irradiation was created with help Ruby laser (𝜆 = 0.69𝜇𝑚, 𝜏𝑖 = 5 − 6 𝑚𝑠) and series of 

pulses Nd:YAG laser (𝜆 = 1.06𝜇𝑚, 𝜏𝑖 = 10 𝑛𝑠 frequency of repetition of impulses was 12.5 Hz). The 

dependence of layer concentration of electrons after Ruby laser irradiation is represented in Fig.2 [25]. 

A value of threshold the energy of creation n -layers is equaled ~ 5
𝐽

𝑐𝑚2⁄ . A tendency of the saturation 

the layer concentration had place for the energy density~ 30 
𝐽

𝑐𝑚2⁄ . The melting of surface has place 

for this value of the irradiation. 

 

Figure2.  Profiles of the volume distribution electrons after laser irradiation. 1, 2 – Ruby laser; 3 – YAG:Nd 

laser. Energy density in pulse J/cm2:  
𝑗

𝑐2⁄ : 1 – 5; 2 – 40 [25]. 

The explanation of the shape of the distribution profiles shown in Fig. 1 was carried out using a modified 

photoelectric effect model. A system of diffusion and thermal conductivity equations was derived. 
Neglecting surface phenomena for layer concentrations, the following relations were obtained: 

𝑛𝑠 =
𝛼𝜂(1−𝑅)𝐼0𝜏𝑖𝑥

ℎ𝜈(𝛼2𝐿2−1)𝜏𝑟
[𝛼𝐿exp (−

𝑥

𝐿
) − exp(−𝛼𝑥)].                                                                                                                (2) 

where 𝛼 is absorption index, 𝜂 – index of generation of laser-induced donor centers, 𝑅 – light 

reflectance, 𝜏𝑖 – irradiation time, 𝜏𝑟  – relaxation time, 𝐿 – diffusion length, 𝜈 – frequency of irradiation 

light, 𝐼0 – intensity of irradiation, 𝑥 − the depth of corresponding layer [1]. 

The relaxation time 𝜏𝑟  is determined from functional dependence a temperature 𝑇(𝑥, 𝑡)) for each layer 
and corresponding diffusion coefficient is determined as  

𝐷 = 𝐷0𝑒𝑥𝑝 (−
𝐸𝑎

𝑘𝐵𝑇
).                                                                                                                                                                       (3) 

Where 𝐸𝑎 is activarion energy of diffusion [1]. 

From (2) we can receive two border approximations. First is named kinetic (𝛼𝐿 << 1) 

𝑛𝑘𝑠
= 

𝛼𝜂𝐼0𝜏′𝑥

ℎ𝜈𝜏𝑟
exp(−𝛼𝑥)                                                                                                                                                                 (4) 

and second is named dynamic   (𝛼𝐿 >> 1) 

𝑛𝑘𝐷
=

𝜂(1−𝑅)𝐼0𝜏′𝑥

ℎ𝜈𝐿𝜏𝑟
exp (−

𝑥

𝐿
).                                                                                                                                                       (5) 

To explain the microscopic nature of the generation of laser-induced yule centers, a two-dimensional 
sphalerite lattice was used (this is the symmetry of the irradiated antimonide and indium arsenide 

crystals) on basis of Figure 3. 

Bond 1 is corresponded to band gap and has value 0,18 eV, bond 2 – 1,95 eV and bond 3 – 2,15 eV [1]. 
For InAs bond 1 has value 0,36 eV, bond 2 – 3,8 eV and bond 3 – 4,2 eV [11, 13]. 



Physical-Chemical Methods of Modeling in Nonlinear and Relaxed Optics  

 

International Journal of Advanced Research in Physical Science (IJARPS)                                      Page | 20 

 

Figure3. Two-dimensional picture the crystal lattice А3В5 (including InSb and InAs) the cubic symmetry. 

Bond 1 is pure covalent [1]. 

In this case, we have one mechanism of light scattering (absorption) in media. In further, we select D0 

= 0,05 cm-2s-1 is coefficient of the self-diffusion atoms of In; Ea=1,81 eV is energy of the activity the 

own diffusion atoms of In [1]; relaxation time 𝜏𝑟  is determined with functional dependence 𝑇(𝑡)and 

equal (10103) 𝜏𝑖;   10-7s –  the time of the life the unstable carriers in crystal [6]; R= 0,45 for h

=1,78 eV; 𝜂 = 0,2 (ionic mechanism);  =2105 сm-1; I =210-8 s. The binding calculated results to 

experimental data were provided for 𝐼0 = 0.1
𝐽

𝑐𝑚2.⁄   

Method of the estimation of level of saturated excitation of proper chemical bonds may be used for the 

selection of optimal regime for optical pumping of semiconductor laser [1] and for creation stable n p

-junctions on semiconductors [1] and for the creation layers with new phases, including nanostructures 
[1].  

For these crystals the energy of these bonds are equaled  the energy of band gap Eg (0,18 eV for InSb 

and 0,36 eV for InAs at room temperature). On Fig. 3 this bond is signed as 1. For this bond ions In and 
Sb (or In and As) are placed on minimal distance (the sum of proper covalent radiuses). Other chemical 

bonds in this crystal symmetry have more long sizes. With geometrical point of view in crystal direction 

{111} the cross section of effective interaction the light quantum with bond 1 is more effective than for 
direction {110}. The angle among bond 1 and direction {110} is 37,5o. Quanta of ruby laser in linear 

regime of the irradiation are not interacted with another bonds practically because it energies are less 

than energy of this bond. The correlation of effective square of bond 1 for directions {110} and {111} 

is explained the oriental effect of creation donor centers [1]. 

For one coefficient of diffusion the general view of the formula for the profile of distribution of donor 

centers has form (2) [1].  

Further we used kinetic (formula (4)) and dynamic (formula (5)) approximations. Diffusion length is 
determined by means of correlation:  

𝐿 = √𝐷𝜏𝑟  .                                                                                                                                                                                           (6) 

It should be noted that the profiles of distribution are necessary to be calculated using a formula (6). 
However at the calculation of the left part of the curves 2 and 3 of Figure2 (subsurface area) it is possible 

to use correlation (5), and at the calculation of right part of curves2 and 3 is correlation (5).  

Go across now from the one-diffusive approximation [1] to two-diffusive and use these results for the 

modelling for InSb and InAs. Instead of diffusion of donor centers will examine self-diffusion of atoms 
of indium and antimony, which are caused by the secondary effects of relaxation optics. As known from 

literature [1] the atoms of indium and antimony or indium and arsenic have different coefficients of 

self-diffusion. The coefficient of self-diffusion (more correct it will be to say the photostimulated 
diffusion) of atoms of antimony less than of atoms of indium [1].  

Literary data for self-diffusion of atoms of indium and furnace in the indium antimonite are 

contradictory [1]. Therefore will use those data that correspond to experimental data, namely, the 
coefficient of self-diffusion of atoms of indium is higher, than of antimony.  
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For the estimation of diffusive "tails" of curves 3 and 6 of Fig. 6, we are using modified formula (5) for 
the ions of antimony and indium or indium and arsenic [1] . 

Concordantly [1] temperature dependence of coefficients of diffusion has next form  

𝐷𝑖 = 𝐷0𝑖 𝑒𝑥𝑝 (−
𝑄𝑖

𝑘𝑇
⁄ ) , 𝑖 ∈ (𝐼𝑛, 𝑆𝑏),                                                                                                                                (7) 

where 𝑄𝑖 – proper activation energy of self-diffusion.  

For a calculation the corresponding diffusion coefficients we select next data [1]  

𝐷0𝐼𝑛 = 1.76 ∙ 1013 𝑐𝑚2

𝑠⁄ , , 𝐷0𝑆𝑏 = 3.1 ∙ 1013 𝑐𝑚2

𝑠⁄ .                                                                                                 (8) 

Procedure of further calculation was next. The descriptions resulted in got out for a calculation [1], 

however correlation of energies of activation of self-diffusion undertook to such as in [1, 7 – 13], what 
correspond to experimental data. Then in obedience to formula (7) the coefficient of self-diffusion of 

antimony was estimated for the temperature of 800К (temperature of melting of indium antimonide 

[1]). In future a scenario of calculation was following. Diffusive length of 0,7 μm (curve 3 Fig.1) is 
corresponded to diffusion of antimony, as we get the inverted layer of donor type on substrate of р-type. 

Relaxation time is equalled 𝜏𝑟 = 103𝜏𝑖 = 2 ∙ 10−5𝑠. As result, the coefficient of diffusion of atoms of 

antimony is determined from equation:  

𝐷𝑆𝑏 =
𝐿𝐴𝑏

2

𝜏𝑟
= 2.45 ∙ 10−4 𝑐𝑚2

𝑠⁄ .                                                                                                                                               (9) 

The obtained calculation data allow quality to explain behaviour of “tails” of curves of Figure 1. Depth 

of formation of donor centers for a curve 3 of Fig.1 (~1,5 μm) approximately corresponded a depth on 

that the concentration of centers of р-type (atoms of indium) becomes more than concentration of 
centers of n-type (atoms of antimony). From the value of this length, which is calculated according to 

correlation 𝑥𝑒𝑞 =
𝐿𝐼𝑛𝐿𝑆𝑏

𝐿𝐼𝑛−𝐿𝑆𝑏

ln
𝐿𝐼𝑛

𝐿𝑆𝑏
= 1.5 𝜇𝑚, we get diffusive run-length of atoms of indium 𝐿𝐼𝑛 = 4.2𝜇𝑚.  

The coefficient of diffusion of atoms of indium is determined like analogous to antimony and equal  

𝐷𝐼𝑛 =
𝐿𝐼𝑛

2

𝜏𝑟
= 8.82 ∙ 10−3 𝑐𝑚2

𝑠⁄ .                                                                                                                                             (10) 

Having these data, we can now define activation energies of the photostimulated diffusion of indium 

and antimony atoms. They are determined from equation 

𝑄𝐼𝑛(𝑆𝑏) = 𝑘𝑇𝑙𝑛
𝐷0𝐼𝑛(𝑆𝑏)

𝐷𝐼𝑛(𝑆𝑏)
.                                                                                                                                                               (11) 

After substitution of corresponding data, we have 𝑄𝐼𝑛 = 2.45 𝑒𝑉,  𝑄𝑆𝑏 = 2.71 𝑒𝑉. Literary data [1] 

give value 𝑄𝐼𝑛 = 𝑄𝑆𝑏 = 4.3 𝑒𝑉. These data behave to material of n-type. We have an irradiation of 

material of р-type, and for this material the atoms of indium have greater mobility than atoms of 

antimony. Naturally, we must take into account and diffusion (radiation (photo) stimulated [1]) that 

decreases energy of activation.  

Analogous results were receiving for indium arsenide [1].  Data for estimation was next 𝐷0𝐼𝑛 = 6 ∙

105 𝑐𝑚2

𝑠⁄ , 𝐷0𝐴𝑠 = 3 ∙ 107 𝑐𝑚2

𝑠⁄ , relaxation time 𝜏𝑟 = 103𝜏𝑖 = 2 ∙ 10−5𝑠.  Diffusion length of As 
atoms is equal 0,7 μm (for curver 6 of Fig.2).  From the value of this length, which is calculated 

according to correlation 𝑥𝑒𝑞 =
𝐿𝐼𝑛𝐿𝐴𝑠

𝐿𝐼𝑛−𝐿𝐴𝑠

ln
𝐿𝐼𝑛

𝐴𝑠
= 1.5 𝜇𝑚, we get diffusive run-length of atoms of indium 

𝐿𝐼𝑛 = 4.2𝜇𝑚.  Proper coefficients of self-diffusion are equaled   𝐷𝐼𝑛 =
𝐿𝐼𝑛

2

𝜏𝑟
= 3 ∙ 102 𝑐𝑚2

𝑠⁄ , 𝐷𝐴𝑠 =

𝐿𝐴𝑠
2

𝜏𝑟
= 8 ∙ 10−4 𝑐𝑚2

𝑠⁄ and energy of diffusion activation  –  𝑄𝐼𝑛 = 1.76 𝑒𝑉,   𝑄𝐴𝑠 = 2.8 𝑒𝑉.  

The represented two-diffusive model over shows as far as effective there can be an account of different 

mobility of atoms-components of semiconductor (in this case indium antimonite) for explanation of 
effects of irreversible interaction of laser radiation with semiconductors. For more detailed description, 

design and explanation of effects of irreversible interaction of laser radiation with semiconductors it is 

necessary to develop the methods of nonlinear dynamics [1]. 
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Straight method of the estimation the energetic characteristics this processes may be realized in the next 
way. Energy of “disruption” of chemical bonds of one type is equalled [1] 

𝐸𝑑𝑖 = 𝑁𝑖𝐸𝑖,                                                                                                                                                                                        (12) 

where 𝑁𝑖 – a density of proper bonds; 𝐸𝑖 – energy of a disruption (ionization) one bond. 

For the InSb  𝑁1 = 𝑁2 = 𝑁3 =
𝑁0

2⁄  and are equalled  1.4 ⋅ 1022𝑐𝑚−3, 𝐸1 = 𝐸𝑔 = 0.18𝑒𝑉 and 

therefore 𝐸𝑑1 = 𝑁1𝐸𝑔 = 403.2
𝐽

𝑐𝑚3⁄  and 𝐸𝑑2 = 𝑁1𝐸2 = 4368 
𝐽

𝑐𝑚3⁄ . Surface density of irradiation 

may be determined with the help of next formula 

𝐸𝑠𝑖𝑠 =
𝐸𝑑𝑖

𝛼𝑖
,                                                                                                                                                                                           (13) 

where 𝛼𝑖 – proper absorption factor, for the first bonds of InSb 𝛼1 = 2 ∙ 105𝑐𝑚−1, for second – 𝛼2 =
105𝑐𝑚−1. Second absorption factor is nonlinear and take into account the effect of blooming. For InSb 

these values are next 𝐸𝑠1𝑠 = 0.002
𝐽

𝑐𝑚2⁄  and 𝐸𝑠2𝑠 = 0.04368
𝐽

𝑐𝑚2⁄ . These values must be multiplied 

on 2 (with including reflection) and therefore real values are next 𝐸𝑠1𝑠𝑟 = 0.004
𝐽

𝑐𝑚2⁄ , 𝐸𝑠2𝑠𝑟 =

0.087974
 𝐽

𝑐𝑚2⁄   and 𝐸Σ𝑟(2) = 0.092
𝐽

𝑐𝑚2⁄ . Energy of “disruption” of third chemical bonds (Fig. 2) 

is equaled 𝐸𝑑2 = 𝑁1𝐸3 = 4816 
𝐽

𝑐𝑚3⁄ . If 𝛼3 = 105𝑐𝑚−1 we have 𝐸𝑠3𝑠 = 0.04816
𝐽

𝑐𝑚2⁄  and 𝐸𝑠3𝑠𝑟 =

0.096
 𝐽

𝑐𝑚2⁄ . Summary surface density of energy of three bonds is equaled  𝐸Σ𝑟(3) = 0.188
𝐽

𝑐𝑚2⁄ . 

Value 𝐸Σ𝑟(2) = 0.092
𝐽

𝑐𝑚2⁄  is represented of curve 2 of Figure 1 and 𝐸Σ𝑟(3) = 0.188
𝐽

𝑐𝑚2⁄  – curve 

3 of Figure1 [1]. 

Now we are representing typical experimental data of Figure 4, which are received after laser irradiation 
of Si (duration of pulse 30 ns, wavelength 0.248 nm) [16, 17].  

For explanation these results next model was created [1]. The question about the influence of saturation 

of excitation on effects of RO may be represented as process of transitions between stable and 

metastable phases too. Now we’ll estimate the influence of parameters of irradiation (including spectral) 
on irreversible changes and transformations in Si and Ge.  

  

 

 

 

 

 

 

 

 

 

Figure 4. Walled Si structure produced by 2040 laser pulses at  Ed =1.5 J/cm2 in 1 atm of SF6  [16, 17]. 

Now we’ll be estimated intensities of Ruby and Neodymium laser irradiation (wavelengths of 

irradiation are 0,69 μm and 1,06 μm properly) of silicon and germanium, which are necessary for the 
creation of proper irreversible changes in irradiated semiconductor. As shown in [1], absorbance of the 

Neodimium laser radiation in silicon is equaled  60 сm-1, Ruby – 2∙103 сm-1.  

Crystal semiconductors Si and Ge have, basically, the structure of diamond. Elementary lattice have 8 
atoms. Volume density of elementary lattices may estimate according to formula [1]  

𝑁𝐿 =
𝜌𝑁𝐴

8𝐴
,                                                                                                                                                                                           (14) 
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where ρ – density of semiconductor, 𝑁𝐴 – Avogadro number, A – a weight of one gram-atom. For Si 

𝑁𝐿𝑆𝑖 = 6.26 ∙ 1021𝑐𝑚−3, and for Ge 𝑁𝐿𝐺𝑒 = 5.68 ∙ 1021𝑐𝑚−3 [1]. 

The explanation of the experimental results for silicon and germanium was carried out using the phase 

diagram of Figure 5 [18]. 

However, Si and Ge may be crystallized in lattices with hexagonal, cubic and tetragonal symmetry. 
Phase diagram of Si as function of coordination number is represented on Figure 5 [18]. Coordination 

number (CN) 8 is corresponded of diamond lattice, CN 6 – hexagonal lattice, CN 4 – cubic lattice, CN 

3 – trigonal lattice.  It should be noted that melting temperatures of these phases are various. 

 

Figure 5. A schematic phase diagram for Si(CN). The coordination numbers (CN) of the various phases are 

indicated. The diagram is based on common features of the phase diagrams of column IV elements as described 

by the references cited in Pistorius's review (Ref. 8 in [18]). Starting from a high tempera-ture >3103К and 

subject to a constraint of average density 𝜌 = 𝜌(4), a hot micronucleus will tend to bifurcate into the most stable 
phases (highest Tm) which straddle Si(4) in density. These are Si(3) and Si(8), as indicated by the diagram [18]. 

Roughly speaking, transition from one phase to another for regime of saturation of excitation may be 

modeled as one-time breakage of proper number of chemical bonds, which are corresponded to the 

difference of CN of proper phases. For example, two bonds breakage is caused the phase transition from 
diamond to hexagonal structure. One bond breakage in the regime of saturation is caused to generation 

of laser radiation. 

Results of calculation of volume densities of energy, which are necessary for breakage of proper number 

of bonds in regime of saturation of excitation, are represented in Table 1. It conceded that energies of 
all chemical bonds for elementary lattice are equivalent (Si and Ge are pure homeopolar 

semiconductors) [1]. For silicon energy of covalent bonds Si-Si are equaled 1,2–1,8 eV; for germanium 

energy of covalent bonds Ge–Ge are equaled  0,9–1,6 eV. Minimal values of these energies are 
corresponded of Pauling estimations.   

Table1. Volume density of energy Ivi (103 J/cm3), which is necessary for the breakage of proper number of 

chemical bonds in the regime of saturation of excitation in Si and Ge [1]  

Materials Iv1 Iv2 Iv4 Iv5 

Si 1,18 – 1,76 2,36–3.54 4,72–7,08 5,90–8,84 

Ge 0,80 - 1,42 1,60-2,84 3,20-5,68 4,00-7,12 

Surface density of energy of Ruby and Neodimium lasers irradiation may receive after division of 

results of Table 2 on proper absorbance. Results of these calculations are represented in Table 2.  

Table2. Surface density of energy Isi (J/cm2), which are necessary for the breakage of proper numbers of chemical 

bonds in Si and Ge crystals after Ruby and Nd lasers irradiation in regime of saturation the excitation [1] 

Conditions of 

irradiation 

Is1 Is2 Is4 Is5 

Si, Nd laser 19,67–30 39,34–60 78,68–120 98,35ּ–150 

Si, Ruby laser 0,59–0,89 1,18–1,76 2,36–3,54 2,95–4,42 

Ge, Nd laser  0,050–0,089 0,100–0,178 0,200–0,356 0,250–0,445 

Ge, Ruby laser 0,004–0,007 0,008–0,014 0,016–0,028 0,020–0,035 

Remark to Table 2: absorbtances of  Si (Neodimium laser) –60 cm-1; Si (Ruby laser) – 2∙ּ103 cm-1; Ge 

(Neodimium laser) – 1.6ּ∙104 cm-1; Ge (Ruby laser) –2ּ∙105 cm-1. 
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These models were used to explain hedgehog-like structures of Figure 4. It should be noted that similar 
structures are also formed upon the irradiation 400 laser pulses with duration 130 fs and wavelength 0.8 

𝜇𝑚 [22]. However, the photon efficiency of excimer laser irradiation with nanosecond pulses is several 

times larger. Such models can also be using to obtain black silicon using laser technologies [13].  

Using such physical-chemical models, the enrichment of laser-irradiated the near-surface layers of 
titanium with the hexagonal modification of this material was explained; while when titanium is heated 

to a temperature of 800 C, it completely transitions to the cubic modification [21]. As shown in [7] the 

cascade model of excitation of chemical bonds in the excitation saturation mode, it has been 
successfully used for plastics. 

Now we estimate a role of physical-chemical processes in the generation of laser-induced optical 

breakdown in solid [8] 

Two damages region in a crystal with moderately high density of inclusions were received in [26] for 
potassium chloride KCl after irradiation by CO2-laser pulses (wavelength 10,6 μm, duration of pulse 30 

ns). The laser was known to be operating in the lowest-order transverse Gaussian mode. There were 

several longitudinal modes, however, which contributed a time structure to the pulse, periodic at the 
cavity round-trip time. The phase relationships between the longitudinal modes varied from shot to shot, 

changing the details of the time structure and causing the peak of the envelope to fluctuate by 15% 
[26]. These results are presented in Figure 6 [26]. 

Successive laser shot (1/sec) were focused into bulk single crystals using a 1-inch focal length “Irtran 

2” lens [26]. The breakdown was monitored by observing the visible light from the focal region and by 
examining the damaged region under the microscope. It was found that most of the crystals suffered 

some damage even at relatively low power levels. The threshold of this type of damage varied by an 

order magnitude from one position in the crystal to another. At any particular energy level, damage 
would occur on the first laser shot or not at all. Figure 6 (a) shows that spatial inhomogeneities are in 

fact inclusions [26] . The damage bubbles occur randomly near, not necessarily in, the tiny focal 

volume. At a well-defined power threshold, an elongated pointed bubble forms, its vertex falling at the 

focus (Fig. 6 (b)). This power level is regarded as the bulk intrinsic breakdown threshold. Its value is 
reproducible in crystals from different manufacturers, with inclusions or without. When no inclusion 

free samples of a compound were available, the considerations mentioned above were using to 

determine the dielectric strength [26]. 

 

Figure6.  Two damages region in a crystal KCl with moderately high density of inclusions. The round black 

objects are bubbles. The radiation, incident from left to right, was yust at the intrinsic breakdown threshold. In 

one case (a) there was damage only at the inclusions. In (b), intrinsic breakdown occurred as evidenced by the 

pointed bubble. The straight lines represent cleavage [26]. 

Experimental data, which are included microscopic structure of optical breakdown, are represented in 
Figure 7 and Figure 8 [15, 16].  
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Figure7. (a) Schematic illustration of the laser irradiated pattern. The light propagation direction (k) and electric 

field (E) are shown. (b) Optical micrograph of the mechanically thinned sample to show cross sections of laser-

irradiated lines (200 nJ/pulse). (c) Bright-field TEM image of the cross section of a line written with pulse energy 

of 300 nJ/pulse. (d) Schematic illustration of a geometric relationship between the irradiated line and the cross-

sectional micrograph. (e) Magnified image of a rectangular area in (c) [15, 16]. 

Sectional area of receiving structures was ~ 22 μm, the depth of ~ 50 μm. As seen from Figure 7 (c) we 

have five stages disordered regions, which are located at a distance from 2 to 4 μm apart vertically [15, 
16]. Branches themselves in this case have a thickness from 150 to 300 nm. In this case there are lines 

in the irradiated nanocavity with spherical diameter of from 10 nm to 20 nm. In this case, irradiated 

structures have crystallographic symmetry of the initial structure. In this case diffraction processes may 
be generated in two stages: 1- formation of diffraction rings of focused beams [8, 15, 16] and second-

formation of diffracting gratings in the time of redistribution of second-order Cherenkov radiation [8, 

15, 16] . Second case is analogous to the creation of self-diffraction gratings in NLO, but for Fig. 7 (c) 
and Fig. 8(b) our gratings are limited by much cone of Cherenkov radiation. Roughly speaking only 

Figure 7 (e) and Fig. 8 are represented “clean” breakdown.  

 

Figure8.  Laser-modified layers with a spacing of 150 nm are indicated by arrows. (a) Bright-field TEM image 
of a portion of the cross section of a line written with a pulse energy of 200 nJ/pulse. (b) Zero-loss image of a 

same area as in (a) with nanovoids appearing as bright areas. Correspondence with (a) is found by noting the 

arrowheads in both micrographs. (c) Schematic illustrations of the microstructure of a laser modified line. Light-

propagation direction (k), electric field (E), and scan direction (SD) are shown. Only two groups (groups I and 

II) of the laser-modified microstructure are drawn [15, 16]. 

The Cherenkov radiation may be certified with macroscopic and microscopic ways [8, 9].  

First, macroscopic may be represented according to [19]. The similarity between charge particle and 
light-induced Cherenkov radiation one can invoke the analogy between Snell’s law and Cherenkov 

radiation [19]. This natural since both effects can be derived in the same way from the Huygens 

interference principle. In [19] the point of intersection of a light pulse impinging at an angle 𝜑 on a 

boundary between two media moves with velocity 𝑉 =
𝑐

𝑛1cos𝜑
 This relation with Snell’s law, gives the 

Cherenkov relation (Golub formula) [19].  

cos𝜃 = 𝑐
𝑛2(𝜔)𝑉⁄ .                                                                                                                                                                        (15) 
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This formula allows explain the angle differences for various type of Cherenkov radiation. In this case 
V may be represented as velocity of generation the optical-induced polarization too [8, 9, 13]. 

Thus, the refraction law a light at the boundary between two media is the same as the condition for 

Cherenkov emission by a source moving along the boundary. In nonlinear medium the emitted 

frequencies may be differ from the excitation frequency. The Cherenkov relation is still valid since the 
constructive interference occurs at a given Cherenkov angle for each Fourier frequency component of 

the light-induced nonlinear polarization. In a sense, one can speak about a nonlinear Snell-Cherenkov 

effect [19]. 

The microscopic mechanism of laser-induced Cherenkov radiation is expansion and application of Aage 

Bohrs microscopic theory of Cherenkov radiation [20] as part of deceleration radiation on optical case 

[8]. For optical case the Bohrs hyperboloid [20] must be changed on Gaussian distribution of light for 

mode TEM00 or distribution for focused light of laser beam [8, 9]. In this case, Cherenkov angle may 
be determined from next formula 

𝜃𝑐ℎ + 𝛼𝑖𝑟 = 𝜋
2⁄  or 𝜃𝑐ℎ = 𝜋

2⁄ − 𝛼𝑖𝑟,                                                                                                                                  (16) 

where 𝛼𝑖𝑟– angle between tangent line and direction of laser beam.  

Angle 𝛼𝑖𝑟 was determined from next formula [8, 9] 

t𝑎𝑛𝛼𝑖𝑟 =
𝑑𝑏

𝑙𝑓
⁄ ,                                                                                                                                                                              (17) 

where 𝑑𝑏 – diameter of laser beam, (7 mm), 𝑙𝑓 – length of focusing or self-focusing. In our case 𝛼𝑖𝑟 is 

angle of focusing or self-focusing. 

This formula is approximate for average angle 𝛼𝑖𝑟. 

The Golub formula (13) was used for the determination product 𝑛2(𝜔)𝑉𝑛𝑙𝑝𝑜𝑙 [8, 9].  

Thereby microscopic modified А. Bohr theory and macroscopic Golub model are mutually 

complementary methods [8, 9]. 

For the estimations of maximal radius of nanovoids we must use modified Rayleygh formula [8, 9] 

𝑅𝑚𝑎𝑥 =
2𝑅

0.915𝑟
√

𝐸𝑖𝑟

𝜋𝜏𝑖𝑟𝑐𝐸
 ,                                                                                                                                                               (18) 

where Tc – the time of creation the nanovoid (bubble),  R is radius of nanovoid, r – radius of irradiated 

zone, E – Young module, 𝐸𝑖𝑟– energy of one pulse. 𝜏𝑖𝑟 – duration of irradiation pulse [8, 9].  

If we substitute r = 250 nm, R = 10 nm, E=600 GPa [8], Eir=300 nJ, τir = 130 ps, c =3108 m/s, than 
have Rmax=11 nm (Figure 8 (c)). 

The speed of shock waves for femtosecond regime of irradiation is less as speed of sound. However, 

we have two speeds of sound in elastic body: longitudinal 𝑣𝑙𝑠 and transversal 𝑣𝑡𝑠 [8, 9]. Its values are 

determined with next formulas 

𝑣𝑙𝑠 = √
𝐸(1−𝜈)

𝜌0(1+𝜈)(1−2𝜈)
, and 𝑣𝑡𝑠 = √

𝐸

𝜌0(1+𝜈)
,                                                                                                                       (19) 

where ν – Poisson’s ratio [8, 9]. The ratio between of these two speeds is equaled  

𝛼 =
𝑣𝑡𝑠

𝑣𝑙𝑠
= √

(1−2𝜈)

2(1−𝜈)
.                                                                                                                                                                         (20) 

However, this ratio must be true for shock waves too. Therefore, for silicon carbide for ν = 0,45 [8, 9] 

and α = 0,33. Roughly speaking last ratio is determined the step of ellipsoidal forms of our nanovoids 
(Figure 8 (c)).  

In [8, 9] allow estimating maximal longitudinal and transversal  𝑅𝑚𝑎𝑥𝑖 , 𝑖 ∈ (𝑙, 𝑡). These values are 6 nm 
and 19 nm properly.  

In this case we represented 4H-SiC as isotropic plastic body. For real picture we must represent 

hexagonal structure. But for the qualitative explanation of experimental data of Fig. 8 this modified 
Rayleygh model allow explaining and estimating the sizes and forms of receiving nanovoids [8, 9]. 
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Laser-induced shock processes have specific peculiarities. In general case we have electromagnetic and 
acoustic shock processes [8]. Formally, these processes have similar nature. Speed of electromagnetic 

shock processes (speed of polarization the media in the result of corresponding interaction) must be 

more as phase speed of light in media. In this case phase speed of light in media has next physical 

nature: it is speeding of collectivization the electromagnetic oscillations for proper frequency. Roughly 
speaking it is electromagnetic characteristic of media, which is corresponded to its electron and ion 

subsystems. Example of this type process is Cherenkov radiation. In this case, we have radiated reaction 

of media on heterogeneity excitation of media in shock regimes of interactions. Speed of acoustic shock 
processes (speed of motion proper object in media) must more as speed of sound in media [8]. 

Nevertheless, speed of sound is media is average heat speed of media, which is connected with atomic 

structure of media. Examples of these processes are: flight of airplane or rocket in with supersonic 

speed; various explosions. Roughly speaking, explosions may be characterized as chemical process 
with speed more as sound speed in media. Mach number is characterized in this case the macroscopic 

“detonation” of corresponding process. Both processes (electromagnetic and acoustic) are characterized 

by Much cone, which is created by proper vectors of speed processes or object and speed characteristic 
of media (polarization or sound) [8]. Laser-induced shock processes may be represented as analogous 

to acoustic explosions. However, this process is realized with electromagnetic speed. In this case, we 

must have “electromagnetic” explosion as Cherenkov radiation [8]. Due to the similarity of 
electromagnetic and acoustic processes of kinetic processes, we can use both to estimate the parameters 

of impact processes, to determine the size of nanovoids, using the electromagnetic modified Rayleigh 

model (formula (18)) and to determine the shape of nanovoids, acoustic formula (18 a). 

𝑅𝑚𝑎𝑥
𝑎𝑐 =

2𝑅

0.915𝑟
√

𝐸𝑖𝑟

𝜋𝜏𝑖𝑟𝑐𝑠𝐸
,                                                                                                                     (18 a) 

where 𝑐𝑠 is speed of sound. 

Speed of electromagnetic shock processes (speed of polarization the media in the result of 

corresponding interaction) must be more as phase speed of light in media. In this case phase speed of 

light in media has next physical nature: it is speeding of collectivization the electromagnetic oscillations 
for proper frequency. Roughly speaking it is electromagnetic characteristic of media, which is 

corresponded to its electron and ion subsystems. Example of this type process is Cherenkov radiation. 

In this case, we have radiated reaction of media on heterogeneity excitation of media in shock regimes 
of interactions [8, 9]. 

Speed of acoustic shock processes (speed of motion proper object in media) must more as speed of 

sound in media [8]. However, speed of sound is media is average heat speed of media, which is 

connected with atomic structure of media. Examples of these processes are next: flight of airplane or 
rocket in with supersonic speed; various explosions. Roughly speaking, explosions may be 

characterized as chemical process with speed more as sound speed in media. Mach number is 

characterized in this case the macroscopic “detonation” of corresponding process. 

Both processes (electromagnetic and acoustic) are characterized by Much cone, which is created by 

proper vectors of speed processes or object and speed characteristic of media (polarization or sound) 

[8]. 

Laser-induced shock processes may be represented as analogous to acoustic explosions. However, this 

process is realized with electromagnetic speed. In this case, we must have “electromagnetic” explosion 

as Cherenkov radiation [8]. 

We used next approximations. Photography of Figure 6 gives a blurry image compared to the bright-

field TEM image of Figure 7. Therefore, we can’t see the microstructure of optical breakdown for 
Figure 6. In addition, we use rough average approximations for diameter daverage and length l of cascade 

laser-induced optical breakdown of Figure 6 [8, 26]. Volume of cascade was determined as cylinder 

volume. 

Figure 6 is similar to Figure 7 (c). However, regimes of irradiation of Figure 6 are similar to mode 

TEM01 [26]. Therefore, we have two channels of generation the cascade of laser-induced optical 

breakdown [8]. 

The distances between bubbles of Figure 6 (b) are more as between regions of destruction of Figure 7 ( 
c). Nevertheless, conditions of focusing the radiation in these both cases are equivalence. Therefore, the 
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distances between neighboring bubbles l2 of Figure 6(b) and neighboring regions of destruction l1 of 
Figure 7(c) are connecting by next formula [8] 

𝑙2 =
𝜆2tan(

𝜑1
2⁄ )

𝜆1tan(
𝜑2

2⁄ )
𝑙1.                                                                                                                                                                         (21) 

In whole, the correlation of these distances is depended from wavelength of irradiation and focusing 
angles, including intensity of irradiation. Which is determined the step of homogeneity of irradiated 

matter. If we substitute in formula (21) 𝜆2 = 10.6 𝜇𝑚 and 𝜆1 = 0.8 𝜇𝑚 and 𝜑1 = 𝜑2 then we’ll receive  

𝑙2 = 13.25𝑙1.                                                                                                                                                                                  (21a) 

Energy characteristics of irradiation of potassium chloride had value 2 J/pulse from [8, 26]. In this case, 
we have effective using energy. Methods of estimations of energy characteristics for KCl are rougher 

as for 4H-SiC [8]. However, we must suppose that focused laser irradiation has diffraction stratification, 

generation of Cherenkov radiation and interference of this Cherenkov radiation. On Figure 6 (b) we see 
5-7 steps of cascade optical breakdown. Sources of Cherenkov radiation are diffraction stratified cones [8]. 

If this scenario is true, we have as for 4H-SiC effective transformation the energy of laser radiation to 

cascade of laser-induced breakdown for KCl too. This value is 11,6 – 17,4 percents [8]. 

We can estimate sizes and forms of possible nanovoids for potassium chloride too. Let us take the ratio 
of the radius of the irradiation zone to the radius of the nanowire as 50. The energy of irradiation is 2 J 

[26]. The duration of irradiation is 30 ns [26]. For KCl Young's modulus is equaled29.67 GPa, Poisson's 

ratio – 0.216 [8]. 

After substitution of these data to formula (18) we have 𝑅𝑚𝑎𝑥𝐾𝐶𝑙 = 62.5𝑛𝑚. The ellipticity  of KCl 

nanovoids may be determined from (20) 𝛼𝐾𝐶𝑙 = 0.6 [8]. 

Let us now estimate the maximum bubble radii for the acoustic case. For this, in formula (18), you need 

to change the speed of light to the speed of sound (18 a).  

As a result, we get 𝑅𝑚𝑎𝑥𝑆𝑖𝐶
𝑎𝑐 = 1.7𝜇𝑚 and 𝑅𝑚𝑎𝑥𝐾𝐶𝑙

𝑎𝑐 = 28𝜇𝑚. The shape of the voids does not change, 

they just increase in size by 2-3 orders of magnitude [8]. 

If we take the ratio of the acoustic formula (18 a) and the optical formula (18), then for the same 

irradiation modes we have the ratio 

𝑅𝑚𝑎𝑥
𝑎𝑐

𝑅𝑚𝑎𝑥
= √

𝑐

𝑐𝑠
.                                                                                                                                                                                        (22) 

However, a comparison with the experimental results (Figure 7) shows that the main role in the 
formation of nanovoids has electromagnetic processes [8]. This fact allows explaining by the fact that 

in this case a chain of close-range coherent processes of transformation of both optical radiation into 

the excitation of the medium and the corresponding relaxation of the medium is implemented, in other 
words, there is a chain of interconnected coherent transformations. Therefore, for this case it is 

appropriate to introduce the concepts of coherent zone and integral photon efficiency [8, 9].  

In the acoustic case, the entire environment reacts, while the results of the interaction of light with 
matter managed to "collectivize" and that is why the result of the interaction can be considered as the 

result of the action of a quasi-classical body (in this case, a laser pulse) on the environment. 

For modeling processes as laser-induced optical breakdown of a transparent material, we must also use 

physical-chemical modeling methods to establish the self-focusing mode and the actual optical 
breakdown at the maximum of the interferograms formed by the short-wavelength part of the secondary 

Cherenkov radiation. For the case of focused radiation irradiation, the first part of the modeling is not 

needed. In general, physical-chemical modeling methods more fully reflect the specifics of the 
interaction of laser radiation with matter at the microscopic level, including both the phenomena and 

processes of Nonlinear and Relaxed Optics. However, the main problem for this case is the question of 

converting optical radiation into conditions that actually lead to optical breakdown of the medium. 

3. CONCLUSIONS 

1. Necessary of introduction physical–chemical methods of modelling in Nonlinear and Relaxed 

Optical is analyzing.  
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2. Haken-Landau synergetic-thermodynamically, method in NLO is observing.  

3. Adaptive photo-induced model and cascade model of excitation step-on-step corresponding 

chemical bonds in the regime of saturation the excitation were using for the explanation of 

macroscopic and microscopic nature of the creation subsurface laser-induced donor centers in InSb 

and InAs.  

4. Cascade model of excitation step-on-step corresponding chemical bonds in the regime of saturation 

the excitation were using for the explanation the cascade phase transformation in Si and Ge.   

5. The use of this models has been  demonstrated for other materials, including metals and plastics/ 

6. Role of physical-chemical methods in the modeling laser-induced optical breakdown of matter are 

analyzing. 

7. The questions about nature of electromagnetic shock processes of RO are observing. 
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