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MODELLING OF THE ELIONIC-INDUCED SPUTTERING
(SUBLIMATION) OF MATTER

The problem of modeling the elionic-induced sputtering (sublimation) of matter is represented. It is
customary to call elionic technologies the technologies for processing matter with particle beams (ions,
neutrons, electrons and photons). Short review of corresponding experimental data of represented. The ways of
search the creation of universal theory for the explanation the proper experimental data are discussed.
Comparative analysis of thermodynamical theory, physical-chemical models and photo induced theory of
sublimation is described. We show that problem of laser-induced sublimation may be represented as surface
sputtering of matter. Therefore the problems of ion-induced and electron induced sputtering of matter are
analysed too. From physical-chemical point of point of view the processes of sublimation and sputtering have of
the same nature. Main difference between laser-induced and particle-induced sputtering (sublimation) is the
nature of interaction charge particles and photons with matter. In both cases we have critical value of fluence
the corresponding particles. So, for ion implantation surface sputtering is beginning from fluence 3-10' em™.
For electrons this value on 2-3 orders of magnitude is greater. Neutron irradiation has a high penetrating ability
and material sputtering processes are typical for nuclear and thermonuclear reactors. For laser radiation, the
chain process of saturation of the excitation of the corresponding chemical bonds plays an important role. The
methods of radiation physics of status solid, Relaxed Optics and irreversible thermodynamics were chosen for
modeling. Ilon sputtering occurs when irradiated with large doses of ions. In this case, the coefficient of
sputtering of the irradiated material is of great importance. Based on this, a physicochemical model is
presented, which allows describing the processes of ion sputtering of one and diatomic materials. To simulate
laser-induced sublimation, a cascade model of excitation of the corresponding chemical bonds in the excitation
saturation mode was used. A comparative analysis with the thermodynamic theory of sublimation is carried out.
It is shown that the thermodynamic energy threshold of sublimation is 0.4 values of the Zeitz energy. Estimated
calculations for silicon, germanium and steel are presented.

Key words: laser-induced sublimation, Relaxed Optics, modeling, chain processes, sputtering, elionic
technologies, ion implantation, accelerators.

ILIT. TPOXUMUYYK

BonmHchKuii HanlioHaIbHUH yHIBepcuTeT iMeHi Jleci Ykpainku

MOJEJJTIOBAHHA EJIIOHHO-IHAYKOBAHOI'O PO3IIUJIEHHSI
(CYBJIIMALII) PEHOBUHH

Ilpeocmasnena 3a0aua MOOent08AHHA eNiOHHO-IHOYKOBAHO20 pO3NUNEHHA (cyonimayii) peuosuHu.
Enionnumu mexuonoziamu npuiinAmo Ha3ueamu mexHono2ii 06poOKu pedosuHu NYUYKAMU YACMUHOK (IOHU,
HetmpoHu, enekmponu i @omonu). Hasedeno ropomxuil 02150 GIONOGIOHUX eKCHEePUMEHMANbHUX OAHUX.
062060peno wiAxXU ROUWLYKY CIMBOPEHHs. YHIBEpCanbHol meopii 0N NOSCHEHHST YUX eKCHePUMEHMANbHUX OAHUX.
Onucano nopisHsIbHULL AHALI3 MEPMOOUHAMIYHOT meopil, i3uKo-XiMiyHUX Mooerei ma @HomoiHOYKO8aHO!
meopii cyonimayii. Iloxazano, wo npobaemy na3epHO-iHOYKOBAHOI CyOniMayii MOJNCHA Npeocmasumu 5K
nosepxmese po3nuieHHs peuosunu. Tomy makodc ananizyiomvcs npooaemu iOHHO20 MA  eNeKMPOHHO2O
posnunenHs pedosunu. 3 izuKko-ximiyHoi mouku 30py npoyecu cyorimayii ma popsnunieHHs Maioms 00HAKOBY
npupody. OcHosna pisHuys Midc IHOYKOBAHOIO  JIA3EPHO-IHOYKOBAHUM MA  YACTMUHKOBO-IHOYKOBAHUM
PpO3nunenHaM (cyonimayicto) noageac 6 xapakmepi 63aemMoOli 3apa0’CEHUX MACUBHUX YACMUHOK [ ()omoHie 3
peuosuHo. B 0box eunaokax mu maemo KpumuyHe 3HAYEHHs NOMOKY GIONOGIOHUX YacmMuHOK. Tak, Ons ioHHOI
iMnaanmayii amomizayis noeepxni nouunacmocs 3 guoency 3-10"° ev”. Jins enexmpounie ye snauennsn na 2-3
nopaoku Oinvuie. Helmponne ONPOMIHEHHA MA€E 8elUKY HNPOHUKAIOWY 30amHuicmb i npoyecu poO3nuieHHs
Mamepiany XapakxmepHi 0/1A A0epHUX i mepmMoadepHux peakmopis. /[na 1a3epHozo unpomMiHIO8aHHs 8eNUK) POlb
MA€e NaHYI0208Ull NPOYeC HACUYEHHSL 30VONCEHHsL BIONOBIOHUX XIMIUHUX 36'33Ki8. /s MoOentoeants Oyiu obpani
Memoou padiayiiinol (izuxu meepoo2o mina, peiraKcayiihoi onmuKy ma He3eopomuoi mepmoounamixu. lonne
po3nuientst 6i00y8AEMbCsl NPU ONPOMIHEHHI GeIuKuMu 003amu I0HI8. Benuke 3Hauenns npu yvomy mae
Koegiyicnm po3nunieHHs onpomineHo2o mamepiany. Buxoosuu 3 yboeo npusedena ghizuxo-ximiuna mooenn, sKa
00380J15€ ONUCAMU NPOYeCU IOHHO20 PO3NUNIEHHS. OOHE | 08OAMOMHUX Mamepianis. s MOOen08anHs 1a3epHO-
iHOyK08aHOT cyOnimayii Oyna GUKOPUCMAHA KACKAOHA MOOenb 30V0XCeHHs. 8ION0GIOHUX XIMIYHUX 36'3Ki6 6
pedicumi HacuueHHs 30y0xcents. IIpoeedeno nopisHANbHUL AHANI3 3 MEPMOOUHAMIUHOK Meopielo cyonimayii.
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THokaszano, wo mepmoOuHamiuHull eHepeemuunull nopie cyonimayii cmanosums 0,4 3naueHHs 6i0 eHepelii
3eiimya. Hagedeno oyinouHi po3paxyHku OJid KPeMHil0, 2epMAHito ma cmanu.

Kniouosi cnosa: nasepno-inoykosana cybonimayis, penaxcayiiina Onmuxd, MOOeN08aHHsA, TAHYI02081
npoyecu, po3nuieHHs, eaioHHI MexXHOoN02ll, IOHHA IMNAAHMAYis, NPUCKOPIOGAYL.

ILIT. TPOXUMUYYK

BonblHCKMI HallMOHAIILHBIM YHUBEPCUTET UMEHM Jlecu YKkpauHku

MOAEJHUPOBAHHUE JIMOHHO-UHAYIUPOBAHHOI'O PACIIBIJIEHUSA
(CYBJIMMAIINN) BEIHIECTBA

Ilpeocmasnena 3a0aua MOOeIUPOBAHUA  INUOHHO-UHOYYUPOBAHHO20 DPACHbLIEHUA  (Cyoaumayuu)
sewjecmeda. ODNUOHHLIMU MEXHON0SUAMU NPUHATNO HA3bIBANb MEXHOAo2UU 00pabomKU Geuecmed nyuKamu
yacmuy (UOHBI, HeUMpPOHbl, IIeKMpoHbl U Qomonvl). I[lpuseden kpamxuii 0030p COOMEEMCMEYIOUUX
aKcnepumeHmanvHulx oaunwix. Q0cyxcoenvl nymu NOUcKa cO30aHus YHUBEPCANbHOU meopuu 0N 00bACHeHUs
IMUX IKCNEPUMEHmMAnbHbIX danublx. Onucan CpagHUMenbHbIl aHAIU3 MEPMOOUHAMUYECKOU meopul, Qu3uKo-
Xumuueckux mooeneti u gomounoyyuposannoi meopuu cyorumayuu. Iloxkazano, umo npobnemy nazepro-
UHOYYUPOBAHHOU CYOIUMAYUU MONICHO NPEeOCMAsUms KaK NOBEPXHOCMHOE pacnvlienus eewecmaad. I1oosmomy
MaKaice AHaIU3UPYIOMCcs npodembl UOHHO2O U DNIEKMPOHHO20 pachblieHus eewjecmed. C usuko-xumuyeckor
MOYKYU 3PEHUs NPOYECChbl CYONUMAYUU U PACNBLIEHUA UMEIOm 0OUHAK08YI0 npupody. OCHOBHAS pa3HUYA MeNCOY
JIA3EPHO-UHOYYUPOBAHHBIM U YACIUYEe-UHOYYUPOBAHHBIM ~DACHbIICHUEeM (cyOnumayuei) 3aKmoyaemcs 8
Xapakmepe 83aumMo0elCmaUst 3apsAdiCeHHbIX MACCUBHBIX YaCUY U POMOHO8 ¢ 8ewgecmeom. B oboux ciyuanx mol
uMeeM Kpumuyeckoe 3HaueHue RNOMoKa coomeemcmeyowux uacmuy. Tax, 011 UOHHOU UMNIAHMAYUU
amomuszayus noéepxocmu nauunaemcs ¢ nomoka uonos 3-10" e, [un snexmponos smo smavenue na 2-3
nopaoka 6oavwe. Helimponnoe obnyuenue umeem OOALUYIO NPOHUKAIOWYIO CHOCOOHOCMb U NPOYeccyl
PACnbLIeHUs MAMEPUana Xapakmepuuvl O1i A0ePHbIX U MePMOAOEPHbIX peakmopos. i 1a3epHO20 U3LY4eHUs
00bULYIO POTL UMeem YenHOU NPoYecc HACLIWeHUs 8030YHCOeHUs. COOMBEMCMBYIOWUX XuMuyecKux céazei. /s
MOOenuposanus ObLIU 8blOPAHLL MEMOObl pAOUAYUOHHOU UUKU MEepO020 med, PelaKCAyuoOHHOU ONMUKU U
Heobpamumou mepmoounamuxu. Honnoe pacnviienue npoucxooum npu o0IyyeHuu 6orbumum 003amu UOHO8.
bonvuwioe 3nauenue npu smom umeem xodpuyuenm pacnwlienus ooryyaemozo mamepuaia. Mcxoos uz smoeo,
npueeoeHa PUUKO-XUMUYECKAs MOOENb, KOMOPAs NO3G0JAen ONUCAMb NPOYECChbl UOHHO20 PACHbLIEHUSL OOHO U
O08YXAMOMHBIX Mamepuanos. s MoOeruposanuss 1a3epHO-UHOYYUpyemMol cyonumayuu Ovlia UCnonb308aHd
KACKAOHAsL  MOOeNb  8030VIHCOEHU  COOMBEMCMEYIOWUX — XUMUYECKUX —CBA3ell 6 PpedcumMe  HACbIYeHUs.
6030yorcoenus. [lposeden cpagrnumenvHulll ananus ¢ mepmoounamuyeckou meopuetl cyonumayuu. Ilokasamo,
umo mepmMoouHamMudecKull IHepeemuyeckull nopoe cyorumayuu cocmasgnaem 0,4 3nauenna om enepeuu 3etimya.
IIpugedenvl oyenounvie paciemul 015 KPeMHUA, 2ePMAHUSA U CINATU.

Knrouesvie crosa: nazepno-onmuueckuii npoOoil, perakcayuoHHas onmukd, mMooeruposanue, yenuvle
NPOYECchyl, YePEHKOBCKOe UTYYeHUe.

Introduction

Problems of the observation the elionic-induced sublimation and sputtering of matter
is one of the central questions of modern elionic technology [1-9]. Concept elionic are
including all possible types of particle irradiation, including photons [4]. This problem is
connected with problem of ion- and electron-induced sputtering of irradiated surface with
help accelerators of proper particles, including photons. Particle-induced processes [1, 2, 4, 6—
8] are “hard” processes; laser-induced sublimation (sputtering) is more soft process [3, 7, 9].
For the case of laser irradiation we have two scenarios of evaporation [3]. First is connected
with melting of irradiated matter (evaporation from melting liquid phase) and sublimation
(evaporation from solid state).

We present this problem from one point of view for all types of interaction from
photon to ions. It is the first attempt of observation this problem in main detail in whole.

Main methods of modeling are physical chemical. All these processes have threshold
nature. For ion and electron irradiation it depends from parameters of irradiation and type of
irradiated matter.

For ion implantation we select macroscopic quantities: total sputtering ratio and
selective sputtering coefficient [4, 6, 7]. This simple model allows explaining the main
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peculiarities of ion-induced sputtering of two and more numbers component systems. So, for
ion implantation the threshold of sputtering of irradiated matter is ~ 3-10'® cm™ [1, 2, 4, 6-8].
For electron irradiation this value has more on two order magnitude [2, 4, 7].

Laser-induced processes have more soft nature [3, 9]. Therefore, we must use the
methods of modeling, which are allow to explain the possible chains intermediate phase
transformations [3, 9]. In this case we must use the cascade model of excitation of proper
chemical bonds in the regime of saturation of excitation [3]. Roughly speaking, the laser-
induced surface sputtering of irradiated matter without melting must be realized for the
regime of irradiation, which is equal of sum the chemical bonds of surface atoms. As rule, this
value is equal the half of Seitz energy (sum of all nearest chemical bonds of corresponding
atoms in crystal lattice) [4]. In order of magnitude, this value corresponds to the sublimation
energy of the irradiated material. In this case, we must select regimes of irradiation, which
generating cascade “quantum” short-range actions, because the transition to long-range action
may be cause of melting the irradiated matter.

The pure laser sublimation (sputtering) method is more preferable for obtaining the
micro-hole drilling of stainless steel using short laser pulses [9], because it does not leave
molten droplets on the irradiated surface, in addition, the holes themselves have a more even
border.

In whole methods of elionic-induced sputtering may be used for the cleaning the
surfaces of materials and their corresponding profiles, while laser methods can be used for
samples with a significantly smaller size.

Experimental data

As the radiation dose of the target increases, if it is a single crystal, it can turn into a
polycrystalline, amorphous state and collapse. In Fig. 1 shows the temperature dependence of
the critical zone required for amorphization of the monocrystalline Si by different ions. Ion
sputtering starts at implantation doses ~ 10'® ¢m™ [4].
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Fig. 1. Temperature dependence of the critical zone required for amorphization [4]

Dependence of sputtering coefficient with irradiation of potassium iodide without
impurity and with an impurity of thallium is shown in Fig. 2 [7].
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Fig. 2. Sputtering ratio KI and KI: 71 by electrons at temperature 220 ° C [7]. Impurity 77 acts as a trap
for excitons andtherefore reduces the sputtering coefficient

Neutron irradiation has a high penetrating power, therefore, it leads to volume
blistering and hydrogenation of the irradiated material, while ion sputtering of the irradiated
material can naturally occur [4, 7].

The laser-induced evaporation (sputtering) may be realized with two channels:
evaporation from a melt (ablation) and evaporation from a solid state (sublimation) [3, 9].

The main peculiarities of processes laser-induced evaporation may be explained on the
laser-induced drilling. Creation of micro- holes with given parameters simplifies application of
new generation of microelectronic components, microsensors, filters, surgical instruments etc.
Therefore, micro-hole drilling in a wide range of materials, such as steel, copper, aluminum,
etc., has received much attention [9].

The demands for high precise micro-holes are increasing with the increasing of
application range, therefore traditional mechanical drilling is slightly applicable. On the other
hand, laser drillingusing continuous-wave lasers is accompanied with the formation of melting
layer and due to its uncontrolled redeposition — recast layer. The best way of overcoming main
laser drilling disadvantages is laser pulse shortening, so that only material ablation by
nonlinear absorption takes place [9]. Such material ablation could be achieved by using of
picosecond or even femtosecond laser sources because ablation of pulsed laser radiation
depends on the length of the respective pulse. Different pulse lengths have different etching
mechanisms during removal of the material, and the shape of the material surface will be
different after the removal process.

Although studies on micro-hole drilling by short pulsed lasers has received much
attention, drilling of high precise micro-holes with minimal or no thermal damage still
remains a major challenge [9].

In work [9] micro-hole drilling was processed using TRUMPF TruMicro 5000
picosecond laser. The wavelength of the laser was 515 nm with a pulse width of 10 ps at 400
kHz pulse repetition frequency. The power density was 5.72-10° W-cm™, and equivalence laser
fluence was 1.43 J.em™. Micro-holes were received in steel SAE-304 (Fig. 3) [9].

u b

Fig. 3. Micro-holes drilled in stainless steel using picosecond laser:
a - 30 shots, 2D view; b —190 shots, 3D — view [9]
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Line profiles of drilled micro-holes fordifferent amount of shots is represented on Fig.
419].
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Fig. 4. Line profiles of drilled micro-holes fordifferent amount of shots [9]

Depth of the hole drilled using picosecond laser for different number of pulses was
researched too (Fig. 5) [9].
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Fig. 5. Depth of the hole drilled using picosecond laser for different number of pulses [9]

As seen from Fig. 5 the dependence of the depth of holes tends to saturate. This is
obviously due to the increase in light reflection compared to previous pulses.

In order to avoid dross (Fig. 3), it is advisable to choose the modes of laser irradiation
such that the main processes are sublimation of the irradiated material. This mode is easy to
choose, since the binding energy of near-surface atoms is 1.2 - 2 times less than that of bulk
atoms, while we will have laser-induced sputtering with a solid rather than a liquid phase [9].

The edges of the holes will be smoother and by adjusting the irradiation time, we can
get holes in a wider range of sizes. For these purposes, longer irradiation regimes can be used.
Increasing the angle of incidence relative to the surface normal decreases the penetration
depth of the incident particles into the material. A cascade of collisions occurs closer to the
surface, its atoms receive a large share of the energy. The direction of the velocity imparted to
the displaced atoms is more favorable for sputtering. However, at too large angles of
incidence, the probability of reflection of the incident particle by the electric field on the
surface increases without significant energy transfer to the target atoms.

Modeling and discussions
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The problem of particle sputtering may be connected with thermodynamic concept of
sublimation but although it also has significant differences due to the processes of interaction
of specific particles with the environment [4, 7, 9, 10].

Sublimation is the transition of a substance directly from the solid to
the gas state, without passing through the liquid state [10]. Sublimation is an endothermic
process that occurs at temperatures and pressures below a substance's triple point in its phase
diagram, which corresponds to the lowest pressure at which the substance can exist as a
liquid. The reverse process of sublimation is deposition or desublimation, in which a
substance passes directly from a gas to a solid phase. Sublimation has also been used as a
generic term to describe a solid-to-gas transition (sublimation) followed by a gas-to-solid
transition (deposition). While vaporization from liquid to gas occurs as evaporation from the
surface if it occurs below the boiling point of the liquid, and as boiling with formation of
bubbles in the interior of the liquid if it occurs at the boiling point, there is no such distinction
for the solid-to-gas transition which always occurs as sublimation from the surface. Phase
diagram of this processes is represented on Fig. 6 [10].

K Critical point
F i h F

Liguid phase Evaporation

Melting
Crustallization

Solid phase Gas phase

A
Triple point

Sublimation

/ Desublimation

T
Fig. 6. First order phase transitions in the thermodynamic phase diagram [10]

Roughly speaking the elionic-induced sputtering may be represented as shock
sublimation. But in this case we must use methods of modeling, which are connected with the
intensity of the incident particles flow.

We begin our analysis from ion implantation. At implantation of large doses of ions
are characteristic such effects: surface swelling, precipitation and cone formation [4]. In what
follows, we will neglect these effects and assume that a homogeneous dispersed atomic
mixture is formed. We also assume that atomic mixing is quite efficient, as a result of which
the implanted atoms are evenly distributed in depth within the surface layer thickness W (Fig.
7). With increasing concentration of implanted atoms N, a stream of atomized atoms A
increases and reaches the level of incident ion flux J,; (type 4). At the same time the steady

state in which there is no further increase is established. According to this model, the steady

state occurs after spraying a layer of thickness ~ W | where 7 is the coefficient of selective
sputtering, and W is the thickness of the implanted layer (in the order of magnitude equal to
the mileage of ions). Under these assumptions, the shape of the concentration profile remains
unchanged, and the concentration itself increases with increasing dose until steady state is
reached. The condition of conservation of the number of atoms is written as follows [4]:


https://en.wikipedia.org/wiki/Solid
https://en.wikipedia.org/wiki/Gas
https://en.wikipedia.org/wiki/Endothermic_process
https://en.wikipedia.org/wiki/Endothermic_process
https://en.wikipedia.org/wiki/Triple_point
https://en.wikipedia.org/wiki/Phase_diagram
https://en.wikipedia.org/wiki/Phase_diagram
https://en.wikipedia.org/wiki/Deposition_(phase_transition)
https://en.wikipedia.org/wiki/Deposition_(phase_transition)
https://en.wikipedia.org/wiki/Vaporization
https://en.wikipedia.org/wiki/Evaporation
https://en.wikipedia.org/wiki/Boiling
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Fig.7. Illustration for calculating the concentration of implanted impurity

where N, — concentration of implanted atoms, J, — the flux of incident ions (element A), and
J, — the flow of 4 atoms atomizing from the target. In the steady state, the number of 4
atoms in the material does not change, therefore:

J,=J.. (2)
Enter the total spray ratio S according to the formula:
J, +J,=8J,, 3)

where J, — the flow of B atoms atomizing from the target. Taking into account equality (2)
we express J, through J;:

J,=(S-1)J.. (4)

Now let's move away from the usual method of consideration and introduce the

concept of selective sputtering. We assume that the scattering probabilities of 4 and B atoms

are not the same:
J N
=) ®

where 7 - the ratio of the probability of sputtering of an B atom located near the surface to
the probability of sputtering of 4 atom near the surface.
Then the stationary, or most possible, concentration will be determined by the

expression [4]:
N, _
o, sy ®

The ratio of concentrations is approximately inversely proportional to the sputtering
coefficient S and directly proportional to the selective sputtering coefficient . For example, if
B atoms are atomized more likely than atoms A(7 > 1), the concentration of A atoms will be

higher than in the absence of selective sputtering.

As an example of application of this model for calculation we will consider two cases
of spraying by Au ions with energy of 150 kel [4]. Values S and W were determined by the
method of Rutherford backscattering of ions. In both cases, the value » was taken equal to
one, although the results of experiments on the sputtering of the alloy Au — Cu indicate that
for this alloy the value should be equal to 1.1, not 1.0.

Fig. 8 shows the dependence of the ratio of the concentration of implanted Au atoms in
the target on the thickness of the atomized layer divided by W. The calculated data are given
by solid lines.
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Fig. 8. Increasing the concentration of Au during the implantation of Au" ions with an energy of 150 kel
in Fe and Cu. Squares: Au'—>Fe, S = 4.4, W = 49.3 nm; circuit: Au'— Cu,, S = 20, W = 41.4 nm. The
maximum concentration of Au achieved in Cu (~ 5%) is much lower than in Fe. This is because Cu sprays
more strongly than Fe. The curves are calculated on the basis of a simplified model (Fig. 7) taking into
account the experimental values of S and W [4]

The experimental points were obtained by the method of Rutherford backscattering
ions [4]. The calculated results agree quite well with the experimental data. The calculations
used experimentally determined values of two parameters: the total sputtering coefficient S
and the thickness of the implanted layer W. The difference in the maximum Au impurity

concentration, equal to 0.05 in the case Au" — Cu and 0.3 in the case Au® — Fe, reflects
the difference in the spray coefficients of two materials (Cu and Fe).

For more complex compounds, the sputtering ratio may be different for different
elements, so you can get surfaces with variable stoichiometry. To explain such phenomena,
more complex models need to be built [6—8].

In general, the sputtering coefficient depends on the energy of the incident particles,
on their mass, on the target material, and on the angle of incidence of the incident particles.
There is no unified theory. There are models that allow describing the main characteristics of
the interaction for certain ratios between the masses of particles and their energies [6, 7].

Analogous models may be used for the electron-induced sputtering. Electron regimes
of irradiation may be stationary and pulses. But in the time of electron and laser irradiation
may be generated plasma and thermal processes [2, 3, 7].

Basic difference between ion and electron irradiation and laser irradiation and laser
irradiation i1s medium of irradiation: for ion and electron beams it is vacuum, for laser
irradiation — air [4].
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Other adverse effects include the damage to nearby structures and the area around the
ablated area becomes wrinkled. As shown in Fig. 9 (b) [9], compared with the long-pulse
laser, the ultrashort pulse laser has the advantages of very short pulse duration, high pulsepeak
power, thermal effects and shock wave can be avoided, accurate targeting focused positioning
and so on. Structures manufactured by femtosecond laser have extremely sharp edges
compared to long pulses.

(a) (b) |
Short pulse laser [ ] Ultrashort pulse laser

Recast layer Sputter melt No recast layer

|
Damaged structure .
Surface debris / / No recast layer | Structrre intact
T~ g Il -
b BT

Fig. 9. Physical phenomena of irradiation by short laser pulse (a), ultrashort laser pulse (b) [9]

For explanation of laser-induced sputtering (sublimation) may be used cascade model
in the regime of saturation of excitation [3]. We are demonstrating this model on Si and Ge
examples.

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 [3].

Table 1

Volume density of energy I,; (10° J/cm®), which is necessary for the breakage of proper number
of chemical bonds in the regime of saturation of excitation in Si and Ge [3]

Ivl Iv2 Iv4 Iv5
Si 12,8 — 144 25,6 — 28,8 51,2-57,6 6372
Ge 6,3-84 12,6 — 16,8 25,2 -33,6 31,5-42

It conceded that energies of all chemical bonds for elementary lattice are equivalent (Si
and Ge are pure homeopolar semiconductors) [3, 4, 10]. 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. These
values are corresponded the energy on one Coordination Number: according to radiation
physics of status solid Seitz energy of creation one radiation defect in silicon is equal 12,7 e}
for diamond lattice [3, 4].

The values of molar volume, density of atoms, density of sublimation energy and value of
siublimation energy on one atom for Si, Ge and Fe are represented in Table 2 atoms and

Table 2
Thermodynamical characteristics, which are necessary for the sublimation silicon, germanium
and steel [10, 11]

Material Vinol » cm’ n, cm” Eq, kJ/em® Eiomi, eV
Si 12,18 5-10% 36 4,50
Ge 13,64 4-10% 27 420
Fe 7,14 8,4:10% 56 4,16
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Comparative analysis of estimated data from Table 1 and Table 2 for silicon and
germanium, show that for sublimation in thermodynamic approximation value energy per
atom is equaled 0,35-0,45 value of Seitz energy. For case of electron radiation (Fig. 2) this
value is more-equal to Seitz energy. This difference is explained by the fact that during
electron irradiation, an electron interacts with a nodal ion, and when interacting with a photon,
the corresponding chemical bond is broken. Therefore, for laser-induced sublimation, the
sputtering energy of sublimation of surface ions should be less than half the Seitz energy.

In general, these processes can be considered as kinetic phase transitions of the first
order, and thus it can be considered as an extension of Haken's concept of the equivalence of
thermodynamic phase transitions of the second order and kinetic nonequilibrium phenomena
(for example, nonlinear optical phenomena) [12] to phase transitions of the first order
(irreversible phenomena).

Thus, when calculating the modes of laser-induced sublimation for steel, we should use
the data in Table 2. It should be noted that when focusing the laser radiation, the effect of
diffraction stratification of the incident radiation should be taken into account, which,
depending on the radiation intensity, can affect transverse dimensions from 10 to 100 um
depending on the wavelength of the laser radiation. Thus, for technological purposes, it is
advisable to choose wider radiation beams. Therefore, it is desirable to carry out irradiation
with collimated parallel, rather than focused, beams.

Conclusions

1. Comparative analysis of basic four methods (ion, neutron, electron and laser
induced) receiving of sublimation (sputtering) of matter is represented.

2. The experimental data of ion, electron, neutron and laser-induced sputtering are
analyzed.

3. Physical-chemical methods of modeling these processes and phenomena are
selected and discussed.

4. Main peculiarities of laser-induced sublimation as more soft process is described
and analyzed.

5. The relationship and difference between the thermodynamic theory of sublimation
and kinetic theories of sputtering are shown.
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