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SOME FEATURES OF MODELLING DIFFUSIVE PROCESSES
OF RELAXED OPTICS

Some problems of modelling the diffusive processes in Relaxed Optics are discussed. Diffusion processes in Relaxed
Optics can occur at different stages. We will focus on processes that are caused by the absorption of optical radiation
with an intensity slightly greater than the value required for the generation of maximum photokinetic defect in the near-
surface region of the irradiated material, and less than the intensity required for the destruction of the irradiated material.
The simulation was performed for antiomnide and indium arsenide irradiated with 20 nanosecond pulses of a ruby laser.
The model was based on a photoionization model: the generation of donor centers occurs due to the direct photoionization
of two of the three chemical bonds of the two-dimensional sphalerite lattice. The rupture of the third bond leads to
the generation of diffusion processes. Two diffusion models are presented. The one-diffusion model is based on the behavior
and evolution of laser-induced donor centers as separate objects. The disadvantage of this model is that it cannot explain
the tails of the donor center distribution profiles in the diffusion approximation. In this regard, a two-diffusion model was
proposed, which is based on the idea of non-uniform photostimulated diffusion of atoms of the components of the irradiated
material: indium and antimony for indium antimonide and indium and arsenic for indium arsenide. This is confirmed by
experimental results for laser-irradiated cadmium telluride. The two-diffusion model allows us to explain the diffusion
profiles of the distribution of donor centers in indium antimonide and indium arsenide in a consistent manner. Based on
this model, it is concluded that such modeling methods can be extended to all binary compounds and it is worth expanding
these methods to more complex materials (ternary, quaternary, etc.).

Key words: diffusion, modelling, Relaxed Optics, indium antimonide, indium arsenide, cadmium tellyride.
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JESIKI OCOBJMUBOCTI MOJAEJIOBAHHS IN®Y3IHHUX NPOIECIB
PEJIAKCAIIITHOT ONITUKA

0be060pioromvcst OesKi npobiemu MoOenosants Ougysitinux npoyecie peraxcayitinoi onmuxu. Lli npoyecu ¢ penax-
Cayiunitl onmuyi MONCyms 8I00Y8AMUCS HA PI3HUX CMAOJISX NPOYeECy 63AEMOOIT NA3EPHO20 GUNPOMIHIOBAHHS 3 PEUOBU-
Hoto. Mu 30cepeoumocsa Ha npoyecax, wo CAPUHUHEH] NOTUHAHHAM ONMUYHO20 BUNPOMIHIOBAHHS 3 IHIMEHCUBHICHIIO,
Odewjo OinbUlo 3a 3HAUEHHS, WO HeoOXIOHe 0N (YOPMYBAHHA MAKCUMATLHOO (HOMOKIHEMUYHO2O OeheKmMOymBOpeHHs.
6 NPUNOBEPXHeBill odnacmi ONPoMiHeH020 Mamepiary, ma MeHulol0 3a IHMEHCUBHICIb, WO He0OXIOHA OIS PYUHY8AHHSL
onpomineno2o mamepiany. Mooenioeanns nposooULocs Oask nPOQiNie po3noodiny OOHOPHUX YEHMPIE AHMUMOHIOY HOIIO
ma apcenioy inodito, onpominenux 20 HAHOCEKYHOHUMU IMINYIbCAMU PYOIHOB02O N1a3epd, OMPUMAHUX MEemOOOM BUMIPIO-
sanns epexmy Xonna 3 nowaposum cmpasniosanusm. Mooens bazyeanacsa na modeni gpomoionizayii: eenepayis nazep-
HO-IHOYKOBAHUX OOHOPHUX YeHMPIE 8i00Y8AEMbCs 6HACTIOOK NPAMOL (homoioHi3ayii 080X 3 MPbOX XIMIUHUX 36 A3Ki6 060-
sumipHoi pewimku cghanepuniy. Pospue mpemvoeo 38 43Ky npu3eooums 00 eeHepayii ougysitinux npoyecis. Hasedero
061 ougysitini modeni. OOHoOuy3itina 6azyemvcs Ha NOGEJIHYI Ma esonYil 1a3ePHO-IHOYKOBAHUX OOHOPHUX YEeHMPIE
K okpemux Qizuynux eenuuun. Hedonikom yiei mooeni € me, wo 80HA He MOJNCe NOACHUMU X8OCMU NPOQINie po3nodi-
7Y OOHOPHUX YeHmpie 6 Ouy3itiHoMy HaOnudxiceHHi. Y 36°A3Ky 3 yum 6yna 3anponoHosana 0800uysitina mooein, saxa
bazyemvcs Ha ioei HeOOHOPIOHOI POMOCMUMYTLOBAHOT QUDY3il amomie KOMROHEHMIE ONPOMIHEHO20 Mamepiany. iHOi0
ma cypmu 015 AHMUMOHIOY iHOTI0 ma iHOTI0 ma Muul 'Ky 01 apcenioy iHoit. Lle niomeepoicyemvcs excnepumenmab-
HUMU pe3yTbmamamu 0151 ONPOMIHEH020 1a3epom menypuoy KaoMiio OmpumManux 3a 00nomMo2010 Memooy pamaHieCbKo2o
poscianna. [{eoougysitina mooens 0036014€ OilbUL NOCTIO08HO NOACHUMU GopmYy NPOghinie po3nodiny OHOPHUX YeHMPI8
6 aHMUMOHIOI inOi10 ma apcenioi indiio 6 oughysitinomy nabauxcenni.Ha ocnosi yiei modeni 3podieHo BUCHOBOK, WO MAaKi
Memoou MOOETIOBAHHA MONCHA NOWUPUMU HA 6CT NOOBIUHI CROTYKU MA 6aPMO POSWUPUMU Y Memoou Ha OLIb CKIAOHI
mamepanu (nOmpitini, nouemeeperHi ma m.n.).

Knrouosi cnosa: oughysis, moodenosanns, penaxcayitina Onmuxa, AHmMuMoHio iHOi0, apceHio iHOi, Merypuo KaoMir.

Introduction. Some problems of modelling lattice (Trokhimchuck, 2002; Trokhimchuck, 2016).
the diffusive processes in Relaxed Optics are  Breaking the third bond leads to diffusion processes.
discussing. Diffusion processes in Relaxed Optics Two diffusion models are presented. The
can occur at different stages. one-diffusion model is based on the behavior

We will focus on processes that are causing by  and evolution of laser-induced donor centers as
the absorption of optical radiation with an intensity ~ separate objects. The disadvantage of this model is
slightly greater than the value required for the that it cannot explain the tails of the donor center
generation of maximum photokinetic defect in the  distribution profiles in the diffusion approximation
near-surface region of the irradiated material, and  (Trokhimchuck, 2016).
less than the intensity required for the destruction In this regard, a two-diffusion model was
of the irradiated material (Heitjans, 2005). The proposed, which is based on the idea of non-
simulation was performed for indium antimonide  uniform photostimulated diffusion of atoms of the
and indium arsenide irradiated with 20 nanosecond ~ components of the irradiated material: indium and
pulses of a Ruby laser (Trokhimchuck, 2016). antimony for indium antimonide and indium and

The model was based on a photoionization  arsenic for indium arsenide. This is confirmed by
model: the generation of donor centers occurs due  experimental results for laser-irradiated cadmium
to the direct photoionization of two from the three  telluride (Prinsloo, 2003 —2005). The two-diffusion
chemical bonds of the two-dimensional sphalerite  model allows us to explain the diffusion profiles
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of the distribution of donor centers in indium
antimonide and indium arsenide in a consistent
manner.

Based on this model, it is concluded that such
modeling methods can be extended to all binary
compounds and it is worth expanding these
methods to more complex materials (ternary,
quaternary, etc.) (Manning, 1968; Belova, 2017;
Ganguly, 2002).

Main results and discussions. For illustration
this method for Relaxed Optics we represent the
simple model. The basic processes in this model
are photostimulated and thermal (Trokhimchuck,
2016). The light source is monochromatic (laser).
In this case we have one primary mechanism of
optical scattering. Further, all possible primary
processes of the interaction light with solid we
were named scattering. For small intensity of the
irradiation we have photostimulated processes
basically, for large intensity — thermochemical and
for the middle intensity we have both processes.
Photostimulated processes may be cause of the
creation of underthreshold defects for regular
crystals and may be cause of annealing defects
for irregular matter. Thermal processes are cause
of finite distribution defects and ions including
admixtures.

In general, the system of the equations for
these processes is next. First equation is transfer

(diffusion) equation (one-dimensional case)
(Trokhimchuck, 2016)
ON 0*N -
a—-i- ( ,t)—x—D(X,t) _xz = Ae , (1)
Where
A on(l1-R)I, ’ @)

hvt

”

Where N — concentration of the photostimulated
damages (irreversible excitation of solid);
1 — coefficient of the creation the defect; R — the
coefficient of optical reflection; x, ¢ — space and
time parameters respectively; /, — the density of
light flow; 1, — relaxation time; o — light absorption
index; #v — photon energy.

Time and boundary conditions have next forms:

N(x, 0) = N(oo, £), 3)
oN

g x=0 B N =0 (4)

N, 1) = 4. (5)

The conditions (3) are evident. Condition (4)
is illustrated the motion of excitations in crystal
volume because one (defects) are annealed on
surface. Condition (5) has place for case when
processes optical generation of defects is more
intensive than thermal relaxed processes.

Second equation (heat conductivity) for one-
dimensional case may be written in the next form

O'T 10T  a(l-R)I,

ox’ kot kr,

exp(—ax) (6)

with time and border conditions
T(x,0)=0, (7)
T(o, 1) =0, (8)
where 7 — temperature; K, k — coefficients of
temperature and heat conductivity, respectively.

Solution system (6)—(8) has next kind for
volume semiconductor

T(x.ry= 2R
T

(Kt)%ierf{ al Y} )
k)2

i
and for surface

P
T(0.0) :%(EJ '

T, T

1

(10)

With help solutions (9), (10) we can
receive the temperature dependence for main
phenomenological coefficients of system (1)—(5).

For explanation basic experimental data about
interaction ruby laser radiation with InSb and InAS
the system (1) — (5) may be represented in more
simple form (Trokhimchuck, 2016)

N _, O’N _an(-R)], -

11
T ox’ hvt, (b

with time and border conditions (3) and (4).
For case L > x, where L is diffusion length,

solution of (11) has next form

—exp(—ooc)

N =2 OB, (12
(021 -1)r,

Further, we can neglect the surface phenomena
(al?, L > vt,). It correspond the experimental data
the irreversible interaction in volume (but not surface)
semiconductor. In this case (12) has next form

N= %[o&exp(—%) - exp(—ax)}. (13)
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For finding layer concentration (13) must be
multiplied on x. Result of this is next

= OLS)LTZ'(LE—_—IIQ))SX[&L exp(—%) - eXp(—qx):|. (14)

The relaxation time t, is determined from
functional dependence 7(x, ¢) for each layer and
corresponding diffusion coefficient is determined as

D:Doexp(—k (15)

E(l
T

B

Where kj; is Boltzmann constant.
From (14) we can receive two border
approximations. First is named kinetic (oL < 1)

_ant'(1-R)Ix

N, = exp(—ow) (16)
hvt,
and second is named dynamic (oL > 1)
nt(d-R)[x (1 R)I X
N, = (=) (a7

Now we go to one-diffusion approximation.
With help of formulas (14), (16), (17) the
calculated profiles of distribution of donor centers
in InSb after ruby laser irradiation were received
(Trokhimchuck, 2016).

As the basis of calculation the next conditions
and approximations were be used

a

ET}

L=D, exp[— i
B

(18)

In this approximation we have one mechanism
of the scattering as D, = 0.05 cm? - s™! is coefficient
of the self-diffusion atoms of In; £, = 1.81 eV is
energy of the activity the self-diffusion atoms of
In (Trokhimchuck, 2016); 1, is determined with
functional dependence 7(¢) and equal (10 + 10%)
1; 17 ~ 1077 s — the time of the life the unstable
carriers in crystal (Trokhimchuck, 2016); R = 0.45
for hv = 1.78 eV; n = 0.2 (ionic mechanism);
a=2-10°cm™;£=2-10"%s. The binding calculated
results to experimental data were provided for
I,=0.1J -cm™.

In Fig.1, the main calculated data coincide
with experimental results. More high value the
theoretical data for curve 7 is explained the
dependence of diffusion coefficient from depth.

Analogous results were received for InAs.
Modeling profiles of distribution of laser-
generated donor centers are represented in Fig. 2
(Trokhimchuck, 2016).
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Fig. 1. Calculated profiles of the distribution
the concentration of donor centers in InSb for
various conditions of irradiation
(J x em™2; curve 1 —0.018; 2 — 0.04; 3 — 0.07;
4-0.096;5-0.12; 6 — 014; 7— 0.16)
(Trokhimchuck, 2002)
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Fig. 2. Calculated profiles of the distribution
the concentration of donor centers in /nAs for
various regimers of irradiation
(J X em™%; curve 1 —0,04; 2 - 0,07; 3-0,12;
4-0,16;5-0,20; 6 —0,25; 7-0,3)
(Trokhimchuck, 2016)

The rough estimation of the effective section
of the scattering may be represented as the next
schema. The absorption index a of the light has
next kind (3.38).

oc=ZNl.Gl.,ie(ln,Sb)), (19)
where N, is the concentration of proper centers of
light scattering, o; is scattering cross-section of
proper centers.

For self-absorption the number of the scattering
centers N, is equal the atom density the lattice.
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For InSb N ~ 4 x 10°! ¢cm™; for ruby laser
a=2 % 10°cm™. For this case the section of effective

scattering (absorption) © = %\/ =5-10"" cm™. For
more detail estimation, the effect of the anisotropy
the absorption the laser irradiation we are used the
two-dimensional lattice (Fig.3) (Trokhimchuck,
2016).

. L {111}

{110}

N0

Fig. 3. Two-dimensional picture the crystal
lattice A;B; (including InSb and InAs) the cubic
symmetry (sphalerite). Bond 1 is pure covalent.

Bond 1 is corresponded to band gap and has value
0,18 eV, bond 2 — 1,95 eV and bond 3 — 2,15 eV.
For InAs bond 1 has value 0,36 eV, bond 2 —
3,8 eV and bond 3 — 4,2 eV (Trokhimchuck, 2016)

The bond 1 is corresponded the pure covalent
bond: for InSb and InAs one is equal the sum of
the corresponding covalent radiuses. For InSb the
length of the bond 1 is equal 2.8 x 10 cm. The
angle between directions {111} the bond 1 and
{110} is equal 37,5° for the bond 1. The meaning
the “length of the scattering” for our estimation is
7 x 107 cm. The “effective length” the covalent
bond for directions {110} and {111} is equal
1,56 x 108 cm and 2,33 x 108cm respectively. For
spherical, elliptical and dumbbells configurations
the effective section of the scattering is meant
from (4-6) x 1077 cm™. The more small meaning
the section of the scattering than square of the
“effective length” is explained the large volume the
“ionic centers” of In and Sb. For this estimation
coefficient of the anisotropy the absorption,
including the surface density of covalent bonds, is
equal the square of the tangent of our angle — 0,45.
The experimental data (Trokhimchuck, 2016) is
corresponded our estimation.

For more precisions modeling of results, which
are represented on Fig. 2.5, will consider now, as a
difference of coefficients of self-diffusion of indium
and antimony influences on forming of profiles of
distribution of donor centers in indium antimonite
under irradiation of pulses of Ruby laser by pulse
duration of 20 ns.

90

For one coefficient of diffusion, the general
view of the formula for the profile of distribution
of donor centers has form (14) (Trokhimchuck,
2016).

Further we used kinetic (formula (16)) and
dynamic (formula (17)) approximations. Diffusion
length is determined by means of correlation:

L=,/Dr,. (20)

It should be noted that the profiles of distribution
are necessary to be calculated using a formula (14).
However, at the calculation of the left part of the
curves of Fig. 1 (subsurface region), it is possible
to use correlation (16), and at the calculation of
right part of curves is correlation (17).

For more precisions modelling, we must go
from the one-diffusive approximation to two-
diffusive approximation 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 Relaxed
Optics. As known from literature (Trokhimchuck,
2016) the atoms of indium and antimony or indium
and arsenic have different coefficients of self-
diffusion. In addition, according to the Kapayev—
Kopayev—Molotkov theory (Trokhimchuck, 2016)
the intensive generation of electrons (in our case
of donor centers) realizes in a subsurface layer,
that is why it follows to expect that a subsurface
area is anymore enriched by the ions of antimony.
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.
It is confirmed to the experimental results of
L. Prinsloo and M.Lee (Prinsloo, 2003—-2005) for
the actions of radiation of argon laser on to the
cadmium telluride: the ions of tellurium remain in
a subsurface area, while the ions of cadmium go to
the depth of the irradiated material.

Tendency of the creation of tellurium on surface
CdTe after argon-laser irradiation (wavelength
514.5 nm) under intensity of irradiation was
observed in (Prinsloo, 2003-2005). Irradiation in
the region of destruction of surface was carried in
continuous regime with duration of irradiation 60 s.
Power of irradiation was oscillated from 1 mW to
10 mW, diameter of irradiated surface — from 2 um
to 12 um. Band gap of CdTe (thermal dependence)
is equaled

E,=(1.605-4.9-107T) eV,



ISSN 2786-5444 (print), ISSN 2786-5452 (online)

where 1.605 eV — band gap of CdTe under
temperature 2K. Photon energy of laser irradiation
hv=2.41 eV. Another words we have case hv > E,.

Typical spectra of Raman scattering for CdTe
and Te are represented in Fig. 4.

intensity  a*u

wave number cm -

Fig. 4. Spectra of Raman scattering under
irradiation with w < 3 kW -cm™
(Prinsloo, 2003-2005)

Furthermore, if for silicon we must proof
various mobility of atoms — partners of covalent
bonds, for cadmium telluride, this question is
resolved because atoms of Te and Cd have various
mobility’s (various self-diffusive coefficients). An
appearance of Te peaks may be caused or migration
atoms of Cd in volume of irradiated materials or
it particular sublimation. Considering that value
of intensity of irradiation has place near threshold
of destruction of semiconductors, sublimation of
cadmium is process that is more possible because
cadmium as metal has more large mobility as
tellurium).

As can be seen from represented data we can’t
speak about annealing of damages in irradiated
cadmium telluride. Nature of these phenomena is
next: stratification of semiconductor is realized and
new stable states and phases may be generated. An
appearance of separate regions of atoms tellurium
and cadmium on surface (Prinsloo, 2003 — 2005)
is caused of diffractive structure of focused laser
beam. In the region of diffractive maximums
sublimation of cadmium is basic process and
therefore rest layers are enriched of atoms of
tellurium; in the region of diffractive minimums —
“superstructural” subsurface layers of cadmium.
Sublimation and diffusion in volume of materials
of atoms of cadmium are realized for irradiation
for less intensity of irradiation too, therefore peaks

91

of tellurium are presented in Raman spectra for all
represented diapason of irradiation (Fig. 4).

Literary data for self-diffusion of atoms of
indium and furnace in the indium antimonite are
contradictory (Trokhimchuck, 2016). 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.

For the estimation of diffusive «tails» of curves
5-7 of Fig. 2.5, we are using modified formula (17)
for the ions of antimony and indium

_nU(1-R)Ix .

ND“ vt xp(—%l), ie([n,Sb). (17a)
Concordantly  (Shaw, 1973) temperature
dependence of coefficients of diffusion is

represented in a kind

D=D0iexp{—kQ}], ie(In,Sh), (15a)

B

where O — proper activation energy of self-
diffusion.

For a calculation we
(Trokhimchuck, 2016)

Dyg, =3.1:10° e’/ D =1.76-10° e’/

Farther a calculation was conducted thus. The
descriptions resulted in got out for a calculation
(Trokhimchuck, 2016), however correlation of
energies of activating of self-diffusion undertook
to such as in (Shaw, 1973), what correspond to
experimental data. Then in obedience to formula
(15) the coefficient of self-diffusion of antimony
was estimated for the temperature of 800K
(temperature of melting of indium antimonide).
In future, a scenario of calculation was following.
Diffusive length of 0,7 um (a curve 7 Fig. 1) is
corresponded to diffusion of antimony, as we get
the inverted layer of donor type on substrate of
p-type. Relaxation time is equalled of relaxation
1, = 10%; = 2 107 s. Then, the coefficient of
diffusion of atoms of antimony is determined from
equation:

select next data

2
D, =L _245.10 em’/
T, §

The obtained calculation data allow quality to
explain behaviour of «tails» of curves of Fig. 1.
Depth of formation of donor centers for a curve 7
of Fig. 1 (~1,5 pm) approximately corresponded a
depth on that the concentration of centers of p-type



®di3uka Ta ocBiTHI TexHouorii, Bum. 2, 2025

(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

. L L L

to correlation x,, =—"""—In—"-=15um, we
Lin_LSb Sb

get diffusive run-length of atoms of indium

Ly, =4.2 pm.

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

_L?n_ - cm’
=" =g.82-107 oM/

r

D In
Having these data, we can now define energies
of activation of the photostimulated diffusion
of atoms of indium and antimony. They are
determined from equation
Oy(sp) =KkT'n Do :
In(Sb)

After substitution of corresponding data we
have Oy, = 2.45 eV, Qg, = 2.71 eV Literary data
(Atomic, 1973) give value O, = QOg, = 4.3 eV.
These data behave to material of n-type. We have
an irradiation of material of p-type, and for this
material the atoms of indium have more mobility
than atoms of antimony. Naturally, we must take
into account and diffusion (radiation (photo)
stimulated (Trokhimchuck, 2002)) that decreases
energy of activation.

These calculations allow quality correctly to
explain the tendency of behaviour of'tails of profiles
of distribution of «diffusive» type (curves 5-7 of
Fig. 1) of donor photostimulated centers, in the
indium antimonite, and in principle, this method
of calculation can be extended on all double
compounds, including the processes of the laser
alloying of cadmium telluride with a help of the
radiations of argon laser (Prinsloo, 2003 — 2005).

Analogous results were receiving for indium
arsenide (Trokhimchuck, 2016). Data for estimation

was neXt DOIn :6‘105 cm%’ DOAS :3107 Cm%,
relaxation time 1, = 10°t; = 2 - 107 s. Diffusion
length of As atoms is equal 0,7 um (for curver

7 of Fig. 2). From the value of this length,
which is calculated according to correlation
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_ Luls 1ni=1.5um,
L s LAS

run—lenmgth of atoms of indium L;, = 4.2 pum.
Proper coefficients of self-diffusion are equaled
L _g.10+ em’/ D, = L _3.10° em’/
T, s’ g s
and energy of diffusion activation — Oy, = 1.76 €V,
Ops=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.

Based on this model, it is concluded that such
modeling methods can be extended to all binary
compounds and it is worth expanding these methods
to more complex materials (ternary, quaternary,
etc.). This is necessary in order to adequately
explain and describe the relevant experimental
results for the Hg,Cd,_,Te (Bahir, 1981). In this
case, we can use the concept of the Manning factor
(Manning, 1968), which is successfully used to
describe diffusion processes in complex systems
(Belova, 2017; Ganguly, 2002; Haitjanas, 2005).

Conclusions.

1. Some problems of modelling diffusive
processes of Relaxed Optics for indium antimonite
and indium arsenide are discussed.

2. The system of photokinetic and heat-
conductivity equations were selected for modelling.

3. Particular case of general resolution of this
system equations (dynamic approximation) was
used for the modelling the diffusion processes.

4. One-diffusion approximation allow
explaining left parts of diffusion profiles of
distribution of laser-induced donor centers.

5. Two  diffusive  approximation  allow
explaining the behavior of all diffusion profiles.

6. It is advisable to expand and adapt these
modeling methods for more complex compounds
(ternary, quaternary, etc.)

Xy we get diffusive

DAs:
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