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ves of the film. This gives rise to vacancy fluxes
which are directed from the expanded regions into
mpressed ones. From Egs. (6.3) and (6.4) it follows
at the void flux is linked to the vacancy flux and is
ppositely directed. As is seen from Fig. 26b, the voids

cup at the interface at the points of maximum dila-
on, decreasing there the local value of ¢,. From
1g. 26b one sees that this leads to a modulation of ¢,
ong the film, which enhances the initial bending fluc-
lation, thus creating the positive feedback. The dam-
and de-adherence of the film from the substrate
urs along such void piles.

In the upper half of the film, as is seen from Egs. (6.9)
d (6.11), where g < 0, the feedback is negative and the
o1d DDI does not develop. In accordance with Eq. (6.9)
e-adherence of the film must proceed in the form of
‘concentric rings, which is in fact observed in the
‘Periment (cf. Fig. 31). In the upper half of the period-
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Fig. 30. Surface relief recorded
along the coordinate r with the
help of the “Tulystep” profilome-
ter. This region of the surface
corresponds to values r in the
vicinity of the maximum of N(r)
(Fig. 27b) (a). Surface relief in
the vicinity of the concentric ring
void (b},

ically bent film, the vacancy fluxes are directed into com-
pressed regions, leading to a formation of the periodic
ring void channels which are spatially synchronized with
the positions of void piles in the lower half of the film
(Fig. 26). It is these very narrow void channels that are
recorded by a profilometer (Fig. 30).

The channel regions are optically transparent, which
explains the luminous rings observed in the light trans-
mission experiments (Fig. 31).

We shall now demonstrate the quantitative accor-
dance of the DD void theory with experimental results.
Taking 6, = 6, = 108 dyn-cm2, NS, = 3 x 107 [19],
[8]=10""erg, T = 5 x 10°K we have in Eq. (6.15)
b/ D = 1. Thus the threshold condition (6.15) for DDI
can be fulfilled under real conditions.

Let us demonstrate now the adequacy of the for-
mulae for the period (6.14) and the growth rate (6.12)
in the actual experiment. For the values mentioned
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Fig. 31. Concentric ring de-adherence of the film in the vicinity of the maximum value of N{(r): the beginning of de-adherence (a);
the detached film (b).
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ove and 2 = 5 % 10 cm we have in Eq. (6.14)
= 5 x 10~® cm?; for d in Eq. (6.14) we use the exper-
ental value d = d,,, = 3 X 107 cm. From Eq. (6.14)
‘then obtain

b/D=(1+28)>

S=danl/d=02.

‘or the growth rate (6.12) we then have A, = Dﬁzl};z.
Putting in this formula D = Dn.a® = 10 cm?.s-!
f,00 ~ 1072, D, ~ 106 cm2s7! [128]), one has A7l =
(? s, which is approximately equal to the experimen-
al deposition time, after which the quasiperiodic de-
dherence of the film begins. Thus, the deposition
uration £, turned out to be long enough for the DDI

10id development.

. An important conclusion which follows from the
bove theory is that the void DDI (and consequently the
oid ring formation) can be developed only when the
ilm thickness satisfies the condition hy, < h < hy,
see Eq. (6.17) and Fig. 27). This qualitative conclu-
ion corresponds to the experiment (compare Fig. 27
and Fig. 32) and this fact strongly supports the DDI
oid theory.

In conclusion of this section we note that from the
ractical point of view, the effect of the concentric
nacrovoid formation discovered in Ref. [127] repre-
- sents a unique method of obtaining very narrow micro-
hannels with widths Ar < 0.1 gm in thin metallic films.
.On the other hand, the occurrence of the above-
liscussed instability hinders further growth of the film,
ecause of the onset of film de-adherence from the sub-
trate. To avoid this effect one can use a vapor deposi-
ion regime that minimizes the number of macrovoids
Vo, such that the threshold condition (6.15) is not
aifilled. One possibility consists in a slow deposition
least at the initial stage) which ensures that the num-
er of through voids is minimal [19].

7. DISLOCATION-DIFFUSION-
DEFORMATIONAL INSTABILITY

Similar to the field of point defects, the dense dislo-
ation field, generated by external energy beams (in
articular, laser ones) can become unstable with respect
O-transition to a spatially ordered state, coupled with
eriodic deformational state of the elastic continuum.
he dislocation-deformational instability (DiDI) can
elop due to two different mechanisms. The disloca-
glide occurs in a self-consistent shear deformation
d and leads to the formation of in-plane dislocation
Cture (Sec. 7.1). Dislocation climb occurs in the
-consistent strain field and leads to the formation of
litatively different interplane dislocation structure
o€, 7.2).
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Fig. 32, Period d of the dominant structure as a function of
film thickness h for temperature T' = const. The values h;,,
and hy,, correspond to periods d — oo,

7.1. Formation of In-Plane Periodic Dislocation-Shear
Deformation Structures Due to Glide

7.1.1. Gliding Plane Lying in the Bulk of a Solid [29]

We consider first the DiDI due to the glide in the
bulk of a solid. Let some plane (x, y) in the bulk of the
medium be the gliding plane of the edge dislocations,
elongated in the y direction with the Burgess vectors b
directed along the x-axis. We introduce the number
density of dislocation lines

P2 = 8(x-x)8(z-2),

where the summation is carried out over all dislocations
with b ll x.

The dislocations move along the x-axis due to diffu-
sion [129] and deformation-induced drift, so that the
equation for p has the form

op sz 3

3 Ddé";g‘é;(PV)-

Here D, is the dislocation diffusion coefficient, v is the
drift velocity

(7.1)

(7.2

where M and N are the constants (m > 0), € is the shear
deformation. This system of equations is completed by
the equation for the displacement vector of the
medium, which we treat for simplicity in isotropic
approximation. In the considered geometry we have
U,=0and 0°U,/ 922 = 0, so that

vo= v, = Me",

o*U,/of
27

U 7.3
- Ctz (ale/axz) +"Ctzﬁa—a_—2-z + thzp, ( )
X

where B, is the constant of elastic anharmonicity.

In the linear stability analysis we represent the vari-
ables in the form

P = po'{'pp V= VO+VI’ £ = 8{)+€k’
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where g, v, and g, are the spatially uniform variables
and p,, vy, and g, are the nonuniform perturbations. We
assume that the variables p, and €, are determined by
the external pump intensity and hence are the control
parameters of the DiDI.

Then, linearizing Eqs. (7.1 - 7.3) and neglecting the
term with B, in Eq. (7.3), we obtain the system of equa-
tions
= ¢ (3°U,,/") +bp,,

U, /ot (7.4)

3p,/3t = D, (p,/x) —g (U, /0x"), (1.5)

where the constant of coupling of the elastic continuum
with the dislocation density field

g = mpyVyEy (1.6)
serves as the combined control parameter, depending
on the pump intensity.

We develop the solution to the system (7.4) and
(7.5) in the form

U,, = A,exp (igx+At), p, = B exp (igx+M1),

N

where A and B are the initial amplitudes. The solution
of the corresponding dispersion equation under the
condition ¢?c? > A? has the form

A=gb-Dyg = mpovoeglb -Dyg’. (7.8)

At gb = D,q? the growth rate A 2 0 and the DiDI devel-
ops with the fluctuations U, and p; growing in time.
The stabilization of DiDI occurs due to the anharmo-
nicity of the elastic continuum. In the stationary case
from Egs. (7.1) and (7.3), where A = 0, one finds the
equation for the stationary amplitude

~¢’A,~B.d1A A, +bgDTA, =0, (19
the solution of which at bg = D;¢* has the form
- 2
= B ((bg/Dyg®) - 1), (7.10)

where g < g, = (bg / D)'”.
The resultant DiD structure is determined by the
sum over the wave numbers of all Fourier harmonics.

With account for Eq. (7.7) we obtain for the resultant
component of displacement vector

Y= ZAqexp (igx)
454,

\ (7.11)
. 172

~ [q((bg/Dug’y = 1) cos (gx) dg ~ J, (qo%)

The resultant shear deformation is 9U, / dx ~ Jy{gex).

The dislocation density due to Eq.(7.5), where
apka’at=0is

EMEL'YANOV

p,(x) = Uu (x). (7.12)

Thus, as a result of D;DI, coupled and spatially syn-
chronized quasilocal periodic structures of shear defor-
mation and dislocation density are formed in the
gliding plane in the bulk of the medium. The period of

these structures is

d = 27/q, = 21 (Dy/bg) " (7.13)

In this derivation we have used the approximation
of the isotropic elastic continuum. The anisotropy of
the crystal in this simple model of DiDI is taken into
account while selecting the axis of easiest gliding
(x-axis).

7.1.2. Gliding Plane Lying on the Surface
of a Solid [102]

Now let the gliding plane (x, y) with z = 0 be the sus-
face plane of the material (z-axis is directed inside the
medium). We consider the simplest one-dimensional
model of self-organization of the edge dislocations with
the dislocation lines lying in the gliding plane (similar
to Sec. 7.1.1), occurring due to the interdislocation
interaction through the elastic fields. We assume that
due to laser beam action the dislocation field is gener-
ated in the subsurface layer, the density of which is
described by the function :

pP(x2) = Zﬁ(x %) 8 (z-2) AT

We shall descnbe the dislocation field by the same
Eq. (7.1) as above. The feedback link of the DiDI is
locked through the surface deformation due to the

nonuniform dislocation distribution, given by
Eq. (7.14) {100] -
+ oo + 00
e(x)],_,= (b/4x(1-0)) [dz [drp(x,2)
M (1.15)
X (EE -/ (E+D)), E=x'~x,

where G is the Poisson coefficient.

Eqgs. (7.1), (7.2), and (7.15) are the closed system of
equations under the assumption that y, > d!, where
d is the period of the DiD structure. Under thlS condi+
tion the variable v = v, in Eq. (7.1) is the drift velocity

on the surface v, _ .

We represent the variables in a form similar t0
Eq. (7.7) and substitute them mto the linearized

Egs. (7.1) and (7.15). With p, ~¢ ™

the right-hand side of Eq. (7.15) can be easily calcu;
lated, and as a result one obtains the growth rate

(y=q):

b

A=-D,g +g—352 . 7.16)
I I (-0 (
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Fig. 33. Geometry of the formation of periodic disiocation
structures. b is a Burgess vector of wedge dislocation elongated
in the y-direction (a); the profile of the deformed surface (b),

R s D

. Ttis seen that the dependence A = A{g) in the case of
the surface DiDI has a maximum opposite to the case of
the bulk one (cf. Eqs. (7.16) and (7.8)). Thus one may
expect the formation of a well-developed long-order
surface DiD structures,
. The maximum is reached at
- - gb

q Gmax 4Dde (1 — G) ’
so that the period of the surface DiDI is
2n 81 (1—-0)Dyy,

Grax hg
The characteristic time of the DiDI grating formation
(td = }";r}ax) 15

G0 e el P g ped LW

(7.17)

g

d

-
4D,
As in the case of bulk DiDI the x-axis is the axis of
easiest glide. There are two such axes on the surface
(100, so that two mutually perpendicular DiD gratings
must be formed.
- Let us see whether the mechanism of dislocation
DDI can explain the experimental results of
Sec. 4.3.1 on formation of surface grating with a
period d ~ 3 pm under millisecond laser excitation
(4= 1073 s). From the scaling relation (7.18) we
have for the necessary value of dislocation diffusion
coefficient Dy = 10 cm?s-%. These values of the dif-
fusion coefficient are characteristic for point defects
(vacancies) and far too large for extended defects.
Hence the dislocation DDI is too slow of a process to
be responsible for millisecond grating formation,
Thus, we conclude that the point defect DDI, consid-
tred in Sec. 4.3.2, is the only possible mechanism
left for explaining the experimental results of
Sec. 4.3.2.
The characteristic feature of surface dislocation
Statings formed due to in-plane DiDI is that the lines
‘dislocation pileups are not quite straight due to
¢ finite length of dislocation comprising them (the
~called “vein” structures [13]; for illustration see
8. 34, contrary to the ideally straight lines in the
s¢ of the interplane DiD structure (see Fig. 35).

8]

ty = (7.18)

R own

‘LASER PHYSICS Vol.2 No.4 1992

GENERATION-DIFFUSION-DEFORMATIONAL INSTABILITIES

453

We have described above the formation of “vein”
structures in the framework of the dislocation DDI
model. Note that previously such structures were
described in the model of the diffusion-reaction equa-
tion, assuming that there are two types of dislocations:
mobile and immobile ones interacting with each other
[131, 132]. The consideration of this section shows that
dislocation ordering can occur in the system of mobile
dislocations due to DDI.

7.2. Formation of Interplane Periodic
Dislocation-Strain Structure Due to Climb

In interplane DiDI the dislocation ordering occurs
due to the dislocation redistribution between the differ-
ent atomic planes as a result of deformation-induced
drift of vacancies (or interstitials). The intersections of
atomic planes saturated with dislocation lines with the
surface plane yields the structure of periodic and ide-
ally straight lines on the surface, which in fact are the
valleys of surface relief, corrugated due to DiDI
(see below).

The formation of such a structure was recorded, for
example, in Ref. [134]. A plate of crystalline Si, 50-mm
diameter and H = 1 mm thickness with (111) orienta-
tion was installed in a vacuum chamber (10-3 torr).
The cw radiation from a Nd : YAG laser (A = 1.06 um,
P = 100 W) was focused into a spot of radius r, =
5 % 107? cm and heated the surface for 60 s.

Microscope investigation of the surface opposite the
irradiated one revealed the presence in the region
r<5x 10" em of a whole set of periodic structures,
composed of straight lines, oriented at angles 60° to each
other. The distance between the lines was d =~ 10 cm
(Fig. 35a). When the carbonil (Mo(CO)) vapors were
let in to the camera the deposition of the thin Mo film
took place. The relief of the film surface corresponded
to the picture of the surface periodic line structure
(Fig. 35b). Note that similar dislocation gratings were
observed also on the surface treated by the scanning
CO,-laser radiation in Ref. [135].

p————4 5 pym

¥ig. 34. The periodic *vien” dislocation structure formed
under multipulse mechanical deformation of the surface
[133],
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Let us consider the model of DiDI due to dislocation
climb, which explains this phenomenon. We assume
that due to some generation process (thermal deforma-
tion or point defect condensation) the edge dislocations
arise in the subsurface layers with the orientations
shown in Fig. 36. The gliding of these dislocations in
the (100) planes leads to formation of traces on the
(111) plane in the form of three sets of straight lines
crossing at angles 60° with respect to each other. We
consider one of these sets and denote the axis perpen-
dicular to the lines of this set by Ox (Figs. 36 and 37).

The appearance of density of dislocations spatially
nonuniform along x leads to the appearance of coupled
spatiafly synchronized distribution of strain div U(x). In
its turn, the latter leads to the appearance of deforma-
tion-induced vacancy fluxes, the sources and the sinks
of which are the dislocation lines

8 a .
Vﬁ *a-; divU.
Due to the vacancy fluxes there appears the disloca-
tion flux. Contrary to the case of voids (see Sec. 6.1) the
dislocation flux has the same direction as vacancy flux

. 3,
Ja = Pg¥a = Pad )y (7.20)
Using the continuity equation for dislocation den-
sity and the adiabatic relation p, = const n, (compare
with Sec. 6.1) we obtain the equation for number den-
sity of dislocations

apd azpd pd19v|D 3%, .
5 = é}i —ng(d1va)iz=o+Gd,

d
A ) I {7.19)
Je Dvaxnv+nvD

(7.21)

where D = D n.a® is the effective diffusion coefficient
of dislocations, G, is the dislocation generation rate
uniform along x, Ug is the displacement vector of the
medium saturated with dislocations.

This dislocation saturated subsurface layer with a
thickness of the order of the length of dislocation (dis-
location semiloop) 4 has the density p; different from
that of the bulk. We consider this surface layer as a film
with a thickness / on the substrate (the z-axis is directed
into the substrate, the z = 0 plane being the film-sub-
strate interface plane) (Fig. 37). Thus, once again we
use the film-on-substrate model used previously in
Sec. 4.3.2. The basic equations are similar to those used
in Sec. 4.3.2. They are the equations for the bending
coordinate of the film {:

2 4
o c
AV SR Y (1.2
ot ox pfh
The equation for the subsurface layer strain
. C]¢
divU; = —v(z+ h/2) 25 (7.23)
x

the equation for the displacement vector of the substrate

EMEL'YANOV

G AU+ (¢} - c7) graddivU
57 = GAbS (cf = ¢;) graddiv (7.24)
with the boundary conditions at interface
Ul,_,=¢8 (7.25
U, U, 9Py
f-l(é"z “*”“a“; ) eo he‘ﬁ@; ’ (7.26
Bdis: Kah,
au, U o,
xom - i Do, 7.27
(az + ( 2B)ax ) e x (

Tn writing Eq. (7.26) we used the relation G,, = df/ 0
[136], where f = h8,p,. The system of Egs. (7.21 - 7.27
is completely analogous to the system (4.57 - 4.63), s
that we can immediately use the results, obtained i
Sec. 4.3.2, adapting them to the case considered here.

The solution of Egs. (7.21 - 7.27) has the form
fgx+ A igx+ h
Ps = P FtPae 5 § =8 o

where py, is the spatially uniform part, and the displace
ment vector in the substrate is given by Eq. (4.65¢).

The growth rate

¥

A=-Dg+q 2, (7.28
1+ak’g
where
_1ped 1 108 BEVD
24p 21— &~ Puad-pyper P

B=cl/ct.

At A > 0 the DiDI is accompanied by the formation o
the dislocation density grating, periodic bending of th
subsurface layer and deformation of the elasti
continuum of the substrate. The period of DiD gratin
is d =27/ Gpan, Where g, is the value of g at which th
maximum of A(g) is reached. Under the conditio
oh’q® > 1 from Eq. (7.28) we obtain

EN KT, 1 KT . 1
'[;?J(};?)(b?a') (T L

i3

_2m o p P
a=5 &

The DiDI occurs when the mean density of dislocatio:
exceeds the critical value

Py> Py, = (ah’/A) Dq.

AtK=10"7ergem™, a=5x10%cm, u =~ K, p; =
B=1,ct= ¢, T=10° K, pgs, = 108 cmr? from Eq. (7.2
we obtain the value of the period d ~ 10~ cm, whi
corresponds to the experimental value, Atd ~ 10 ¢
the critical density of dislocations at which the Di
due to climb occurs is py, ~ 5 X 107 em™.
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strueture (b).

Let us discuss the physical mechanism of DiDI. Let
the fluctuation Fourier harmonic of dislocation density
.arise in the film. Due to Eq. (7.26) this leads to appear-
_ance of the shear deformation in the substrate, and due
to Eqg. (7.27), the appearance of stress ¢, perpendicular
to the interface. Owing to Eq. (7.22), this gives rise to
the karmonic of bending deformation and occurrence
of harmonic of strain (7.23) in the film. The arising
eformation-induced flux of vacancies leads to the dis-
ocation climb along the x direction, which is
ccounted for in Eg. (7.21).

This climb leads to spatial redistribution of disloca-
ions along the x direction, which enhances initial fluc-
tuation of dislocation density spatial harmonic and at
)q > Py, leads to the onset of DiDI. We see that the
DIl due to dislocation climb is similar to void-defor-
Mational instability in films, considered in Sec, 6.1.

8. EXOTHERMAL CRYSTALLIZATION-
DEFORMATION-THERMAL INSTABILITY
AND FORMATION OF ORDERED
PHASE STRUCTURES

- All instabilities considered in this review up to now
are the endothermal processes developing due to the
nergy absorbed from an external source. This is seen
Tom the fact that the growth rate of these instabilities is
LASER PHYSICS
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Fig, 35, Periodic dislocation structures on (111) surface of Si (o). The deposited metal film follows the ordered dislocation

proportional either to some power of intensity of the
exciting laser beam, as in the case of EDTI (Sec. 2), or
to the number density of point defects ny (Secs. 4
and 5) or extended defects (Secs. 6 and 7), generated by
an external pump. In this section we consider the exam-
ple of exothermal crystallization-deformation-thermal
mstability (CDTI), occurring in amorphous materials
(semiconductors) due to the latent heat of crystalliza-
tion. Laser radiation serves ouly as an initial activator of
the EDTL. In Sec. 8.1 we study the CDTI on the surface
of the amorphous material, irradiated by a laser beam,
and in Sec. 8.2 we consider the case of CDTI in a film.

8.1. Surfaces of Amorphous Solids

The processes of crystallization of surface layers of
amorphous semiconductors under the action of pulsed
laser radiation (with pulse duration T, = 107" - 108 5)
are being currently widely investigated {139 - 141].
After laser irradiation the periodic structures formed by
the alternation of crystalline and amorphous concentric
ring structures are often recorded on the surfaces, with
the number of the rings being as many as five [38] to
eight [143]. For irradiation of amorphous Ge films, for-
mation of more sophisticated periodic structures with
concentric rings and radial rays (“star”-like structures)
was observed (see Refs. [140, 144] and Fig. 38). The
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Fig. 36. Ordered laser-induced interplane dislocation
structure on the {111 ) surface. The dashed region is the laser
spot. The thermal deformation of atomic planes and config-
uration of dislocations arising are shown. d is the disloca-
tion grating period.

formation of these periodic structures evidences the
development of a certain instability on the irradiated
surface. In some cases this may be endothermal surface
EDTI due to the interband transitions in semiconduc-
tors, described in Secs. 2 and 3.4.

In this section we consider another type of laser-
induced instability on the surfaces of amorphous
materials, leading to formation of the periodic phase
structures — exothermal CDTI [144].

The physical mechanism of CDTI on the surface
consists in the following. An amorphous phase is a
metastable state with stored internal energy — the hid-
den crystallization energy. The rate of crystallization at
room temperatures and in the absence of deformations
is infinitesimally small. With laser heating up to tem-
perature T'=< T, (T, being the melting temperature) this
rate is locally enhanced. The fluctuation harmonic of
deformation of the surface layer spatially modulates the
crystallization rate. This is accompanied by the spatial
modulation of the hidden heat extraction and due to this
by the spatial modulation of temperature.

Due to the inhomogeneous (along the surface) tem-
perature field T arising, there appears the thermal elas-
tic force F ~ grad T, which enhances the initial
deformation. The positive feedback arising under
certain conditions leads at T'> T, (7 is a critical tem-
perature) to the instability in which the Fourier ampli-
tudes of the temperature-induced static surface
deformation and also of crystallization rate grow expo-
nentially in time.

One of the conditions of CDTI is the absence of
melting. We stress the fact that the laser heating (pulsed
or cw) in the CDTI plays the role of initial activation
and the instability itself develops due to the hidden
crystallization heat. This is the principal difference
between the CDTI and the endothermal EDTI on the
surfaces of semiconductors (Sec. 2), which also leads to
formation of similar periodic deformation structures,
but develops due to absorbed laser pulse energy. The

EMEL’YANOV

leading role of deformations distinguishes CDTI from
the usual explosive crystallization, occurring due to
thermal effects only [139, 140].

As a result of development of the CDTI the concen-
tric ring-shaped temperature and deformation fields and
the resultant ring or star structures of periodically alter-
nate amorphous and crystalline phases are formed
(Figs. 2 and 38).

Apart from the complicated periodic structures, for-
mation of simpler structures consisting of a crystalline
spot in the center and one crystalline ring with a radius
of the order of the dimension of the laser spot were
recorded under picosecond irradiation of amorphous:
semiconductors [142, 145, 146]. The dynamics of their
formation shows that it occurs due to Gaussian distribu-
tion of intensity in the laser beam cross-section and not
due to development of instability. '

The CDTI considered in the present section can:
arise not only under laser irradiation but also under
electron beam irradiation or even under heating by a
furnace. It is interesting to note that in the latter case a
concentric ring and more sophisticated radial-ring peri-.
odic phase structures are created [147].

We consider an amorphous medium filling a semi-
space z 2 0. Let g = a(x, ¥) denotes the local relative
volume of amorphous phase with

a=Av,/ Av,

where Av is a physically small volume, Av, and Av,
are the volumes of amorphous and crystalline phases,
respectively. The variable a obeys the activation kinetic
equation

da a W+6dvU
= —— eXp (HW

dt T, kT
Here W is the activation energy, 1, is the phenomeno-
logical constant, 8 is the deformational potential, U is
the displacement vector. Eq. (8.1), where 0 = 0, is usu-.
ally used for the description of thermal explosive crys-
tallization [152]. With & # 0 Eq. (8.1) takes into account’

the fact that deformation modifies the crystallization:
rate. -

The equation for T has the form (cf. Eq. (3.10))

); 8<0. 8.1y

aT E, W+0div U
3 = x AT + Tocva exp (—WkT ) __
5 (8.2)
LOYEA-R)
27c, Pi=12).

Here E, is the hidden crystallization rate, E is the laser
field amplitude.

aT.
— =0, (T-T,, = {,
G, =% T-Tu).
Egs. (8.1) and (8.2) are closed by the equation for U:
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° Fig. 37. Model of the medium with the subsurface layer sat-
- urated with dislocations: the film of a thickness of the order
of the dislocation length h on an elastic substrate. 1 - the Si
plate surface, 2 — the dislpcation semiloops.

’ Ko
g";} = ;AU + (¢} - ¢}) grad div U~ ?grad T,
£

(8.4)

is the mean density of the medium (we neglect the
fference between the densities of amorphous and
rystalline phases). We put & = div Uand =T, + T,
ap+ay, §=E+&,, where Ty, ag, and &, are spatially
niform along the surface solutions and 77, a,, and &,
e small spatially nonuniform perturbations.
Linearizing the expressions (8.1) and (8.2) with
respect to perturbations, we obtain the equations of
ero order

W
W,=W+86E,,
a7, E c"/iEI2
o = XAT+ * Sme. O (-yz) (8.6)

nd the equations of the first order

< W”T o —divU o
Ocv[a"[}(‘{g‘ xT, J”]e"p( kT)
(8.8)

e note that by neglecting the thermal conductivity
.= 0) one obtains from Eqs. (8.7) and (8.8) the law of
.ergy conservation
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%(Ecai +e,T) = 0.

Expanding &,(#, z) in a power series

So2r & =

and using this expansion in Egs. (8.7) and (8.8) one
W+0&,(2) J

obtains
P [‘" kT, ()
ex ZM} ex [_
P| KT, (0 P
The approximation (8.9) is valid, if |0 / kT(0) > &;'.
Moreover, under the condition AT > 1 one can neglect
the term ~a; in the right-hand side in Eqs. (8.7) and

(8.8). Then, the Eq. (8.8) accountmg for Eq. (8.9
acquires the form

(1) =&, (0) - ag"

8.9
08 ] ©
kT, (0) -]’

aT1 . -T2 ~I"z
5 = AT, +gdivUe "+oTe 8.10)
where
- I_( E, )(W(O)
82200 T, 0 kT, (0) (8.10a)
= Sexp [-W, (0) / (KT, (0)) 1/ (K'T5(0));
]
€70 (0) 8.11
T, (0) E, ¢ @11)
T ‘e T, (0) ) (kTD w0y %

Eqgs. (8.10) and (8.4) constitute a closed system of
equations for T, and U, the solution of which deter-
mines the first order perturbation of the crystallization
rate, in accordance with Eq. (8.7).

We assume that the change of 7, and div U with the
distance from the surface is small on the length T™!
(which is usually the case, see below). Then, in the last
two terms on the right-hand side of Eq. (8.10) one can
substitute T'(z) = 77(0), (div U), = (div U),_, and write

oT, T
3 ~-%AT; = [gdivU+o0oT,], _ (8.12)

The system of Egs. (8.4) and (8 12} describing
CDTI is similar to Egs. (2.4) and (2.8) of EDTL The
difference is that the coefficients g = £y; and 6 = g are
now proportional not to laser intensity as in Eq. (2.8),
but to the latent crystallization heat E.. The procedure
for the solution of the system (8.4) and (8.12) is quite
analogous to that carried out in Sec. 2.3. We consider
explicitly the formation of concentric ring surface
structures.
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Fig. 38. Surface structure of the “star” type, formed on the
a~Ge film as a result of pulsed laser irradiation {photo-
graph made with an optical microscope).

The deformation on the surface in the form is given
by

(divU),_, = AJp(gr)exp (Ar). (8.13)

The solution of Eq. (8.12) with the boundary condi-
tions (8.3) has the form

. §éxp (A2)
Lot -8)

13
X i:g exp {—-6z) —exp (——I“z)},

AJ,(gr)
(8.14)

where 82 = ¢*+ A/y, g =g/ (1 -0/ (x[8)). Under
the condition & <€ I' one can neglect the second term in
Eq. (8.14). Additionally, 8 determines the length of
the 7, decay with distance from the surface in accor-
dance with the adopted approximation.

The explicit boundary conditions for U at the free
surface have the form

U, U, _o 2.15
(_3—5 +"a"; )MO =0, (8.15)
Ko U oy, U
- o 1 = — Tyt =
B=cl/ct.
(8.16)

Using the decomposition of U = U, + U, (Eq. (2.14)),
we obtain the equations for U, and U,

EMEL’YANOV

v
7 ! = CIZAUI
{
KaAg :
2 - 17y

X TS grad (J, (gr) exp (-82) )exp (A1), (8.17).

’U, ,

oz =AU,

the solutions of which are developed in the form
U, = (bexp (~x2) +dexp (~82))J,(qr) exp (A1),

(8.18) 

Uy, = (aexp (=K;2) +fexp (~82)) Jo (gr) exp (A5
(8.19):

U, = ~xNJ_ (gr)exp (—xz+ M), (8.20)

U, = gNJy(gr)exp (—xz+ A1), (8.21)

where a, b, f, d, and N are constants. Further calcula-
tions proceed similar to Sec. 2.3 (following Eq. (2.16)).

Under the condition A2/ ¢2 < (8 — ¢°) we find

2

A
A= ﬁM/[lmR/(xFS—c)],
&

where M is some constant and

_ KoE8|a _WO(O))
pCfTvakTo 0) krﬂ (0) (8,22_)2
W, (0}

= Qexp (“m) / (kTe (0)).

Taking into account Egs. (8.18) and (8.21) oile can
express the solution of Eq. (19) in terms of the con-
stants M and N

U, = Jy(gr)exp (A) {M[-xexp (—x;2)
2

+ %chp (—82) / (AT (¢* — &%)
4

x (1= (R+8)/%T'8) ) 1 +Ngexp [-xz] },

(8:23)

U,=J_,(gr)exp (A1) {M[gexp (~x,2)
2

~ %Rqexp (~82) / (T (4" - &)

c :

x (1- (R+6)/xT'8) ) 1 ~Nxexp (~x2) }.

(8.24)

Now, from Egs. (8.15), (8.16) and (8.23), (8.24),
quite analogously to the derivation after Eq. (2.21) in
Sec. 2.3, one obtains the dispersion equation for CDTL
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2,2 2
(lcf+q) - 4K,X,g

A? [+ - axsd] .25

xS (g°= 8% [1- (R+6)/ (x[8)]

- The structure of this equation is similar to that of the
ispersion equation for EDTI (2.22). The parameter R
n Eq. (8.25), given by Eq. (8.22), describes coupling
etween the deformational-thermal properties of the
edium (Ko) and crystallization  properties
E.7t)exp (W [/ kT, (0)) via the deformational
otential O.

. First, we find the solution of the dispersion equation
ear the CDTI threshold, when A — 0. From Eq. (8.25)
der the condition A / ¥g* <€ 1 one obtains the soft
DT-mode

R

= _ayg+23
A= -2%q +2F(I-B+G)' (8.26)
In the region above the threshold, under the condi-
on
22
M= g,
Ciz. tqz

expanding (8.25) into a power series of the parameter ,
_Wwe obtain the following simplified dispersion equation

(3+9) (8-gge) = [2B/(1-P)lage (827)
here gz =R/ (D), gas = (R +0)/ ({T), (0SB < 1/2).

he solution of Eq. (8.27) has the form
(4+xs)’ 28 Y
4+ 4ps qg qV} 2
(8.27a)

he depeﬁdcnce A = Mg) according to Egs. (8.27a) and
.26) is shown in Fig. 39. When R > ¢ the maximum
alue of the growth rate A is reached at

2

L2
Gmax = Gre [ (58 +6a+1) =~ (2a+1)],

a= 2B
. IMﬁQRo’

2 1 2 172
max quc"i [ (5a+ 1) (Sa +6a+ 1)

(8.28)

m11a2-8a+1].

he periodic ring structure with g = g, and A=3___ is
Ominant in the overall situation of surface excitations.
At 0 ® R (ggs > qp) the growth rate is given by
=%(gz, ~ ¢») and the maximum is achieved at g = 0
g, 3913. We want to show that the formation of peri-
dic surface structures is possible also in this case.
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To do so, let us find the dependence of the initial
amplitude of surface deformation A in Eq. (8.13) on
the wavenumber g. For one-dimensional grating
U, ~ g~ cos gr, whence div U, ~ cos grcos ¢. Going
over to the ring structure we have

L4
divU, ~ (1/7) jcos (greos @) do = J,(gr),
0

i.., in the Eq. (8.13) the coefficient A is independent
of g. Summing Eq. (8.13) over the surface modes one
obtains

divU= ZAJO (gr)exp (hb)
g
9o

~ [ lgexp (12 (g2o = 4)) 145 (g7 dg.
0

The function in square brackets reaches a maximurn at
G = Grnae = (2072 (Fig. 39) and div U ~ Jy(gpae?). Using
t = MG ), One finds

Tmax & Gy Mooy = X o (8.29)

The ring structure with g = g, and A= A_,_, given by
Eq. (8.29) is selected at ¢ > R. Note that in the case
G 2 R one should not expect the formation of distinct
and well developed surface periodic structures as in the
case G < R. Most probable in the case 6 > R are
quasilocal structures with two or three oscillations. Put-
ting in Eq. (8.26) A = 0 one obtains the equation deter-
mining the critical temperature T, of excitation of the
gth harmonic in CDTI

S(I“ﬁ))/

£r

We = XFQ(I_ﬁ)a

(8.30)

exp (—w,) (Q+

W, (0)
|

s. (8.22) and (8.10a). Thus, it follows from the con-
sideration of this section that when the temperature of
the medium exceeds the critical value T,(0) > 7,.(g) the
CDTI develops in the subsurface layer (i.e., Ag) > 0).
As aresult, the coupled concentric rings of temperature
(8.14) of the displacement vector (8.18 - 8.21) and of
the deformation (8.13) are formed. The period of these
structures, i.e., the distance between the adjacent cir-
cles,isd =7/ gy

As is seen from Eq. (8.7), the fields divU and T,
modulate the crystallization rate so that the ring peri-
odic surface structures of crystalline and amorphous
phases are formed as a result of CDTI (Fig. 2). These
structures penetrate into the bulk by a distance &7, Kt

Similar to Sec. 2.5, the formation of the radial rings
(see Fig. 2) described by the Eqs. (2.41), and ray struc-
tures (Fig. 2) described by Eq. (4.18) is also possible.

We estimate the period of the structures in the case
of amorphous Si at the melting temperature 7= T, =
1400 K. The characteristic values of the parameters for

where w,, = , and Q and § are determine& by
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A

1 Grmax 2 do

Fig. 39. Dependence of the CDTI growth rate on the wave-
number g (calculation according to Egs. (8.26) and
(8.27a)). I — the growth rate at 6 > R, 2 —at 6 < R (sche-
maticaily). 3 — the function gexp(tY(q2,, — ¢*) selecting the
structure with g, and Ay, (see Eq. (%.29).

a—Si are T, = 3.2 X 1075 5, E, = 10° J.ecm™? [148], || ~
10 eV, ¢, = 2 Jem>degree™, p = 2.3 gem, f = 0.2,
K= 102ergem®, o = 10°K", g = 01 cm®s™.
At these values in Eq. (8.22) Q=3 x 10"s, and R =
4x 10857, at W, = 1.9¢V. (The value of activation
energy depends on the character of amorphization and
varies in the limits 1.8 - 2.3 eV [138, 149, 1501.)

From Eg. (8.10a) one has also §=4.2 x 10" 571, and
6= 3.3x10% 57! > R. Thus, under these conditions one
can expect not the formation of well-developed peri-
odie surface structures, but rather structures with only a
few oscillations on the surface of a semi-infinite o—Si.
At o =3.3x 108 s, from Eq. (8.29) for these structures
we have I" = 10° cm*!, so that the period d = 3 im, and
the growth rate A ~ 7 x 107 571 (v =6 x 107 s7).

Let us evaluate the critical temperature. From
Eq. (8.30) we have w, = 16 at W = 19eV, ¢ =
2% 10* em and T = 10° cm™. At the same values of
parameters at T = 1400 K the value w = W/ kT =
15.5 < w, i.e., under these conditions the critical con-
dition (8.30) can be fulfilled.

The formation of the “star”-like radial-ring struc-
tures was observed in experiments carried out with o~
Ge film of a thickness 0.5 im deposited on Si substrate
with SiO, layer of a thickness 1 pm. This sandwich-
type structure was irradiated by the laser pulses with
1, = 30 ns, A = 0.51 um, and energy density 0.5 J.cm™
[11344]. After irradiation with a single pulse, several
“star” structures of surface relief modulation were
recorded, similar to that shown in Fig. 38, with chaotic
distribution of centers of the “stars.” This circumstance
can be attributed to the presence of either enhanced
optical absorption, or of lowered activation energy
(or both) on the surface of centers due to, for example,
local deformation.

The CDTI in a film-on-substrate structure can be
modeled by a CDTI in a semi-infinite medium, but in
this case one must take into account the modified
properties of the top layers. This system seems to be
better described in the framework of the theory of
CDTI in films which is considered below.
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8.2. Amorphous Films

The problem of laser recrystallization of amorphous
semiconductor films is important for microelectronics
[147]. The formation of periodic structures is often
observed [147] when carrying out laser induced recrys-
tallization using either cw or pulsed laser radiation.
One of the possible mechanisms of their formation is
CDTI, considered in Sec. 8.1 for the case of the surface
of amorphous media.

In this section we generalize the mechanism of CDTIL
for the case of amorphous films. The physical mecha-
nism of CDT1 in a film is essentially the same as that on
the surface, but now the bending or the longitudinal
deformation of the film [76] plays the main role, instead
of the surface deformation. We shall confine ourselves
here to the case of bending deformations only.

Let us consider a thin film of a thickness h of amor-
phous material illuminated by laser light. We assume
the case of strong absorption, so that the film is opti-
cally thick. Let a = a(x, y) be the local relative volume
of amorphous phase, defined in Sec. 8.1. The variable 2
obeys the activation kinetic equation (8.1).

The equation for T'in the film is given by
oT/0t = AT~ U (T'-T,) + (E.a/Tycy)

x exp (— (W +0div U) /kT) + ¢y E* (1 -R) /2mc,,
(8.31

where |1 is the phenomenological constant accounting
for thermal conductivity into the substrate with the tem
perature T,, the rest of the parameters being the same a
in Eq. (8.2).

We shall approximate the bending deformations
the considered structure by the equation for the unsup
ported film, accounting for the interface by introducin
the longitudinal stress :

azg k2

S3 = ~ChAT+ AL - (Kav/phk) [ 2ATdz.
t

~h/2

(8.32

Here c,:;' =G,/ p, O, is the stress along the film, occur
ring due to the difference of the thermal expansio:

coefficients of the film () and the substrate; /2
K 112,v=(1-206)/(1~0). _

The bending deformation is linked with the strain b
Eq. (4.32), as usual. The system of Egs. (8.1), (8.31)
(8.32), and (4.32) is the closed system describing CDT.
in the amorphous film.

In a linear regime of CDTI we represent the proble
variables in the form of the sum of spatially uniform
zero-order solutions and spatially nonuniform firs
order perturbation

a=ay+a, T=Ty+T,, {=0,+C,
divU=§ +§,.
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Linearizing Egs. (8.1) and (8.31) with respect to
rbations, we obtain the zero-order equations for
tially uniform variables

g/ dt = —ay/T; T =1, exp (~W,/kT,),
AT,/ 3t = 4’ To/ 32" ~ W(Ty— T,) + E.ap/Tc, (8.33)

+cylE’ (1-R) /2xc,,

here Wy = W + 6div Uy, and with proper account for
(4.32), the first-order equations for spatially non-
miform variables

oT,/dt = YAT, - uT, + E.a,/7c,
+ (E.ap/te,) (WoI'/kTy - 08, /KT,) ,
#?51/ dt = ~a,/T+ (ay/T) (08,/kT,~ W,T,/kTy) .

(8.34)

. If one neglects the thermal conductivity (y = 0,
= 0}, then from Eq. (8.34) one obtains the energy con-
ervation law

%(Ecai+cvi"l) = 0.

* Under the condition At > 1 one can neglect the term
4, in the second equation in Egs. (8.34), The per-
turbed crystallization rate is governed by the equation

da,/dt = (ap/T) (08, /kTy~ W,T,/kT2). (8.35)

oT, /0t = xAT, + gzVAL + (6 - ) T},
B2

EEE == RAY, + AL, ~ (Kov/ph) j AT dz,

—h/2

(8.36)

g = “"‘Ecaog/'tcvaﬂ; g > 0,
E W, vexp (-W./kT
o= (WE) a, _0 P ( 0 G.) .
Cy kTg T
eveloping the solution of the system (8.36) in the

1y, C, ~exp (M + igx) we find (under the condition

£¢ !ﬁq“ + c;¢') the expression for the growth rate

0

= ~xqg' +6—u+Re/ (1+ 24/, (837
te the externally controlled parameter R, determin-

the transition to the spatially nonuniform state,
nds on the mean temperature
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R=R(Ty)
aFE exp (-Wy/kTy) |6
) ) G-

=Viay (5 (©39
pey

This describes the coupling through the deformation
potential 6 between the elastic properties of the
medium (described by the elasticity modules (X)) and
crystallization properties of the amorphous medium
{described by latent crystallization heat E,). Parameter
o describes the usual spatially uniform explosive crys-
tallization.

The dependence A = A(g) reaches the maximum
value A=A, atg=gq,.

172

2 2
_1a (5’2) ~1
Qmax"'loc x .2

2
2
Mo = 0——;.L+—C—'2'- (R —x"/1) =c—p+h,.
c

(8.39)

It follows from Eq. (8.39) that the maximum of
A = Mg) exists under the condition

R>y/L. (8.40)

If an extra condition A, > 0 is imposed (to fulfil the
latter it is sufficient to have 6 = 6(T},) > 1) the CDTI sets
in the film, accompanied by the formation of one-
dimensional coupled gratings of temperature 7; and
bending deformation { with the period

¢ 2, 12 -z
d =21/ pox = 21'5;40 [(RE/x) =1]. (8.41)

1 .
Due to Eq.(8.35) these gratings modulate the crystalli-
zation rate, so that the grating of alternating amorphous
and crystalline phases must be formed with the period
given by Eq. (8.41).

Under the condition

R<y/P
the maximum of the dependence A = A(g) is achieved at
g =0, which is equal to A = A, = ¢ ~ . Under the extra
condition ¢ > , there develops the thermal explosive
crystallization (A > 0), but the periodic structures are
not formed in this case.

Let us do some numerical estimations, In the case of
CdS, K=5x 10" ergem, p=5 g.em3, 0= 5 x 106 K-,
¢, = L6Jem?, y = 0.1 cm?s™!. Using also E, =
4x 103 Jem™3, W = 1.3eV [149], 8 = 5eV, Ty =
3x1085s[152), c/ey~5,v=1,a,=1,atT=103K
the control parameter is R = 1.3 x 10° 57!, and at

h =2 um we have le, /x =170, i.e., the critical condi-
tion of CDTI (8.40) can be fulfilled at the temperature

T~ 10° K. From Eq. (8.41) at the same values of the
parameters one finds the grating period to be
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d~7pm. The critical temperature, found from
Eq. (8.40)is T~5x 10°K.

Let us estimate now the time of grating formation,
using Egs. (8.37) and (8.39): with the values of param-
eters used above we have ¢ ~ 10°s™, R ~ 10° s in
these formulas and Ag ~ 107 s7! < G in Eq. (8.11).
Thus, the {&:nodxc structure appears only in the region
|G — W| < Ag. Hence, in the case of bell-shaped temper-
ature distnbutlon Ty = Ty(r) it appears in the ring region
Fonin < 7 < Frnax

Note in conclusion of this section that the surface of
the film, as well as that of the semi-infinite sample
(Sec. 8.1) must be periodically undulated, if it becomes
recrystallized under the conditions of CDTL The sur-
face undulations in explosive crystallization are in fact
observed (see Ref, [153]). Other instabilities in crystal-
lization and solidification processes are reviewed in
Refs. [154, 155].

9. CONCLUSION

In this work, on the basis of the DD model of a solid
we studied the hierarchy of the processes of laser-
induced defect generation and subsequent transforma-
tions of defect fields, leading to formation of the local-
ized and periodic defects structures on strongly
absorbing surfaces of solids and in films.

Strong action of the laser radiation greatly
enhances the rate of defect generation and leads to cre-
ation of dense fields of point defects in the subsurface
layers of materials due to the heating, deformation of
medium and electronic excitation. Other processes
induced at the surface by other types of energy beams
(chemical reactions, implantation, particle irradiation)
also yield very high concentrations of point defects.
The self-consistent medium deformation, induced by
point defects, ensures the appearance of positive feed-
back in the processes of point defect generation and
deformation-induced drift and leads to occurrence of
the GDDL

The threshold of onset of the GDDI of point defect
fields n,, is the first threshold in the considered hier-
archy of defect field transformations. It marks the
beginning of formation of either extended defects or
periodic point defect pileups. With further energy
beam-induced generation and corresponding increase
of the number of point defects, the second threshold
n., 1s reached after exceeding of which the periodic
structures of extended defects are formed. We believe
that this second threshold (or the third, close to it,
threshold n.;) marks also the onset of the self-
consistent deformation-induced local fusion of
extended defects, i.e., the formation of cracks, and
thus damage of the material. The mechanism of accu-
rulative laser damage, developed here with the use of
this assumption, yields results which are in good
agreement with the experimental data on laser damage
of semiconductors by trains of laser pulses.
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“breaking of selective direction covalent bonds or due to

The exceeding of the first threshold n,; was shown
also to have practically important manifestations (cata-
strophic degradation of optoelectronic devices, nonuni-
form surface melting of semiconductors, formation of
periodic subboundaries structures and others). The pre-
dictions of the GDDI theory as to the periods, orienta-
tions and the time of development of the surface
structures are in good agreement with experimental
results.

The interpretation of peculiarities of laser-induced
surface grating formation in covalent semiconductors
from the viewpoint of DDI enabled us to draw conclu-
sions about the possibility of controlling the directions
of diffusion and deformation-induced vacancy and
interstitial surface fluxes with the help of a linearly
polarized strong laser beam. We believe that similar
control of the direction of diffusion and deformation-
induced fluxes of electron-hole pairs is also possible in
the case of EDTIL. Thus the control of the orientation o
the surface relief gratings formed due to the EDTI
seems to be possible either due to laser excitation and

intense laser field-induced anisotropy of the electron
relaxation times.

Interpretation of laser-induced morphologica
changes from the viewpoint of GDDI leads us to a con-
clusion about the mutual influence of two differen
instabilities: the interference instability of surface relic
and GDDI. In light of these results, the possibility o
entrainment of point defects by spatially periodic sur-
face light fields, arising spontaneously under the condi
tions of surface ripple formation, appears very
promising. These questions need further theoretical and
experimental investigation.

The results of the present studies of the penodzc
DD-structure formation enable us to make a conclusion
about the crucial role of surface in determining th
character of the generated structures.

The boundary conditions for deformation and diffu
sion fields at the surface (or effective form of the basi
equations in the solid films) ensure the occurrence of
maximum in the dependence of the instability growth
rates on the grating wavenumber, thus leading to gener:
ation of periodic defect structures. In the bulk case thi
dependence is monotonous, which results in formatio
of quasilocalized DD structures.

The initial state of the surface and subsurface layer
turns out to be of great importance for the effects ol
GDDI studied above.

First, the rate of laser-induced defect production in
semiconductors and the subsurface layer, in which th
intensive defect generation multiplication takes place, i
determined essentially by the initial defectiveness of th
material. Second, the initial extended defects lower the
thresholds of GDDI by their deformation fields (or, pos
sibly, by their electric fields), thus initiating the onset o
instabilities and formation of additional extended defects
in their vicinity. Thus, the resulting effects, such as deg
radation of optoelectronic devices, nonuniform melting
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he surface, cumulative damage and others, viewed
ere as manifestations of GDDI, essentially depend on
e initial defectiveness of the subsurface layers.

‘Apart from endothermal GDDI we considered also
othermal GDDI in amorphous media. Another possi-
& type of exothermal GDDI considered recently is the
combinational DDI developing, by analogy with
PTI considered in Sec. 8, due to heat extraction dur-
¢ recombination of defects [156].

. The GDDI considered in this review belong to the
ass of nonrescnant laser-induced processes. The fre-
ency of laser radiation may be varied in wide limits
out changing essentially the observed effects, and no
erence of radiation is needed to induce GDDL
ently the class of laser-induced resonance instabili-
s and phase transitions in quantum electronics systems
ith discrete energy levels was also investigated [151].

. We believe that the studies of GDDI, as compared
ith the state-of-the-art in interference instabilities of
the surface relief, are now only at the initial stage.
any conclusions made in this work should be viewed
present as only hypotheses. We hope that this review
11 stimulate further progress in research in this field
of laser physics.
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