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BISTABILITY THERMOINDUCTION AND
DISSIPATIVE STRUCTURE FORMATION IN THE NON-

CRYSTALLINE MATERIALS
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The effect of the powerful laser light (A = 10.6 um) on the amorphous films has
been studied. The model which takes into account non-linear temperature
dependence of the absorptivity and nonstationarity of the heat removal process is
considered. It describes irreversible changes under laser irradiation and effect of
nonmonotonous changes in optical density of the amorphous film depending on the

pulse length.

1. Introduction

Laser radiation interaction with different-
type non-crystalline solids produces the
photo-induced change of their optical [1-3],
physico-chemical [4] and other properties.
These processes have been fairly well studied
in the chalcogenide vitreous semiconductors
[1-4], where they are most effective under the
exposure of the light quants of 2w < E, en-

ergy. Interest in the studies of the photo-
induced transformations in such materials,
besides the practical application, is due to the
fact that the non-crystalline media produced
in the strongly non-equilibrium conditions
are open over the energy and mass exchange.
Due to this the self-organizing phenomena in
the non-crystalline structures under illumina-
tion appear to be diverse, and qualitatively
new stationary and non-stationary structures
have the possibility to occur. A series of ex-
perimental data on the studies of the dynam-
ics of the optical parameter variations and
relaxation phenomena at the photo-thermal
excitation [5-6] indicate the specific features
of wide-spectrum (1=0.3—15um) laser ra-
diation interactions. These data can be ana-
lysed, as shown below, from the viewpoint of
the photo-induced instabilities and the dissi-
pative structure formation. The thermal and
electron mechanisms of the laser radiation
action is defined primarily by the energy den-
sity.
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At moderate energy densities (< /W /cm?)

predominant is the contribution related to the
change of the state of electron subsystem and
subsequent vibrational spectrum transforma-
tion. At higher energy densities (Z] ow/ cm")
the photocrystallisation processes due to the
thermal component of the laser radiation ac-
tion are observed for many non-crystalline
materials [6].

Production of the spatio-temporal struc-
tures and thermal instabilities with the bista-
ble behaviour under the influence of the ul-
tra-short nanosecond and picosecond pulises
or the powerful continuous radiation on the
semiconductor layers and biostructures is one
of the possible examples of the systems
which allow the formation of the dissipative
structures far away from the equilibrium state
[7-9]. The mechanism of the production of
these structures is based on the linear inter-
action of radiation with the substance when
the reverse influence of the medium on the
radiation absorption occurs, and the station-
ary non- equilibrium mode is possible pos-
sessing the spatial and time characteristics
which differ qualitatively from those for the
linear energy transfer mechanism. In this
section, we shall study the development and
stabilisation of thermal instabilities with si-
multaneous formation of dissipative struc-
tures in the non- crystalline layers under the
influence of the continuous IR- radiation.



BicHuk Yixropoacekoro yHiBepcurety. Cepist @izuka Ne 3 1998

2. Model of system and thermal instability
formation

Consider the model system comprising the
cover layer, the non-crystalline material and
the substrate. Let the radiation of
g(x) = I(x)/m; power with the Gaussian in-

tensity distribution I{x)=17, exp{—xz /x,;’} over
the beam cross section (x, is the effective

beam radius) and with the pulse duration of
¢, whose intensity decreases along the z-
axis, be absorbed completely by the system
volume. The peculiarities of the behaviour of
the IR- transparent layers of non-crystalline
semiconductors [10] are defined by the sub-
strates, which absorb the radiation of a given
wavelength, and the heat removal mecha-
nism. In the IR-region of the spectrum, the
strong temperature dependence of the ab-
sorption cross section appears to be essential.
The absorbing capacity can be approximated
by the expression =/, exp{—aTa /T } , Where
a is the non-linearity parameter, 3,7, - con-

stants. A considerable increase of the ab-
sorption and the rise of the reverse influence
of the medium on the radiation take place
with the radiation energy density increase.
The self-consistent increase of the absorption
at the presence of the feedback between the
radiation and the substance as well as the oc-
currence of the non- stationary temperature
mode at the non-crystalline boundary may
result in the appearance and development of
thermal instability self-organisation.

In order to study the formation of the
structures due to the thermal instabilities,
consider the dynamics of the temperature
variation in the "substrate + layer" system.
This problem is described by the non-linear
differential equation which accounts for heat
generation, propagation and transfer:

pcg— = div(xgradT)+ G(T) - AT) . (1)

Here C, p and « are the heat capacity,
density and heat conduction, respectively;
G(T)=pUqgs(z)f(t) is the heat source; U is
the optical transmission of the layer at the 4
wavelength which allows for the power
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ra
variation at the absorption; Q(T)_-_ j'__n(éd_)d_ 3
Ty

is the heat exchange with the non-crystalline
layer (77 being the heat exchange constant,
T, being the initial temperature),

5(2):{],zsd, f(t):{l’ 1<,

0,z>d, 0, t>t.

The boundary conditions are:

ar (x, z, t)

T(x’z't)z=0=TO s &

=0

z={0

Q)

To solve the equation (1) and analyse the
obtained results it is convenient to use the

dimensionless  values: (D:Z, ch:ﬂ’
7, ,
-~ Ugo t .
q:_q_m(_z), T=—n~—, /tt:fi? in terms of
nt, pCd nx,

which the equation (1) attains the form:

oD ~
—;:;N"@HL qexp{~ %}f(z’)— D+ @,

3)

Here v’@ is the Laplace operator in the
cylindrical coordinate frame. The stationary
temperature field which specifies the bifur-
cation diagram in the {®,q} plane is given by

the equation:

VD, =G exp{—«(—%}+ ®,-D,. 4)

The configuration of the stationary tem-
perature field depends on the geometry of the
two-layer "non-crystalline layer + substrate"
system, the heat source density and the heat
removal value. The system possesses the
bistability over the § parameter related to the

radiation intensity. Depending on g, one or
three stationary states do exist differing in the
reduced temperature @ . The type of the sin-
gular points in the bifurcation diagram {®,7}
and their stability are studied by expanding
@ over the small deviations from the station-
ary solutions @ =@, + 6@, where @, is a root
of equation (4), 6@ is a variation of @ [5].
Substituting @@=, + §&¢ into equation (3)
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and holding only the terms linear over 6@,
we obtain:

%:w%&b)nu i?f-ex,{—%}ﬂ

a Ry

&)

The quantitative analysis of the stability of
the solutions of equation (5) with respect to
perturbations of the form:

5<D=Jm(P§)COS(mco)exp{;fydt}, 6)

where J,(P£) is the first-order Bessel

function over m, leads us to the following
dispersion dependence:

~ , . @
7(P)=q [q.—1-uP?, q, =jexp{a/®s}. @)

It is seen that »(P) depends on the radia-

tion density in such a way that a certain value
of 7=g, does exist (g, being the thermal
instability threshold), starting with which the
unstable modes appear in the perturbation
spectrum. One can distinguish the interval of
the wave vector values P which obeys the

inequality P?<P?=¢/u (8 =(7-3.)/ Eic) )
where y(P)>0 and the quasi-stationary solu-
tion @, is unstable with respect to the fluc-

tuation with the wave vector taken from the
given interval. A specific space scale of the
instability zone which defines the formation
of  the dissipative structure is

2z/P, =2z/\Je/u and depends on 7. The
short-wave modes for which »(P)<0 and the

modulus is rather large, are dampened rap-
idly. For such perturbations the additional
increase of the absorption cross section
caused by the temperature is compensated by
the heat removal.

The physical pattern of the thermal insta-
bility resides in that the heat removal through
the non-crystalline layer boundary and the
heat transfer fail to compensate the rise of the
energy absorbed due to the temperature in-
crease of the absorption cross section. The
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threshold intensity § and the temperature @
are defined provided that the rate of the ab-
sorbed energy increase is equal to that of heat
removal. Thermal instability stabilisation oc-
curs at the cost of the self-regulated mecha-
nisms resulting in the saturation of the ab-
sorption non-linearity which governs the
equalisation of the rate of the absorbed en-
ergy increase and that of heat removal. Note
that the self-organising modes combine the
high intensity of thermal processes with the
perturbation resistance, while the form of the .
structure is retained due to the joint action of
the non-linear absorption and heat removal.
Let us analyse the threshold power density
of the instability as a function of 7, taking

into account the kinetics of the development
of the heat instability. Consider the situation
when ¢, is much more than the time of the

temperature change due to the heat conduc-
tion ¢, =pCxl/3c and the heat transfer

t,=pCdfn, 1.e.r,>>1,, tn. A specific time
interval of the instability evolution ¢, is de-
fined by the y(P) value and for the long-

wave perturbation 1, =(g/g, - 1)’ As is seen,

the time of the heat instability evolution de-
pends on the radiate power and is decreased
with the latter, while close to the threshold
g. is large. Therefore, in the hypercritical

region, the evolution equation (1) at x<<1! is
reduced to the quasi-stationary one:

aor,1)__ o) | g0z, 1)
dt t, qcty

),

1., 7)) = [m&)de. ®)

From equation (8) we obtain the threshold
capacity of instability as a function of ¢:

g=q,(1-expl-at/2t ). 9)

At the radiate power density g<g,, a sta-

tionary temperature distribution is set, and
the temperature of the "substrate + layer"
system is increased monotonically with g

and ¢, réproducing the spatial beam profile.
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In the hypercritical region, ¢g>gq,, the sub-

strate temperature increases sharply, and the
time of the stationary temperature field re-
laxation at which the absorption non-linearity
is saturated is defined by 7,. At 1,>¢,, (1,

is the threshold value of s, defined at the

given radiate power g by formula (9)), the
heat instability does not occur and a continu-
ous increase of the amorphous layer tem-
perature with exposure time is observed. At
top <1, <t;, the establishment of the station-

ary temperature field at the interface is im-
possible since the energy increase rate at the
absorption exceeds considerably the heat re-

moval rate and in the region of the 27r/ Jelu

order the homogeneous temperature distribu-
tion with the maximum at £=0 becomes un-

stable. In the highly hypercritical region
(q>> qc): tOp/tn zqc/q and ti/tq zqc/q: anda
therefore, (¢, —t,)— 0. In the weakly hyper-

((9-4c)/a. <<1),
tf/tﬂ ~ qf/(q__ qc) and t()p/tr] ~ In{qc/(q _‘Jc)}
and ¢, <¢,. Thus, the above situation occurs

only in the weakly hypercritical region.
At ¢, >1t;, a non-linear absorption satura-

critical region

tion is observed in a time of laser action re-
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Fig.1. Relative variation of the optical density of the Ge-
As-Te layers as a function of the duration of the radiate

influence.

1-(Ge;sTegs)oo(AsTe)10, 2 - (GenoTego)oo(AsaTes)so , 3 -

(Ge;sTess)ss(AsTe)a.

sulting in the establishment of a stationary
temperature mode, and the temperature pro-
file again corresponds to the spatial distribu-
tion of the beam.

3. Thermal instabilities evolution and
variation of the optical parameters for certain
non-crystalline media

The model considered above allows one
to explain the regularities of the IR laser ra-
diation with condensed media. The studies of
the influence of the laser radiation (with
A=10.6pm wavelength, g (3-5W/cm) power
and ¢,(0-30s) pulse duration) on the two-

layer "non-crystalline layer + substrate" sys-
tem [10,11] allow the above mechanism to be
confirmed. The mica and quartz plates were
used as the laser radiation absorbing medium,
while the tellurium-containing chalcogenide
vitreous glass-based layers with good crys-
tallisation ability served as the transparent
amorphous layer [12]. The structural changes
in the layer occurring under radiation were
detected by measuring the optical density D
in the visible spectral region (1= 0.63um) by
means of a densitometer.
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Fig.2. Thermal instability intensity as a function of pulse
duration.
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The time evolution of D for the
Ge— As—Te determined by the densitogram is
shown in Fig.1 as the function of the distance
from the centre of the beam. For given radi-
ate power at low exposures the spatial profile
of the beam is repeated with the continuous
increase of D in its centre (see Fig.1). With
increasing ¢, D at first decreases and then
again increases tending to saturation. It
should be noted that for the amorphous
(Ge”Te“)gs(AsTe)H, (Ge,5Te85)90(AsTe)w
layers the thermal instability occurs at the
energy densities of about (17-35.2)J/cm®,

Whlle fOI‘ the (Geonego)yo(Ange_g)m layel‘ this

occurs at 42J/cm’ . The change in the optical
density at the centre of the laser spot in the
region of the leap for the materials under
consideration is about 10% (see Fig. 1). The
radiation record in the conditions of thermal
heating of the system "substrate + layer" is
characterised by the rise of the material
sensitivity and the decrease of the threshold
density at which the effect of non-monotonic
variation of the optical density is observed.
The electron-microscopic studies of the
irradiated Ge- As—Te layers indicate their
radiation-induced crystallisation and,
consequently, the above distribution of D
reflects the spatial temperature profile during
the process of recording. The effect of the
non-monotonic variation of D can be treated
as the result of the thermal instability
evolution.

Let us perform some estimations in
accordance with formulae (7)-(9). For the
quartz glass substrate 1,, 1, =107s, p=0.3

(here we used the values of p=25g/cm’,
C=083J/¢K,

k=107 W[emK ,

1. Tanaka K. J. Non-Cryst. Solids, 35/36, N
2, 1023 (1980).

2. Phyllips J.C. J. Non-Cryst. Solids, 43, N
1,37 (1981).
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77=2-]0"}W/(cm2K),
d=0.34um, u=0.69), q=7.66W/cm® .

The dependence of the threshold radiative
power on the pulse duration and the
bifurcation diagram in the {4,7} plane are

Fig.2. As follows from the bifurcation
diagram {q,7} , the temperature of the system

at first increases monotonically with
increasing radiative power density ¢ (a
stationary temperature distribution defined by
the diagram at the ab area is established
during the laser radiation). At g> g, (here g,
is a density threshold defined by the
maximum in the dependence ¢(T)) a

considerable temperature rise occurs (the bb
area). The substrate temperature increases
sharply being stabilised at the saturation of
the absorption non- linearity (the bc area).
The bb area which corresponds to the
thermal instability of the system is
characterised by the time of its evolution, i.e.
the time which is required to achieve the
stationary temperature field (7072 to 10 s for
the system under study). For ¢=7.9W/cm’
(I=03w, x=0.Icm), the threshold pulse
duration, at which the instability is produced,
is about 0.35-0.4s and correlates with the
exposure times in the interval of the non-
monotonic behaviour of D (see Fig.1,2).
Thus, the observed regularities of the IR-
radiation influence on the non-crystalline
tellurium-containing  glass  layers  are
explained within the framework of the
feedback approach for the 'radiation +
substance" system realised by the non-linear
temperature behaviour of the absorption and
allow one to unravel the physical pattern of
evolution of highly non- equilibrium system.
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TEPMOIHIAYKOBAHA BICTABIJVIBHICTD TA
®OPMYBAHHA INCUITATUBHUX CTPYKTYP B
HEKPUCTAJ/ITYHUX MATEPIAJTAX

M.I.Map’san

VY XropoIchKuii nepxaBHUM yHiBepcurert, 294000, Vxropon, Byn. Bonommuna, 54

JocmipKyeTses edexT BIUTMBY JIa3epHOro BunpomMitiosanus (A = 10.6 pm) Ha

amopdui mapu Ge-As-Te.

Posrmaayra Mopens,

sgKa BpaxoOBYe HETiHIMHY

TeMIepaTypHy 3aleXHiCTh KoedillieHTa NONMHAHHA Ta HeCTal[iOHapHi TEIUIOBi
nponecy. OnucaHo HEMOHOTOHHY 3MiHY ONTHYHOI I'YCTMHM aMOp(dHMX MIapiB B
3aJI€KHOCTI BiJl TPUBANIOCTI OTIPOMiHEHHS.
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