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Abstract—A phenomenological model of the development of thermal breakdown in semiconductor films is
considered, and it is shown that the average number of mesoplasma channels experimentally observed in the
regime of thermal breakdown stabilization can substantially vary. The probability distribution function for the
number of such luminous channels arising as a result of thermal fluctuations in a thin semiconductor film is
calculated within the framework of a simple approximation.

This paper briefly describes a new theoretical
approach to the description of statistics of mesoplasma
channels, which are formed in thin semiconductor films
in the regime of thermal breakdown stabilization. The
description is based on the model developed in [1, 2],
which is analogous to a model corresponding to the
Fock theory [3] of the thermal breakdown in dielectrics.
In contrast to the Fock theory, our model takes into
account that the voltage drop in the film exhibits a self-
consistent variation rather than remaining constant.
This change is caused by an increase in the conductivity
and the redistribution of voltage between elements of a
related electric circuit. Previously, we have demon-
strated [4] that this variation makes possible the stabili-
zation of thermal breakdown at a sufficiently large
active resistance of the external part of this circuit. As a
result of this stabilization, the film features the forma-
tion of small regions (on the order of so-called funda-
mental length [1]) in which the temperature is signifi-
cantly higher than that of the thermal background.

The overheated regions can be experimentally
observed [5] as manifested by luminous points (spar-
kles) in the film, which are called mesoplasma chan-
nels. Depending on the ambient conditions, the average
number of such channels formed in the film can sub-
stantially vary [6]. In particular, a single channel was
usually observed in [5] after a certain transient process.
The dependence of the average number of mesoplasma
channels on the external conditions has to be explained.
Since these channels appear as a result of random ther-
mal fluctuations of sufficiently large amplitude, their
number is naturally random and, hence, the mean value
should be evaluated from the probability distribution

function (PDF) of this random quantity. The PDF must
be dependent on the external conditions, which can be
varied in experiment. Thus, in order to explain the
experimentally observed results, it is necessary to find
the PDF of the number of channels (random variable)
and study its dependence on the experimental para-
meters.

This Letter offers an approach to the solution of this
problem and presents the results of calculations for the
simplest model.

Let us consider thermal fluctuations leading to the
development of thermal breakdown in a thin semicon-
ductor film, which appear as small regions with
randomly temperature above the background tempera-
ture 7T, in the film. The magnitudes of fluctuations are
assumed to be statistically independent at the onset of
breakdown, after which the temperature exhibits a rapid
increase. This assumption is related to a small density
of fluctuations in the film. Upon stabilization of the
breakdown regime, some fluctuations of sufficiently
high magnitude transform into mesoplasma channels
with growing temperature and, hence, increasing elec-
tric conductivity [1]. The temperature dependence of
the conductivity gives rise to a competition between
channels in this respect, so that not all fluctuations
transform into mesoplasma channels and reach a tem-
perature T at which they can generate a visible emis-

sion. Thus, it is necessary to find the PDF for the num-
ber n of luminous channels under the conditions when
the initial number N of fluctuations is sufficiently large:
N o 10* (we relate this number to the density of dislo-
cations).



The temporal evolution of the temperature distribu-
tion 7(x, t) in the film is described by the equation of
heat conduction with a Joule heat source [1, 2]:

peT = V(K(T)VT) + o(T)E(1), (1)

where p is the material density, ¢ is the specific heat,
k(T) is the thermal conductivity, o(7) is the electric
conductivity,
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is the voltage drop in the film, E is the electromotive
force, © is the average electric conductivity of the elec-
tric circuit, and the integration is performed over the
film area X.

We will consider the simplest model with the tem-
perature dependences of x(7T) and o(7) leading to the
development of instability [2], whereby a fluctuation
transforms into a thermal breakdown: K(7T) = x; o(T) =
o, + 6'(T — T,), ¢' > 0. If the fluctuations are absent,
then the above equation yields T(x, 1) = Ty(f), where

To = o(T)EX(1). Solutions to this equation have the
form of slowly varying functions of time (as compared
to the characteristic breakdown time). Therefore, we
can ignore the time dependence of the thermal back-
ground temperature T,(f) and consider the deviation

O(x, 1) = T(x, ) — T,(f) obeying the equation pc® =
KA® + ' E2(HO(7). Tt will be also assumed that O(x, 1)
is a sum of independent thermal fluctuations, O(x, f) =

Zi O, (x, 1), and that the fluctuations are not interact-
ing in the course of their evolution.

Since the temperatures of fluctuations having trans-
formed into mesoplasma channels are much higher
than the background temperature, it will be natural to
describe their subsequent evolution on a rough scale by
introducing the effective fluctuation temperatures ©,(7),
which are determined by averaging O(x, ) over the
corresponding small spatial regions. As a result, Eq. (1)
yields a system of equations for ©,(¢) functions (j = 1,

2, ..., N):
. 2K, L2
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where N is the number of fluctuations and r, is the
radius of the typical thermal channel. Upon averaging,
the voltage drop E() is given by the following formula:

E(1) = E(l +@) 1[1 +n26i(t)] ,
i=1
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Introducing the positive parameters

cs'E2
cp((1+0(Ty))/5)”
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a = —s b =
cpry

we obtain the following dynamical system for the
ensemble of fluctuations:
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This system has a trivial immobile point ©,=0 (j =1,
2, ..., N) and a continuous set of immobile points rep-

resenting a part of the hyperplane 27:1(9 ;= 0.,

0. =n"[(b/a)"”* — 1], which is cut by the sector @, > 0
(G=1,2,...,N). The first (unstable) point corresponds
to a thermal equilibrium in the film. As a fluctuation
©;> 0 arises, the system trajectory on the hyperplane
tends to one of the stable points. If the melting temper-
ature T, is such that T, — T, < O.., thermal break-
down is possible, whereby at least one fluctuation will
transform into a melt-through channel in the film.
Should this difference exceed ©.., no breakdown takes
place, and the system exhibits stabilization. As the ther-
mal fluctuation reaches a level of 7%, the corresponding
mesoplasma channel will generate visible emission.

Let us consider the case when Q. =Ty - T, < ©,,. If
O: < 0., then all channels will become luminous
because all ©,(7) cross the Oy level when the trajectory

of system (1) tends to any of the immobile points on the
hyperplane. In the opposite situation, we have O = Q...

Let all the initial fluctuations @,0) (j =1, 2, ..., N) be
independent and distributed, in the simplest case, with
a density of f(0) = 951 exp(-0/6,), where 6, is the aver-
age fluctuation (8, < ®4). Then, the probability Py(n)
of the event, whereby the limiting point ©() (j=1, 2,
..., N) of the trajectory corresponds to the formation of
n luminous channels from N initial fluctuations, is
given by the integral over 6, (k =1, 2, ..., N) in the
phase space of ©,(0) values:

CH N n
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Here, x(-) is the Heaviside function and ©e) (j =1, 2,
..., N) are functions of the initial values of 6, (k=1, 2,

... N).



System of equations (2) admits exact integration,
and we obtain the following explicit expressions for the
limiting functions:

oo -1
0,(=) = @me{Zek} : )
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Substituting expressions (4) into relation (3) and
replacing the Heaviside functions by their Fourier rep-
resentations, we obtain a multiple integral of the type of
a statistical sum. Calculating this integral by the method
of steepest descent for N — o and 6,/0y — 0 and

using transformations analogous to those involved in
the Poisson limit theorem, we obtain in the first approx-

imation a Poisson distribution Py(n) e (V"/n!) exp(—v)
with the index v = Nexp(-04/0,). Substantial results

are that (i) the average number of mesoplasma chan-
nels v depends only on the number of fluctuations N
and (ii) the ratio of the temperature of the channel for-
mation (which can vary within broad limits, beginning
with =3 x 10? K) to the thermal fluctuation amplitude
(~10-30 K) is independent of the characteristics of the
film material (these characteristics enter into the
parameters of dynamical system (2) and must only pro-

vide for the possibility of the regime of breakdown sta-
bilization [4]).

By controlling the density of thermal fluctuations
through a change in the material purity and the temper-
ature of the mesoplasma channel formation, it is possi-
ble to observe significantly different average numbers
of channels, from one (for v <€ 1) [5] to a large number
on the order of v (forv > 1) [6].
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