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The peculiarities of pulsed laser melting and evaporation of the superconducting ceramics 
are analyzed by means of numerical simulation. The appearance of the overheated 
metastable states in solid and liquid phases is shown as a result of the phase front dynamics 
and volume nature of laser energy release. A method of dynamic adaptation for the 
multifront Stefan problem is proposed.

INTRODUCTION

Pulsed laser deposition (PLD) of thin superconducting films for electronic 
device applications (e.g., compact high-quality factor filters, delay lines, and 
Josephson elements for high-speed, low-power switching) is a modern and success
fully developing technology [1-3]. In the typical experiments, the 20- to 30-ns-wide 
laser pulse is focused to an energy density (usually in the range 1-10 J/cm 2) to 
vaporize a few hundred Angstroms of surface material, which then is deposited 
onto the substrate. By generating high peak powers, congruent evaporation, which. 
is the most important virtue of PLD, was observed in many systems from simple
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NOMENCLATURE
a thermal diffusivity "iv velocity of liquid-vapor interface

A i'O surface absorptivity ,v spatial coordinate
cP heat capacity -v(l> л I . limits of coordinate variation
G energy density flux У ratio of heat capacities
cs absorbed energy density flux i;, solid-liquid interface
G0 maximum value of incident l',v liquid-vapor interface

energy density flux к coefficient of volumetric
latent heat of melting absorption of laser
latent heat of evaporation radiation

M Mach number л coefficient of heat conductivity
P pressure p density
R universal gas constant
t time Subscripts
—*o>13 the limits of time variation

T( x , t ) temperature b boiling point
Tm melting point H saturated vapor
T0 initial temperature 1 liquid phase
U vapor velocity s condensed phase
" s i velocity of solid-liquid interface V gas phase

ternary compounds to low-temperature superconductors with quite complex stoi
chiometry.

The related physical phenomena include volume absorption of laser radia
tion, heating, melting, and evaporation of the target’s material, plasma formation, 
and finally, the deposition of thin films on a substrate in a vacuum chamber 
(100-300 mtorr of oxygen). The micron-sized particles generated by splashing are a 
major detriment to film quality.

The application of such treatment operations as laser surface remelting and 
annealing of ceramics is also widely used to obtain the required properties of 
surface layers (for example, Ref. [4]). The main problem in these operations is 
inaccurate prediction of results due to incompletely known physics of the pro
cesses. The formation of gas bubbles, volume type of evaporation, etc., make the 
process of laser treatment rather complicated.

On the other hand, ceramics are materials with complex chemical composi
tion whose optical and thermophysical characteristics have not been fully studied, 
making it difficult to determine the optimum modes of influence. The role of 
mathematical modeling in such situations is considerably increased.

In the present article a possible reason for micron-sized particle generation 
by splashing in PLD is proposed and analyzed by means of numerical experiments.

FORMULATION OF THE PROBLEM

Laser radiation is spread along the x axis from right to left (Figure 1). 
Solid-liquid and liquid-vapor interfaces are located at points x = Г5, and x = Flv. 
Upon reaching the material surface, the laser flux is partially absorbed, and the
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Figure I. Scheme of the physical model.

result is heating, melting, or evaporation, depending on the intensity and pulse 
duration.

Surface and Volume Energy Absorption

The volume and surface energy absorption of electromagnetic radiation can 
be distinguished with respect to correlations between absorption coefficient к and 
thermal influence length lT ~ (<v/)l/2. If the thermal influence length is much more 
than the quantum run length in the medium lp ~  k~] > /p), the mechanism for
radiation transformation into thermal energy has a surface nature. On the con
trary, if lT < lp, energy absorption occurs volumetrically. The volumetric nature of 
heating could also take place with phase transformation if ка/иs, < 1, i.e., if the 
energy absorption length is not small in comparison with the thermal influence 
length for a moving phase boundary.

The volume absorption of laser radiation is described by the system contain
ing an energy equation and an equation for radiation transfer:

d 7
С, , (Г)р(Т)  —

d
—  Л (T)  
dx

dT
dx

dG
dx

dG
----  + kG = 0
dx

( 1)

( 2)

On the irradiated surface x = x { , the following boundary conditions are 
written:

dT
x = x , \  A—  = 0  G . = A { T . ) G {) O)

dx

With the occurrence of surface energy absorption the heat transfer equation, 
Eq. (1), does not contain the term dG/ dx ,  i.e., the equation for radiation transfer 
is not required. In this case, laser action is taken into account in the boundary 
condition (Eq. (3)) presented as the law of energy conservation.

Mathematical Model

Taking into consideration the above statements, the mathematical model 
describing the behavior of solid (s) and liquid (1) phases accounting for phase
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transformations can be written as follows [5]:

dT \ d dT dG
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к
—  ACT)--------------
dx dx dx

k = s, 1

dG
dx
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The evaporation process is described within the approximation of the Knud- 
sen layer, presented as the gas-dynamic discontinuity on the phase boundary at 
a = T,v, where three conservation laws (energy, mass, and momentum, respectively) 
and two additional relations (characterized by the nonequilibrium degree of the
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phase boundary) are used [6]. In the present work, evaporation into a vacuum is 
considered; as a result, M = 1.

METHOD OF NUMERICAL SOLUTION

The numerical algorithm is based on the method of dynamic adaptation of 
computational grids for the solution to be determined (especially developed for 
Stefan problems [7, 8]). This method is used for the solution of the problem Eqs. 
(4)—(6) and allows us to analyze both one-dimensional and multidimensional tasks 
[9]. In the dynamic adaptation methods the problem for computational grid 
construction is formulated at a differential level. In the differential problem, one 
part of the equations describes physical processes, and the other part describes the 
behavior of the grid points.

General Introduction

The main difficulty in the solution of Stefan problems is connected with the 
presence of moving boundaries, the position of which is determined during the 
solution. The dynamic adaptation method is based on the procedure of transition 
to an arbitrary transient coordinate system by means of its automatic transforma
tion with the help of the solution to be determined. The transition to a transient 
coordinate system allows us to eliminate the problems related to moving bound
aries. In this case it is necessary to determine not only the grid functions but also 
the coordinates of the grid points. The grid point behavior is determined by the 
partial differential equations (their amount is defined by the number of indepen
dent variables), which are added to the initial mathematical model. In the proposed 
method the adaptation mechanism of computational grids is introduced at the 
differential level and does not depend on the method for numerical realization of 
mathematical models (finite differences or finite elements). The behavior of the 
additional equations depends on the dynamics of the physical process. The trans
formation of coordinates by means of the solution to be determined, allows us to 
dislocate grid points depending on the solution peculiarities. Such peculiarities can 
be as follows: spreading of large gradients, shock waves, contact and phase 
boundaries. Thickening of points in the regions of strong variation of the solution 
is done by a transformation function Q, which in a general case could be a 
combination of the numerical solution and its derivatives [10, 11].

The problems connected with moving boundaries are eliminated by the 
transition to an arbitrary transient system of coordinates in which grid points and 
boundaries appear to be unmovable. In this respect, the method is similar to 
Lagrangian methods. However, there is a principal difference. In Lagrangian 
methods, hydrodynamic velocity is speeded up for the transient system of coordi
nates. This is not always convenient and considerably narrows the class of problems 
to be solved. In the dynamic adaptation methods, the velocity of the coordinate 
system (and grid point distribution) is not indicated beforehand. It is defined 
during the problem solution and depends on the peculiarities of the solution to be 
determined. It principally allows us to obtain any desired point distribution, and 
the application of the method is not limited by the problems of phase front
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dynamics, hydrodynamics, or gas dynamics. A more complete discussion of the 
principles for constructing dynamically adapting algorithms for transient boundary 
value problems is given in Ref. [12].

It is necessary to emphasize that different methods of construction of 
computational grids are developed on the basis of various adaptation mechanisms 
(for example, Refs. [13-16]). Also notice should be taken of the fact that the 
simulation of the Stefan type problems with the volume energy release should be 
done by the explicit tracking of phase front positions.

Dynamic Adaptation Method

Let us formulate the method for numerical solution with dynamic adaptation 
for the system Eqs. (4)-(6). Transition to an arbitrary system of coordinates is done 
by substitution of variables of the general type:

x = f ( q , r )  t = r 

having the reverse transformation

q = Ф(х, /) т = t

Partial derivatives of dependent variables are expressed conventionally:

d d dq d d дх p d d Q d
dt дт dr dq дт dr 'Y dq dr 4r dq

d dq d p d dx
dx dx dq XV dq dq ^

where dx / dr  = —Q / p  is the velocity of the coordinate system, Q is an arbitrary 
function depending on the solution to be determined, and Ф is the metric 
coefficient (or transformation coefficient) indicating how many times the initial 
area is changed.

Using substitution of variables, the mathematical model Eqs. (4)-(6) can be 
written in variables q, r, representing differential equations in divergent form:

d ( H xY) \ ( dW d(QH)

j* , d<] ' dq

dG
dq

+ * p t a  = oj

аЯ j*
H = CpT

w= -
pA dT 

'P dq

(7)

( 8)

dxY d Q \  XY dx 

d q ) k p dqdr к = s, 1 q0 < q  < q L (9)
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The boundary conditions are

t = 0: T(q,  0) = T0
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Equation (9) is the equation of reverse transformation. Function Q in this 
equation, as already noted, depends on pecularities of the solution to be deter
mined. Q thus permits a great freedom of choice to the user. Briefly, in terms of 
the choice of Q (special analysis is done in Ref. [12]), it should be noted that some 
typical forms of Q functions will lead to different typical transformations. For 
example, choosing Q based on the velocity of the solution variation makes it 
possible to obtain the thickening of grid points in the region of large gradients 
[10-12]. As shown in practice, for the problem with moving boundaries the most 
convenient form is Q = -D(dip/dq) .  This provides a quasi-uniform grid with fixed 
number of points at each time step, if the value of coefficient D  is optimum. Thus, 
the problem for moving interface boundaries in computational space leads to the 
determination of <2S|,Q lv values.
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Computational Grid
To construct discrete models that approximate differential statements of the 

problem Eqs. (7)—(11), computational grids W( are introduced in each phase 
subregion. Computational grids with nonuniform step ht along spatially variable q 
and step Дт; along variable т are used in the solid phase:

In the region of the liquid phase, a uniform-space grid is used.
Construction of discrete models in each subregion was done by implicit 

conservative difference schemes:

( ЧН) { ++ \/2 -  № /) /+ ./2  
Дт; +1

И^7 -  w?'+1

Дт' + 1

к = s, 1 ( 12)

/ = 0, 1,2,..., N -  l

between nodes.
Values Т/, 'Ф'/ in nodes were determined through the values of these func

tions in points between nodes by the interpolation formula
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SOLUTION ALGORITHM

The application of dynamic adaptation allowed us to develop a numerical 
algorithm of which the main idea is to make calculations according to a shock-fit
ting scheme with simultaneous front tracking [17]. For this purpose the solution of 
the difference scheme Eq. (12) at one time step t; is done by means of two 
enclosed iteration cycles. In the first, boundary condition values <2S| and <2lv are 
determined by iteration procedures. This is equivalent to the determination of 
phase front velocities usi, u u. In the second cycle, for both regions the values for 
temperature Т/ and function Т / are determined by the widely used Gaussian 
method for three diagonal matrices combined with the Newton-Raphson method. 
Iterations were executed to fulfill the conditions

|ST,S| = |T /+1 -  т /I < + e2
e , - e t < 10 -10 5

15771 = |7 T ‘ - 7 7 l < s 3V  + eA

Certain difficulties can arise in the case of a new phase formation. In the 
present method, a new region was introduced by the following procedure. During 
heating, the solid phase surface was allowed to overheat (above the melting point) 
not more than 0.2 K. It is assumed that energy consumed for overheating is 
necessary to form the liquid phase. The initial liquid thickness and initial velocity 
approximation, ysh are determined by comparing the overheating energy with the 
phase transformation energy. The value of overheating (0.2 K) is chosen in such a 
way that the conserved energy is enough for melting several atomic layers. Usually, 
the new phase thickness is in the range 10-100 A.

ANALYSIS OF THE SIMULATION RESULTS

Consider the typical conditions of pulsed laser evaporation of ceramics, series 
YBa2Cu30 7__(. From experience, it is known that corresponding optical and 
thermophysical properties depend weakly on temperature and their values are 
within the range к = 1 0 M 0 7 n U 1, Cp = (3-8) X 102 J/(kg K), A = 1-5 W / 
(m K). Thus, ceramics materials, in comparison with metals, have low thermal 
diffusivity a and a relatively high absorption coefficient к, as compared with 
dielectrics. The experiments show that ceramics, series YBa2Cu30 7_v, evaporate 
through the melting state, i.c., similar to most metals. However, due to other 
relations between parameters a and к, laser energy absorption in ceramics will be 
substantially of the volumetric type.

Because of the absence of reliable data on optical and thermophysical 
characteristics and parameters, in the calculations all the values are assumed to be 
constant and are the same for both phases:

Tm = 1300 К Tv = 2000 К Lm = 2.5 X 105 J/kg L v = 6 X 106 J/kg  

ps = Pi = 6.43 X 103 kg/m 3 As = A, = 3 W /(m  K) A s = A x = 0.8 

Cp, = Cpt = 5 X 102 J/(kg K) к = 5 X 106 m "1
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Note that the problem of examination of ceramics properties requires special 
consideration, which is not available in the present paper.

Consider some general regularities of ceramics (thickness 5 q,m) melting and 
evaporation by laser pulse with the following parameters: r = 50 ns and G0 = 
107 W /cm 2. Note that the real time shape of a laser pulse is approximated by 
Gaussian law. This is why it is convenient to measure the time relative to the 
middle of the pulse. In this case the time before the middle of the pulse will be 
negative and after, positive. Because of the low conductivity (and short pulse 
duration) of ceramics, its initial thickness is large enough to neglect the boundary 
condition on the back side. Therefore, the heat processes considered correspond 
practically to the semi-infinite body.

The temperature profile T{x) and distribution of the volumetric heat source 
G(x) are shown in Figure 2. They are fixed just before the start of melting. The 
given profile T{x) differs from the analogous one, to be obtained by surface source 
heating, in the smoother distributions in space and lower spatial gradients, result
ing in slower increase of melting velocity Ksl. The melting process starts from the 
irradiated surface and rapidly leads to maximum temperature formation in the 
depth of the solid phase by the volumetric heat source (Figures 3 and 4). Its 
temperature is 50° over the melting point Tm. As a result, the region in the solid 
phase (about 0.5 jam) is formed where the substance is in an overheated metastable 
state. Sizes of the overheated region and the degree of overheating generally 
depend on thermal diffusivity, absorptivity, and heat source intensity. It is neces
sary to emphasize that the detection of the above-mentioned effect is not possible 
without explicit tracking of the melt front position. Overheating of the solid state in 
the case of laser action on metallic materials (with explicit tracking of the phase 
front positions) was not observed because of the surface energy absorption [18-20].

During heating, the thickness of the liquid phase increases rapidly, reaching
0.1 at the middle of the pulse (Figure 5). The increase of liquid phase thickness

T, К G, W cm*2

X ,  ЦП1

Figure 2. Spatial temperature distribution (Г) before the 
beginning of melting, t = -3.51 X 1(TK s (approxi
mately the middle of the pulse). Dashed curve shows the 
spatial distribution of the absorbed energy density flux 
G. Right boundary corresponds to the position of the 
irradiated surface.
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T, К С. W cnv2

Figure 3. Same as Figure 2 but for the spatial temperature 
distribution (T) at l = -3.24 X Ш-8 s. Vertical dashed 
line shows the position of the melting front.

leads to the fact that a great part of the radiation is absorbed in the melt, resulting 
in further heating, up to temperatures comparable to the boiling point. At the 
same time, a relatively small portion of radiation reaches the solid phase, and the 
degree of overheating (because of the heat transfer) is decreased until it com
pletely disappears. In the liquid phase, surface evaporation on one hand and 
volume energy absorption on the other hand lead to the formation of a new 
metastable (relative to the pressure of its saturated vapor) region with maximum 
temperature at a certain distance from the surface (Figure 5). As distinct from 
solid phase overheating, the metastable state in liquid is maintained until the pulse 
ends. In the case of laser action on metallic materials, the subsurface maximum of 
temperature is absent (even when intensive evaporation takes place) because of 
surface energy absorption [18-20].

It is necessary to note that in the present heat model, Eqs. (4)—(6), the 
processes of volumetric liquid phase nucleation and volumetric vapor formation 
are not considered. Therefore, a detailed study of the kinetics of these phenomena 
is not possible. Moreover, it is supposed in the heat model that the metastable

Figure 4. Same as Figure 3 but for the spatial temperature 
distribution (T ) at t = -2.19 X 10-8 s.
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T, К G, W cm 2

Figure 5. Same as Figure 3 but for the spatial temperature 
distribution (T)  at t = -9 .17 X 10"9 s. Intensive surface 
evaporation has induced the appearance of a subsurface 
temperature maximum.

phase is stable enough and does not decay during pulse action. Therefore, the 
given calculations are mainly to point out the possibility of the appearance of 
metastable regions during laser treatment. More attentive study of such phenom
ena requires additional experimental research and development of new mathemati
cal models. At present, the practical importance is mainly that numerical simula
tion predicts the conditions for the appearance of metastable states. Though their 
lifetime is unknown, it is always finite. Therefore, explosive decay of the metastable 
phase due to volumetric vapor formation is actually possible; as a result, the liquid 
droplets can break down the deposition process based on laser evaporation. It is 
necessary to keep this process in mind for the development and application of laser 
technologies because an explosive decay of metastable states can not only acceler
ate the process of material elimination but can also create a serious problem 
during thin film deposition and obtainment of the submicron-sized elements.

CONCLUSION

1. The mathematical model takes into account the dynamics of phase fronts 
of melting (solidification) and evaporation under laser irradiation, which is 
absorbed volumetrically. The evaporation process is described within the 
approximation of the Knudsen layer, melting, on the basis of a Stefan-type 
boundary condition.

2. The numerical algorithm is based on the method of dynamic adaptation of 
computational grids for the solution to be determined (especially devel
oped for Stefan problems). The velocity of the coordinate system (and grid 
point distribution) is not indicated beforehand but is defined during the 
problem solution and depends on the pecularities of the solution to be 
determined.

3. The appearance of the region in the solid phase whose temperature is 
higher than the melting point is shown. This is a consequence of the



LASER MELTINC AND EVAPORATION OF CERAMICS 59V

volum etric nature o f energy release on one hand and the melting phe
nom enon on the other hand, when the interface temperature is fixed. The 
lifetim e, the sizes o f the m elastable region, and the degree o f overheating  
generally depend on the phase front dynamics and nucleation processes.

4. The existence o f a subsurface temperature maximum in the liquid phase is 
shown. This is the result of the volumetric nature of energy release, on one 
hand and the evaporation phenom enon on the oilier hand, when surface 
heat losses are essential.

5. The appearance o f the overheated metastable states (in the range of 
parameters typical for PLD o f superconducting films) can cause splashing 
and subsequent generation o f micron-sized particles.

6. The present mathematical model may be used for heal phenom ena sim ula
tion in pulsed and continuous laser action on a wide class o f ceramic 
materials. The results obtained (such as solid phase overheating and 
subsurface temperature maximum in the liquid phase) may be generalized  
to other cases o f laser radiation interaction with materials having a volume 
type o f energy absorption.
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