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The article describes the methodology and results of hierarchical modeling of the induction
evaporator with electromagnetic field concentration, which takes into account the related heteroge-
neous processes and allows to numerically calculate the electromagnetic field in the vicinity of the
evaporator as well as current and temperature distributions in the loaded crucible. The model de-
velopment work allows to make the conclusion that the method of finite elements is most suitable for
calculation of electromagnetic and temperature fields. The given model may be employed for mod-
eling vapor flow ejection from the crucible to substrates and electrical discharges in the evapora-
tor.
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Introduction

The important part of microelectronic fabrication is deposition of thin layers or
films from solid materials onto substrates. The usual deposition method is a vacuum
evaporation of source materials. This method may be realized with different heaters
including induction one [1]. In order to match high output impedance of RF generator
with low impedance of the inductor-heater, a step-down RF transformer is commonly
employed. The aim of the given work is numerical simulation of the induction evapo-
rator with step-down RF transformer containing a magnetic field concentrator and
study of its characteristics. Introducing the concentrator into the evaporator allows
solving several practical problems; one of them is providing stable arcless operation
of the evaporator, the other is increasing effectiveness of power transfer.
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Induction evaporators are able to continuously operate in vacuum or in gas media
up to atmospheric pressure. Also they provide evaporation with generation of charged
particles or without this generation. The former gives possibility to manage ion bom-
bardment of the deposited film with own ions that is to introduce additional energy
into film microstructure forming and enhance the film properties [2]. Moreover, no
gas ions are needed and, hence, introducing gas impurities into the film may be ex-
cluded. The latter ensures deposition with very low impact energy (below 0.1 eV)
that is very useful for temperature-sensitive materials of either substrate or deposited
film. At last, the induction method allows evaporating various materials for thin film
deposition and also to obtain substance in nanoparticulate form, including fullerenes
and carbon nanotubes for nanodevices and nanotechnology, in general.

Despite prospects of induction evaporation, its use is underdeveloped due to lack
of methods for analysis and optimization of evaporators design. One of the problems
is eliminating electrical discharges between inductor windings being in vapor me-
dium; this problem is not solved. High voltage between the windings (hundreds volts)
provokes the electrical discharges, so this should be decrease at the same intensity of
induction evaporation. We propose to introduce an additional step-down transformer
between the heating inductor and the crucible. This transformer, in fact, is well-
known magnetic field concentrator [1, 3].

The goal of research is producing computer models and study the processes oc-
curring in induction evaporator with the magnetic field concentrator, as well as de-
termination of the geometric dimensions effect upon characteristics of evaporator.

Induction evaporator with magnetic field concentrator
Fig. 1 depicts the simplified design of such induction evaporator with the mag-

netic field concentrator and its graphical model for numerical calculation.
2 4 3

Fig. 1. Design of induction evaporator with magnetic field concentrator: 1 —
primary inductor (copper tube), 2— concentrator (copper hollow body), 3 -
crucible, 4 — vaporized loading (melted metal), 5 — electrical terminal (copper
tube, connecting with internal cavity of the concentrator), 6 — radial gap
(cutting) in the concentrator

Bicnuxk HTYY “KIII”. Cepia IIPHJIA/IOBY/ITYBAHHA. — 2015. — Bun. 50(2) 93



Haykogi ma npakmuyuni npobdiemu 6upooHuYymea npuiadie_ma cucmem

Concentrator 2 is a conductive body with radial gap (cutting) 6. Its cylindrical ex-
ternal and internal surfaces are, in fact, two turns connected in series. This body con-
centrates the magnetic field flow of big primary inductor 1 within the smaller internal
turn. In Fig. 1a, primary inductor 1 and concentrator 2 are electrically isolated each
from other; in Fig. 1b, they are connected in series. Accordingly, RF generator is
connected either directly to the inductor (Fig. 1a) or to the lower inductor winding
and to tube 5 (Fig. 1b). Crucible 3 is electrically isolated from concentrator 2 in the
both cases. Inductor 1 and concentrator 2 are cooled by water. Vaporized metal 4
(Ag, Al, Au, Cu, In, Sn, etc.) is loaded into the crucible. The crucible may be from
conducting (e.g. Mo) or non-conducting materials (e.g. BN). Fig. 1b depicts the finite
element mesh for calculation.

Structure of the model and calculations

For the analysis of the processes occurring in the evaporator one creates a physi-
cal model taking into account the combination of those processes. Herein, during
simulation the calculated results for one process parameter are used for calculation of
parameters of other processes. The hierarchical structure of the physical model is pre-
sented in Figure 2. In this structure, lines between blocks indicate data transfer, direc-
tions of which are top-down and down-top.

Construction P
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batch and of the crucible {1 o 34
Electromagnetlc Thermo-physical Q] / ©
roperties of materials roperties of materials g = o ©
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temperatures of load (D

Fig.2. Structure of physical model of the Fig. 3. Construction of the induction
induction evaporator evaporator with the concentrator: 1 —
inductor 2 — concentrator 3 — crucible
4 — vaporized loading (the dimensions

are in millimeters)
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The latter is indicated by arrows and depicts the feedback to correct solutions after
the following iteration due to evaluation of calculation results for the previous itera-
tion.

The initial data for the calculation are:

1) induction heater design and the number of windings; dimensions of all elements;

2) required operating temperature of crucible and loading (evaporated source mate-
rial) T;

3) physical properties of element materials at operating temperature (density, elec-
trical conductivity, magnetic permeability and its dependence on the magnetic field
H in the case of magnetic heated loading, specific heat, thermal conductivity, radia-
tion coefficient from surface of the crucible and loading;

4) initial voltage and frequency of RF power supply of the primary inductor.

To determine the temperature distribution (temperature field) we use induction-
heating models associated with numerical solutions of Maxwell equations for elec-
tromagnetic field (EMF) and Fourier equation for temperature field [4]. As a result,
the temperature field in a selected area at given voltage across the inductor for dy-
namic or stationary process is determined.

One needs to solve two combined different tasks:

1. The direct task for definition the EM field according to some inductor current
and currents in elements of the evaporator induced by this field;

2. The inverse task for defining currents in the crucible and with loading needed
to reach the predetermined temperature of heating.

We use the following algorithm for solving our problem. Firstly, determine dis-
tribution of EMF in the evaporator space and currents in the conductive elements
(taking into account ohmic losses in their materials) at the predetermined frequency
and voltage of inductor power supply. Then distribution of heat sources in the heated
elements (crucible, load) is determined. Then task of finding temperature fields in the
heated element is solved. After this we determine temperature of the evaporating sur-
face of the source material. The calculation is repeated again until the voltage on the
inductor is determined according to the predetermined temperature value.

The proposed algorithm allows to calculate EMF and temperature fields, electric
voltage and conditions on the evaporating surface in the crucible and, ultimately, to
analyze parameters of the vapor flow toward the substrate.

Model of electromagnetic field

The combined mathematical model of EMF and currents is based on partial dif-
ferential equations for complex amplitude of vector magnetic potential A. Magnetic
induction vector B lies in plane zOr (z is the axial coordinate , r is the radius). The
vector density of electric current j and the vector magnetic potential A are orthogonal
to B. Only the azimuthal components j, and Ay are non-zero and will be marked as j
and A. For the axisymmetric model we obtain

Q(LM]+3(L%]_i@.y.A:_,- B

or\ru, or oz\ u, oz
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where electrical conductivity y and magnetic permeability tensor elements p, and
u, are constants within each element in the model. The displacement current is ne-

glected — rot H=0. Materials of the inductor, crucible and loading we consider as iso-
tropic, while the electrical conductivity is independent from direction and intensity of
the electric field and connected with them by Ohm's law.

At boundaries of computational domain, value of zero vector magnetic potential
A is given. Dirichlet condition for the boundaries of medium (elements) is given as a
function of coordinates: rA,=a+bzr+cr’/2, where a, b and c are constants for each
surface and may vary from one surface to another.

Uniform external field is given by non-zero normal component of magnetic in-
duction on each smooth section of boundary between media. On the axis of symme-
try, the model has been set homogeneous Dirichlet boundary condition: the value of
normal component is zero (B, =0).

If o - surface angle to axis z, then normal component of induction By = c:sina +
b-cosa constant value on different surfaces is chosen according to the Dirichlet condi-
tions, under the condition of A, continuity at interface (mating surfaces).

The homogeneous Neumann boundary conditions is given on the surfaces of
magnetic asymmetry: at external borders H; = o, at internal border H"~H ", = &, where
H, is the tangential component of magnetic field. The indices "+" and "-" indicate
value to the left or right surfaces, relatively. o is the linear density of surface current,
which is determined by calculations.

In calculations, following values are defined:

1. Magnitude and distribution of currents in crucible and loading;

2. Distribution of magnetic and electric fields in the evaporator that can be used
in the model of vapor material discharge;

3. Ohmic losses that are used as heat source during calculation of the temperature
field in the crucible and loading.

Fig. 3 depicts design of the evaporator with the concentrator, which was used in
the simulation. The concentrator 2 is a short cylinder with a cutting in one side along
the radius. The current in the outer cylindrical surface of the concentrator is driven by
alternative inductor current and is closed at the inner cylindrical surface along the
surfaces of the radial cutting 6 (Fig. 1b). Inside the concentrator, the crucible, made
from refractory material 3 (molybdenum, tantalum, boron nitride, etc.) with loading
substance 4 is disposed.

Calculation of current and magnetic field distribution

Fig. 4 shows current distributions along the radial cutting of the evaporator in the
picture plane of Fig. 3 at frequency of 440 kHz for the case when the evaporator con-
tains inductor non-connected with concentrator (see Fig. 1a). Theoretically, all the
curves should provide exponents with initial maximal amplitude on surface and fal-
ling within metal. Deviation from the exponential law is connected with insufficient
accuracy of calculation (small number of nodes), due to limited computer processing
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power. But it is not important for our calculations. The sum of current values (1), in
the wall of crucible 3, and (2), under the inner surface of concentrator 2, are theoreti-
cally equal to current (3) under the outer surface of concentrator 2. These currents are
equal to the area of the shaded regions in Fig. 4. Calculations confirm this fact.
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Fig. 4. Calculated current distributions in the evaporator: 1 — in crucible wall, 2 — un-
der the inner surface of concentrator, 3 — under the outer surface of the concentra-
tor, 4 — in inductor. Dashed lines for: a is the crucible surface, b is the inner con-
centrator surface, c is the outer concentrator surface, d is the evaporator axis
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The example of the calculated magnetic field distribution in the symmetry plane
Is presented in Fig. 5 as a tone map. The map allows visual assessment of design pa-
rameters impact on the field distribution and the localization of the greatest strength.
Family of lines in Fig. 5 represents lines of equal magnetic flux.

Fig. 6 shows magnetic field variation graphs along the radius. For clarity, count-
ing takes part from the inner wall of concentrator to its axis. Z values in the graphs
are expressed in mm and measured from the inner wall top.

Temperature field determining

Temperature field model of the crucible-loading system is based on numerical
calculations by finite difference method for nonlinear heating equation in cylindrical
coordinates [5].

All thermal properties of materials: thermal conductivity A(T ), specific heat ca-
pacity q(T), specific heat ¢(T) and density p are chosen from literature data corre-
spondingly to loading evaporation temperature.

For the stationary task c(T )%—I: 0. Then the heating equation becomes:

e 2 (AT | --am)

—_ - +_ -
r or or 0z 0z
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Fig. 5. Tone magnetic field map in the symme- Fig. 6. Dependence of magnetic

try plane of the evaporator with magnetic field intensity along the radius
field lines (the inner diameter equals 30 from the inner wall toward the
mm) axis of concentrator having inner

diameter 22 mm

Heat exchange processes for using metallic or dielectric crucible are identical. If
crucible is electrically conductive, the loading is mainly heated by heat flow from the
crucible wall. When crucible is electrically insulated, heat sources arise directly in
surface layers of the loading.

The calculations are based on finite element method [4] with a grid consisting of
250000 units. Properties of materials used in the model were determined from refer-
ence literature for pure chemicals. Thermal properties of the crucibles were taken
from [6-8].

The distribution of heat sources repeats the current distribution in the crucible and
loading (see. Fig.3) and is determined by Joule law.

During calculation the inductor temperature was taken 50 C that corresponds to
the temperature of cooling water. The evaporator was placed in vacuum with no con-
vective heat transfer. The surrounding walls was 300 K.

The boundary conditions (of the second kind) take into account the radiative heat
fluxes from the outer surface of the crucible and the evaporating surface. Herein, ra-
diative heat fluxes depend on the surface temperature T:

q,, =k-aff*-T¢),
where k =5,6704-10° Wt/(m*grad®) — Stefan-Boltzmann constant, o — surface ab-
sorption coefficient, and T, —the temperature of the environment. The parameters o

and T, may be different on different surfaces of the evaporator.

The surface of the crucible is taken as polished. The emissivity data for pure ma-
terials is taken from literature.
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The heat loss from the loading is considered only as the loss on the evaporation
from the open surface: q,., =W -L, where W is the rate of evaporation of the load-

ing substance in kg/(m? -s); L is the latent heat of vaporization, J/kg. The data on
L were taken from [9, 10].

Calculating of temperature field in crucible with loading

Temperature fields maps in the molybdenum crucible with copper loading (a) and
TiB, + TiC crucible with aluminum loading (b) at frequency of inductor current
f = 440 kHz are shown in Fig. 7. Isotherms are depicted with steps of 0.5 K.

] z 1545 K [

; /|
05K~ \

1480 K
05K

Fig. 7. Maps of temperature fields in loadings and crucibles: a) copper in the molyb-
denum crucible, and b) aluminum in the TiB, + TiC crucible

Isotherms enable conclusion that the temperature gradient in copper loading is
1.5 Kand 2.2 K in aluminum.

The maps were obtained without magnetic hydrodynamic convection and mixing,
which are bigger at the free surface of the molten loading than at the crucible bottom.
The recoil force of evaporating molecules (uniformly distributed along the loading
surface) was not taken into account. It can be assumed that the actual temperature
drop along the evaporating surface of loading is less than 1 K.

Fig. 8 shows the calculated temperature distribution plots along the copper load-
ing surface for number of inductor current frequency. The calculations were made for
the mean evaporating surface temperature 1545 K.

The calculation show that the temperature difference on the loading surface
weakly dependents on the inductor current (3 K for aluminum and 2 K for copper).
Thus, it may be accepted the term of isothermal evaporation surface.

Conclusions
The hierarchical modeling of the induction evaporators, which takes into account

the related heterogeneous processes and gives the data on electromagnetic field in the
vicinity of the evaporator as well as current and temperature distributions in the
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loaded crucible, is carried out. The model development work allows to make the con-
clusion that the method of finite elements is most suitable for calculation of electro-
magnetic and temperature fields.
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Fig. 8. Temperature distribution on surface of Cu load from middle to crucible wall at
different frequencies of inductor current

The calculation results show that the evaporating metal surface may be consid-
ered as isothermal (with error less than 0.01 %).

The given model may be employed for modeling vapor flow ejection from the
crucible and electrical discharges in the evaporator in the future.
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