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Abstract. This paper is devoted to the study of the gradient temperature field dynamics and
distribution in the metal targets irradiated with high-intensity beams of gas and metal ions. The
investigations concerned ion implantation modes with the ion beam current density from
several tens of mA-cm? up to A-cm™ were investigated. The ion beam power was additionally
varied due to the change of ion energy in the range from 0.6 to several keV and the pulse duty
factor in the range of 0.2-0.8. The integral temperature of the target was measured with an
electrically isolated thermocouple. To measure the dynamic change in the local temperature on
the irradiated target a high-temperature pulse pyrometer KLEIBER 740-LO was used. The
problem of temperature evolution and metal sample melting under the exposure of a high-
intensity repetitively pulsed ion beam was solved numerically using the heat conduction
equation written in cylindrical coordinates. Analysis of the experimental data obtained with the
use of electrically isolated thermocouple, pulse pyrometer, and numerical simulation revealed
the presence of significant gradient temperature fields both over the surface and along the
depth of targets irradiated by high-intensity ion beams.

1. Introduction

Ion implantation as a method for modifying the surface and near-surface properties of materials has
several advantages over other methods [1, 2]. Initially, the studies on ion implantation were carried out
at ion current densities not exceeding tens and, only occasionally, hundreds of microamperes per
square centimeter. At the same time, for the directional change in the properties of semiconductors,
small irradiation fluences were required, usually not exceeding 10'* ions-cm™. In studies on the
modification of microstructure and properties of metals and alloys, ion irradiation fluences of several
orders of magnitude more (up to 10'® ions-cm™) were needed, which required the development and use
of more high-current ion sources with ion current densities of up to several milliamperes per square
centimeter [3—6]. Recently, high-intensity implantation of low-energy ions with ion current densities
reaching several hundred milliamperes per square centimeter has been developed [7-10]. The
peculiarity of high-intensity implantation is due to the significant energy characteristics of the ion
beam. When the bias potential amplitude is 1.2 kV, the pulsed power density of the ion beam will
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reach 0.3 kW-cm? [11]. Every second, an energy density of about 150 J-cm™ is introduced into the
surface layer of the material. Such densities of power and energy of the ion beam contribute to the
rapid heating and increase in the irradiated target temperature. Moreover, if the target is thermally
insulated, then its temperature increases very quickly, but the temperature gradient over the depth, on
which the diffusion rate depends, decreases. When the target is mounted on a massive holder, the rate
of the target heating by the ion beam decreases due to heat transfer from the target to the holder, but a
significant temperature gradient is maintained over the target depth, and in the case of non-uniform ion
current density and along the specimen surface. Since the specimen temperature, the temperature
gradient over the surface and depth of the target largely determine the formation of concentration
profiles of the implantable impurity distribution, the microstructure, and often the properties of
materials, it is important to develop a method for measuring and calculating these parameters and
verify it by comparing with various methods of experimental diagnostics.

This paper is devoted to analyzing the problems of correct measurement of the high-intensity ion
beam parameters, dynamically changing temperature fields during high-intensity implantation, and to
the developing numerical calculation models as temperature fields.

2. Features of the formation and measurement of high-intensity repetitively-pulsed ions
Repetitively-pulsed plasma-immersion ion beam formation in combination with ballistic focusing to
achieve high ion current densities at relatively low accelerating voltages has a number of specific
features that pose problems for both accurate measurement of the parameters of the ion beam itself and
for accurate determination of, for example, temperature fields in the target, significantly affecting the
mass transfer processes, changes in the microstructure and properties of ion-modified layers of various
materials.

Let us consider successively various factors affecting the accuracy of measuring the main
characteristics of the ion beam and irradiated target. First of all, the ion-beam formation is influenced
by the presence of the extracting fine-structured mesh [12]. Plasma-immersion formation of an ion
beam involves immersing a system into the plasma, including an extraction electrode and an electrode
forming the drift space, with a repetitively-pulsed bias potential of negative polarity applied to them.
The distribution of the electric field in the sheath layer near the grid electrode, immersed in the
plasma, depends on the plasma density, the amplitude of the negative bias potential and the
characteristic dimensions of the grid electrode cells.

The parameters of the ion beam formed in a repetitively-pulsed regime are significantly affected by
the dynamics of a sheath layer formation. When a bias potential is applied to the grid electrode, due to
the fast escape of the plasma electrons, a so-called “matrix layer” is formed near the grid electrode. In
this "matrix layer", the ions are distributed uniformly over the width of the layer. Ion acceleration
begins in the electric field of the sheath layer. In the initial state, the ions are in different places of the
layer and, accelerating to the grid, they receive a different energy increment. As the ions accelerate,
the density of ions in the layer redistributes and, as a result, the layer width increases. Dynamic change
in the sheath layer characteristics leads to the formation, during some time, of an ion beam with a
significant energy spread. Stabilization of the beam energy composition is achieved after the layer
expansion to the size determined by the Child-Langmuir law [13]. According to experimental data, the
stabilization time of the plasma ion-immersion boundary can be several hundred nanoseconds [14].

At small amplitudes of the bias potential, less than a kilovolt, the width of the sheath layer in the
plasma, near the grid electrode, is comparable to the size of the grid cell. This leads to the fact that the
plasma emission boundary ceases to be flat (in the approximation of a flat beam formation system)
and, on the one hand, ion losses increase due to their contact with the grid, and secondly, the angular
divergence of the ion flux increases, which worsens the conditions of the ion beam ballistic focusing.
Thus, the formation of high-intensity ion beams at low bias potentials becomes problematic.

Taking into account the limitations in reducing the ion energy, it should be borne in mind that
during high-intensity implantation with ion current densities of tens and hundreds of milliamperes per
square centimeter, the fluences of ion irradiation, defined as F = (jifzf)/Ze, where j; — ion current
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density, f— pulse frequency, 7 — pulse duration, Z — average ion charge state, e — elementary charge, ¢ —
ion irradiation time, will be very significant. For example, if the ion current density is 0.25 A-cm™, the
duty factor of the bias potential is 0.5 and the target is irradiated for an hour, the ion irradiation fluence
will be 2.25x10?' jons-cm™. Such ultrahigh fluences will lead to significant ionic sputtering of the
irradiated target surface. lon sputtering introduces two negative points. With ultrahigh irradiation
fluences, the thickness of the surface sprayed layer of the target reaches several hundred micrometers.
This significantly changes the surface morphology [15]. In addition, the sputtering of the surface layer
of the target is accompanied by the spraying of a previously implanted impurity. For example, in [15],
as a result of high-intensity implantation of nitrogen ions into 420 steel for one hour, the implanted
impurity was detected at depths exceeding 90 um. At the same time, the depth of the sprayed layer
reached 180 microns. Thus, the total depth of radiation-stimulated diffusion of nitrogen atoms
exceeded 270 um. This means that it is possible to hope for the formation of wider ion-doped layers
during high-intensity implantation of ions with energies providing a slight sputtering of the surface.

The characteristics of the ion beam current are significantly affected by dynamically changing
conditions for neutralizing the space charge of the beam when it is transported in the initially
equipotential space. The neutralization conditions, in turn, depend on the pre-filling of the drift space
with plasma, the possibility of producing gas-discharge plasma, the degree of compression of the ion
beam in the ballistic focusing process [16]. The manifestation of another feature depends on the pulse
duration and amplitude of the bias potential. As shown in [17], at pulse durations of a bias potential of
several tens of microseconds, the effect of disrupting the transport of a high-intensity ion beam may
appear due to problems of space ion beam charge compensation due to the escape of plasma electrons
into the high-voltage sheath layer through the grid electrode.

Taking into account the presence of a complex of problems, the determination of the energy
parameters of a repetitively-pulsed ion beam using current and bias oscillograms will have a
significant error.

For greater accuracy in measuring the ion beam energy characteristics, it is advisable to use
calorimetric methods. However, in this case it is necessary to take into account a number of features
associated with a high intensity of the ion beam. At ion current densities of several hundred
milliamperes per square centimeter with an ion energy of about a kiloelectronvolt, the power density
in the beam will be several hundred watts per square centimeter. At such power densities of the ion
beam, the dynamic effects of heating the target and the temperature field gradients both in thickness
and on the surface of the irradiated target become significant.

3. Numerical simulation of the temperature evolution of the specimen under high-intensity ion
irradiation

To study the temperature evolution of a metal specimen under the action of a high-intensity
repetitively-pulsed ion beam, a numerical model was developed using the heat equation written in
cylindrical coordinates.

The computational domain of the problem is shown in figure 1. Here, a metal specimen in the form
of a disk with radius R, and thickness /; is located on a holder in the form of a thin plate-disk with
radius R, and thickness /. Since the distribution of the current density in the beam cross section and
irradiated products have azimuthal symmetry, it was used to write the heat equation and solve the
problem.

The mathematical formulation of the problem, taking into account the cost of heat for melting the
elements of the irradiated composition, has the following form.

OE(z,1,1) _ A2 18T (z,r,1) LA PT(z,r,1) . o
ot r or or Oz

[/1(2)6T(z,r,z)J (1)

oz

Here E(z,r,t) and T(zr,t) — space-time functions describing the distribution of the thermal component
of the internal energy and temperature in the irradiated composition, and
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E (z,1,t)/ c(2)p(z), E(z,r,t) <E, (2),

T(zr1)= T,(z), E, (z2)<E (z,r,t)<E,(2)+q,(2)p(2), (2)
o 1, (2)+(E(z,r,0) = (E,(2) +q,(2)p(2))) / c(2) p(2),
E(z,1,0)> B, (2) + 4, (2)p(2).

Here A, ¢, p — respectively, thermal conductivity coefficient, specific heat capacity and density of the
irradiated substance; 7,, and ¢, — temperature and specific heat of melting; E,= T,cp. Depending on
z, the thermal and physical characteristics of either the specimen or the holder are accepted.

Writing the thermal conductivity equation in the form (1), where £ and T are related by relations
(2), allows to take into account the cost of heat for melting in the calculations.
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Figure 1. Computational domain: R; and R, — radii of the
specimen and holder, 4, and 4> — thicknesses of the specimen and
holder.

Initial conditions:
T(z,r)=1), E(z,7)=Tjc(z) p(2).

Boundary conditions on the irradiated surfaces of the specimen and holder:

oT
A(z)=—
()

—q(r)+e,(T"=T,).

Here, g(r) — ion beam power density averaged over the period, 7., — wall temperature of the
vacuum chamber, g — reduced power of the surface blackness (specimen or holder),
g,= 1/((1/e)+(1/ec—1)), where & — surface blackness degree (specimen or holder), € — vacuum
chamber blackness degree. In calculations 7., =300 K, &, = 1.

On the remaining open surfaces of the composition, heat sinks due to thermal radiation are
specified, on the axis 7=0
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or
M) =0-
(Z)6r

An ideal thermally conductive contact was assumed in the contact area between the specimen and
the holder.

The beam energy consumption for sputtering was not taken into account, since it is negligible
compared with the beam power and thermal radiation. Evaporation was also not taken into account,
since the purpose of the research was to use such irradiation regimes in which noticeable evaporation
should not develop.

The power density function over the ion beam cross section radius q (r) was determined from
experimental data on the current density and ion energy. Its change during the period was not taken
into account, since the beam has a rather high pulse repetition rate (£~ 10° imp.-s™'). The calculations
showed that the temperature variations during a single pulse of the ion beam impact amount to not
more than 1 K.

Numerical calculations were carried out for the case of irradiation of a specimen of 5140 steel with
a radius of 10 mm and a thickness of 4 mm, installed in the center of a holding plate made of stainless
steel 12X18H10T with a radius of 30 mm and a thickness of 3 mm.

The formation of deep ion-modified layers of 5140 steel was carried out using a high-intensity
repetitively-pulsed nitrogen ion beam with a pulsed current density from 1250 to 2800 A-m?, with a
bias potential pulse duration of 4 ps and a frequency of 10° pulses/s. Specimina were implanted with
nitrogen ions with energy of 1.2 keV. The temperature regimes of target irradiation 450, 500, and
650 °C were determined from the readings of an isolated thermocouple installed on the reverse side of
the target. The specimina were heated to the initial irradiation temperatures by an ion beam for 20 min.
The time of ion-beam heating of the specimina was additional for all irradiation regimes and was not
included in the total implantation time, which was 60 minutes.

The characteristic distribution of the ion current density over the beam section is shown in figure 2.
In the experiments, the change in the ion current density at the maximum of the distribution,
determining the temperature maximum at the center of the target, was carried out by varying the
discharge current of the plasma generator.
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Figure 2. lon current density distribution j over a cross section of a nitrogen ion beam.

Figure 3 shows the results of a numerical simulation of the temperature distribution over the
irradiated composition depth for three different irradiation temperature regimes.
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Figure 3. Temperature distribution 7 over the depth (Z) of the
irradiated composition, along the axis r=0, ¢, =60 min,
To: 1 —450°C; 2 — 500°C; 3 — 650°C.

The smallest temperature gradient over the target depth occurs when exposed to an ion beam with a
density of 1250 A-m™. It is about 30°C. As the ion current density increases to 1600 and 2800 A-m?,
the temperature gradient over the target depth increases to 35 and 60°C, respectively.

A significant temperature gradient occurs over the target surface. This gradient is primarily due to
the inhomogeneous distribution of the ion current over the beam cross section. Figure 4 shows the
temperature distribution along the irradiated and reverse surfaces of the specimen in the steady state
irradiation regime.
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Figure 4. Temperature distribution along specimen surface
(r=0 — specimen cross section centre): 2, 4, 6 — irradiated
specimen surface; 1, 3, 5 — lower specimen surface, f;- = 60 min,
To: 1,2 —-450°C; 3,4 —500°C; 5, 6 — 650°C.
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From the data of figure 4 it can be seen that the greatest temperature gradient over the surface of a
specimen of 5140 steel occurs at the highest irradiation temperature of 650°C. It is about 90°C (curve
6 of figure 4). A slightly smaller temperature gradient occurs on the reverse side of the target. At lower
ion irradiation temperatures, the gradients both on the irradiated surface (curves 4 and 2 of figure 4)
and on the reverse side of the specimen should also decrease.

If the specimen temperature is measured on the reverse side of the specimen holder made of
stainless steel, then, as follows from the data in figure 5, the temperature gradient along the target
radius, as well as the composition depth, will increase.
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Figure 5. Temperature distribution along the back side of the holder (» =0 — stainless
steel holder cross section, ¢, = 60 min, Ty: 1 —450°C; 2 — 500°C; 3 — 650°C.

It is characteristic, that with a significant increase in the ion current density, the regime of high-
intensity implantation of low-energy ions can be accompanied by an increase in temperature gradients
over the depth and over the surface to several hundred degrees.

Verification of the numerical calculation model of the target temperature fields during high-
intensity implantation was carried out based on a comparison of data of calculations and experimental
studies. Taking into account that the irradiated target during the plasma-immersion formation of the
ion beam is under the high-voltage bias potential, the temperature measurement on the target back side
was performed using an isolated chromel-alumel thermocouple. For a more accurate measurement of
temperature and its gradients on the specimen surface, a high-temperature pulse pyrometer KLEIBER
740-LO was used.

The results of numerical simulation and experimental measurements using a thermocouple and
pyrometer in the center of the target in a dynamic heating regime show satisfactory agreement
(figure 6).

Thermocouple shows a slightly underestimated value at a dynamic temperature change, due to its
electrical, and hence some thermal insulation. In the stationary regime with an irradiation time of more
than 1000 s, there is a good agreement between the results of the numerical calculation and the
thermocouple. The pyrometer data indicates a slightly lower temperature, which may be due to the
time-varying reflection coefficient of the target surface due to changes in its morphology.
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Figure 6. Results of numerical simulation and experimental measurements using a
thermocouple and pyrometer in the center of the target in a dynamic heating regime.

4. Conclusion
The study of formation dynamics of the gradient temperature fields in the depth and on the surface of
metal targets during implantation with high-intensity beams of gas ions and metals was carried out
experimentally and by numerical simulation. There is a pretty good agreement between the data of the
physical experiment and the results of numerical simulation.

In the course of the research, it was shown that the temperature gradient over the target depth
increases with increasing ion current density. The greatest temperature gradient over the surface of the
specimen of 5140 steel occurs at the highest irradiation temperature of 650°C.
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