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One important parameter for the plasma source ion implantation (PSII) process is the target temperature obtained
during the surface modification. Because the power input to the target being implanted can be large, its temperature
is quite high. The target temperature prediction is useful, whether the high temperature is required in the experiment.
In addition, there is likely to be temperature variation across the target surface, which can lead to locally different
surface properties. In this paper, we have presented a model to predict and explain the temperature distribution on
a hemispherical bowl-shaped vessel during plasma source ion implantation. A two-dimensional fluid model to derive
both the ion flux to the target and the energy imparted to the substrate by the ions in the plasma sheath simulation is
employed. The calculated energy input and radiative heat loss are used to predict the temperature rise and variation
inside the sample in the thermal model. The shape factor of the target for radiation is taken into account in the
radiative energy loss. The influence of the pulse duration and the pulsing frequency on the temperature distribution is
investigated in detail. Our work shows that at high pulsing frequencies the temperature of the bowl will no longer rise
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with the increase of the pulsing frequency.
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1. Introduction

Plasma source ion implantation (PSIT)[! is a ver-
satile method for surface modification, and many ef-
forts have been made to use this method in various
practical applications. Because there is no line-of-
sight restriction, it is an excellent technique to treat

PSII

has been used to improve the wear, corrosion, and

industrial work pieces with irregular shapes.

fatigue resistance of metals and in the fabrication

[2-4] PSIT is also used to create a

of semiconductors.
graded interface on the surface to enhance the adhe-
sion of subsequently deposited coatings.[5:6] PSIT in-
corporates the strong points of other plasma treat-

ments, like plasma nitriding and ion implantation.

In the PSII process, when negative voltage pulses
are applied to the target, the ion bombardment serves
as a heating process and induces a high target temper-

ature. The temperature obtained during the process

is crucial to the final surface properties. High tem-
perature is desirable, for instance, when diffusion of
the implanted ion is desirable. In the case of stain-
less steel, its treated temperature exceeding 450°C can
lead to CrN precipitation, whereas at a temperature
below 350°C, nitrogen diffusion is too slow to result in
a sufficiently thick layer suitable for application.!” 9!
Meanwhile an elevated temperature process increases
substantially the wear-resistance without sacrifice of
the corrosion-resistance. A direct measurement of the
target temperature is highly desirable in PSII, but in
practice it is not as easy as one imagines, because
the process environment (high voltage, vacuum, inter-
face, etc) renders common techniques for measuring
temperature impractical. Optical measurement is a
realistic option for on-line temperature measurement,
but it is not widely used because optical measurement

of temperature can be expensive and it only yields
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surface temperature. Therefore it is important to de-
velop a model to map the temperature gradient over
the target. Blanchard has developed a simple, time-
dependent, lumped-capacity thermal model for pre-
dicting temperatures in PSII targets. Unfortunately,
this model cannot provide multidimensional temper-
ature information. Since the ion flux depends on the
sample geometry, there are likely to be local temper-
ature fluctuations that alter the local structure and
properties. Recently a two-dimensional (2D) model
for a round platen that takes into account the fi-
nite dimensions of the target has been described.!1!
This model combines the plasma fluid model with the
unsteady-state heat transfer equation. The ion flux
is calculated by using the fluid model and input into
the heat transfer equation to derive the temperature
distribution on the target surface. This model can
be conveniently applied to the metal or semiconduc-
tor PSII requiring strict temperature control. In this
work, we describe our two-dimensional model to inves-
tigate the temperature distribution of a hemispherical
bowl-shaped vessel in PSII process. In the model we
take into account the influence of shape factor of the
bowl on the radiation heat transfer from the target to
the chamber.

2.Plasma sheath simulation and

thermal model

Plasma ion bombardment during the PSII pro-
cess is treated as a surface heat flux, because the ions
actually deposit their energies on the target surface.
To derive the target temperature, we use a 2D fluid
model to calculate the incident ion flux by simulating
the temporal sheath expansion.['!] Consider PSIT into
the surface of a hemispherical-bowl vessel, as shown
in Fig.1. The inner radius of the vessel is r;, and
the outer is ryy;. The vessel is immersed in a charge-
neutral plasma in which the ion and electron densities
n; and n, are both equal to the plasma density n,,
The initial potential is ¢ = 0
everywhere. When the high negative voltage pulse is

Le. ny = Ng = Nng.

applied to the target, the electrons are repelled from
the target. Ions are initially at rest, for the ion mass
is much larger than the electron mass. Thus a plasma
sheath is formed around the target. When ¢t > w;il
(where t is the duration for the pulse to be exerted
on the target and wy; is the ion plasma frequency),
ions are accelerated by the electric field in the sheath
and implanted into the target until the applied voltage

pulse is over. The ion density, the ion velocity, and the

potential then evolve self-consistently in time.
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Fig.1. Schematic diagram of the implantation geom-

etry considered.

The evolutions of the ion density, ion velocity, and
potential are modelled using cold, collisionless fluid
ions, Boltzmann electrons, and Poisson’s equation. In
spherical coordinates, the 2D equations of ion conti-

nuity and motion, and Poisson’s equation respectively

are

%+%%(R2nu1§)+m%(m‘esme):O’ (1)
B Ry o
%‘FUR% %%:_%%’ ®)

(4)

The normalized dimensionless variables are

R:T/AD: QO:CQS/TG,

T = twpi,

n=n;/n,, UR= V[V, Uo=Vig/Vis;, (5)

where n; is the ion density, ¢ is the potential, e is
the ionic charge (for a singly ionized ion), and m is
the mass. T, is the electron temperature, €, is the
permittivity of free space, and v;. and vy are the
ion velocities in radial direction and in angular direc-
tion, respectively. Ap = (g,T%/noe?)'/? is the Debye
length, v = (T./m)'/? is the ion sound velocity, and
wpi = (noe?/mey)'/? is the ion plasma frequency. The

normalized target potential is given by

{%(T/Tr),
(p =

®p> T > Ty

T< T,

(6)

where 7, = t,wy,; is the dimensionless rise time, ¢, =
edp /T is the dimensionless maximum potential biased

on the target.
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Equation (4) is solved by iteration. Setting % to
be an initial guess for the solution, Eq.(4) is linearized
about this guess using!?

exp(p) = exp(ip)exp(p — ¥) & (1 + ¢ — Pp)exp(¥),
(7)
and after neglecting high-order terms, the linearized

equation becomes

8% 1 0p ctghlyp 1 82%p
2R TRorR T Rz o9 T moer  OPWe
= — [n — exp(¢) + Yexp(¥)]. (8)

Equations (1)—(3) and (8) are solved by the finite-
difference method. Initial conditions are n = 1 and
u=0 everywhere. Boundary conditions are ¢ = ¢(7)
on the target and in =0 the plasma, and 8¢/90 = 0
on the symmetry axis.

The normalized potential ¢, ion density n and the
ion velocity u in the simulation region are obtained by
using the finite-difference method. Thus, the ion flux

I’ to the surface of the vessel can be determined by
I'=nu,, (9)

where u is the normal ion velocity to the target sur-
face. The power of the ion heating can be obtained
through the normalized ion flux I'.

When ions impact it, the target surface is directly
heated by the incident ion-flux during the PSII, and
the energy deposited by the ions is used as an input
parameter. In general, the temperature distribution
within the target is governed by a time-dependent par-
tial differential equation with nonlinear boundary con-
ditions due to radiative cooling.['3 The equation can

be written as

pcaa—jt1 +H=V- kVT, (10)
where p is the density of the target material, ¢ is the
heat capacity, k is the thermal conductivity, and H
is the resultant power of heating and cooling due to
ion bombardment and thermal radiation respectively.
If the thermal conductivity is uniform throughout the
target and independent of temperature, this equation
becomes

pca—T + H = kV3T. (11)

ot
The target temperature can be calculated by solving
a two-dimensional unsteady-state heat transfer equa-

tion using finite difference. In spherical coordinates,

the equation is

10 oT 1 o /. 0T
’“[—a— (a_) + Z5n0 90 <Sm"%ﬂ +H
oT
=pc g (12)
In our model, the energy deposited by implanted
ions, derived from the above sheath dynamics sim-
ulation, is used as a heat input and we ignore the
volumetric effects. Meanwhile, we divide the full cy-
cle of pulse into 14 time-intervals. Since temperature
rise contributed by a single pulse is relatively small,[1]
the target temperature can be modelled by averaging
the input power over each time interval. The radiation
from the target surface to the chamber wall is primary
heat loss mechanism. We assume that the chamber
wall temperature is water-cooled down to 22°C and
the initial temperature of the target is taken as 22°C.
The radiative cooling can be modelled with the

following equation:
P, = Feo(T* - T), (13)

where P, is the net heat flux lost due to radiation to
the chamber, F' is the radiative shape factor for radia-
tion from the target to the chamber, ¢ is the emissiv-
ity of the radiating surface, o is the Stefan—Boltzmann
constant, and T3, is the chamber temperature.
Because the hemispherical bowl is enclosed in the
chamber and all the radiation leaving the target sur-
faces reaches the chamber wall, the shape factor F
depends on the geometrical shape and arrangement of
the surfaces of the bowl with respect to the chamber
wall. The shape factor for an area element dA; on the

target is given byl

P [, (14
Az
where the integration limits on the chamber wall area
A, extend over only the portion that can be viewed
by an area element dA; on the target surface. The
elements dA; and dA; have their normals at angles
61 and 05 to the line of length S joining them. For
the outer surface and the brim surface of the bowl
the integration calculated over a hemispherical surface
centered at dA;, is 1.0. For the inner surface the in-
tegration calculated over the circular disk of the bowl
opening, is 0.5. The method of calculation is shown

in the Appendix.
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3. Results and discussion

In our simulation, the hemispherical bowl with an
inner radius r;;=40mm and an outer 7,,;=44mm is lo-
cated in the plasma. The plasma has N with a den-
sity of 6.8 x 10°%cm~3 and an electron temperature of
1.5eV. The applied potential is initially zero and rises
(in the negative polarity) at a rate of 120kV/us until
it reaches a plateau value of —20kV and maintains this

value. These simulation parameters are chosen based
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on the real experimental parameters.

The spatial distribution of the normalized ion flux
along the surfaces of the vessel from inner bottom cen-
tre to the outer’s for each pulse is shown in Fig.2. The
ion flux on the target is very uneven. There are three
peaks near the brim of the vessel where the electric
field is concentrated: the middle one is at the centre
of the brim, the left one is at the inner surface near

the brim, and the other is at the outer surface.
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Fig.2. Normalized ion flux on the surface from the inner bottom centre to the outer’s for normalized
time (a) 7=1.0, (b) 7=3.0, (c) 7=15.0 and (d) 7=18.0.

In the temperature simulation, the density of the
bowl material p is 8020kg/m® for stainless steel, c
is 460J/(kg-K), and k is 30W/mK. The temperature
distribution along the surface (arc direction) and the
thickness (radial direction) of the bowl obtained for
an implantation voltage with a pulsing frequency of
300Hz and a pulse duration of 16us is depicted in
Fig.3. The target temperature near the brim of the

bowl is always higher than near the bottom, and it

can be attributed to the higher heating flux. The tar-
get temperature rises rapidly initially but more slowly
later due to the higher radiation heat loss at higher
temperatures. At some time, the temperature distri-
bution inside the bowl material reaches a steady state
in which the temperature does not change. The target
temperature attains equilibrium after 2400 seconds, as

shown in Fig.4.
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Fig.8. Two-dimensional temperature distribution on the bowl respectively at 1s,

200s, 4000s, and 6000s.

600

550

500

450

400

Temperature/K

350

300

0 1000 2000 3000 4000

Time/s

Fig.4. Effect of the pulse duration on the average

temperature of the bowl.

Figure 4 shows the influence of the pulse duration
on the average temperature of the bowl. The com-
parison indicates that equilibrium time within which
the bowl temperature attains equilibrium increases
with the increase of the pulse duration below some
value of the pulse duration. If the pulse duration is
over some value, the steady-state temperature of the
bowl increases with the increase of the pulse duration
while the equilibrium time will no longer increase. For
a pulse of 300Hz/4pus, the bowl temperature reaches
near-equilibrium after 1300 seconds. When the pulse
duration increases to 16us, the equilibrium time in-
creases up to 2480 seconds. Meanwhile, the steady-

state temperature increases from 329 to 505K.
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Fig.5. Effect of the pulsing frequency on the average
temperature of the bowl.

The time dependence of the average temperature
of the bowl for different frequencies is plotted in Fig.5
for a pulse duration of 16us. It is seen that the equi-
librium time decreases with the increase of pulsing fre-
quency while the steady-state temperature of the bowl
increases with the increase of pulsing frequency. If the
pulsing frequency is over some value, the steady-state
temperature of the bowl no longer increases. Our re-
sults indicate that the pulse duration over some value
has no effect on the equilibrium time, and the pulsing
frequency over some value has no effect on the steady-

state temperature of the bowl either.

4. Conclusions
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A model has been developed for predicting the 2D
time-dependent temperature distribution of a hemi-
spherical bowl-shaped vessel in plasma source ion im-
plantation. The 2D fluid model and 2D temperature
governing equation are used to describe the temper-
The different

shape factors of the bowl for radiation from the inner

ature rise and variation on the bowl.

and outer surfaces are taken into account in radia-
tive energy loss. The results show that the tempera-
ture near the brim of the bowl is always higher than
near the bottom, and a steady state in which the tem-
perature distribution does not change can be reached
The results also indicate that the

time within which the bowl temperature attains equi-

after some time.

librium decreases with the increase of pulse duration
while the temperature of the bowl in the steady state
increases. It is noted that the equilibrium time and
the steady-state temperature of the bowl will no longer
have any change with the increase of the pulsing fre-
quency over some value. Therefore, in the case where
high temperature is desired, it is not effective to apply

a voltage with a higher pulsing frequency.

Appendix: shape factor be-
tween a differential element on
the inner surface of the hemi-
spherical target and the cham-
ber wall

Consider a spherical surface with a radius R as

shown in Fig.6. The right half of it is assumed to
be the inner surface of the hemispherical bowl-shaped
target (solid case). Since the energy radiated from an
elemental area on the inner surface of the hemispher-
ical target to the chamber wall transfers through the
opening of the bowl, Eq.(14) can be integrated over
the other hemispherical surface with the same radius

R (dashed case).

Fig.6. Geometry involved in the radiation within the
hemispherical bowl-shaped vessel.

Since the sphere radius is normal to both element

dA; and dAs, the distance between these elements is
given by S = 2Rcosf; = 2R cosfy then Eq.(14) be-

comes 1 1
=R / dds = 3.

Az
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