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Abstract

The total energy flux for a typical radiofrequency process plasma has been measured by
means of a simple thermal probe. The procedure is based on the measurement of temporal
slope of the substrate temperature during the plasma process. A substrate dummy which is
thermally isolated and inserted into the plasma at substrate position served as thermal probe.
It can be moved in vertical and horizontal directions in order to measure the different energy
fluxes and their distributions in the reactor vessel.

Different contributions to the total energy influx can be identified by different orienta-
tion of the thermal probe. For example, if the thermal probe is orientated to the rf-electrode
("down") the energy influx is much higher than in the opposite direction. This difference
can be explained by an additional influx due to the secondary electron emission from the

powered rf-electrode.

Experimental
The integral energy influx from the plasma towards the substrate was measured by a com-
pact thermal probe [1]. A similar procedure for the determination of the total heat influx was
proposed by [2] and [3]. A schematic sketch of the probe is shown in Fig. 1.
The probe is mounted on a manipulator arm to allow

for horizontal and vertical scans within the reactor. It can

isolation
(marcor)

be also rotated in order to measure directional fluxes, e.g.
shicld secondary electrons coming from the electrode or radia-

tion from a heated surface. In our experiments, the heat

saturation
curent — flux measurements are carried out by observing the rate
thermocouple

of temperature change dTs/dt of the substrate dummy
which is brazed to a thermocouple and placed within a

Figure 1: Schematic plot of the ther-
solid shield. The substrate is connected only to the ther-

mal probe.
mocouple and a wire for additional biasing. For all exper-

iments we used copper plate with d=20 mm and a thickness of 0.1 mm as substrate dummy.
The type J thermocouple has a sensitivity of 0.05 mV/K and the generated voltage is con-

verted by an AD-converter. The measurement of the total energy influx Q;, is based on the
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determination of the difference between the time derivatives of the substrate temperature 7
during heating (which means the plasma-on phase) and cooling (plasma-oft).

The thermal probe hardware and the designed evaluation software has been employed and
performed in different experiments in the laboratory set-up "PerPlex". This is a common asym-
metric rf-discharge which is normally used in complex (dusty) plasma experiments. In "Per-
Plex" we performed some test series in an rf-discharge with an argon pressure between 0.3 and

50 Pa and an rf-power between 5 and 100 W.

Results and discussion

In figure 2 a typical Ts()-curve measured by the

thermal probe is shown. The start temperature in the =
vacuum chamber is 21.7°C. Then the plasma was

switched on and the temperature of the thermal probe

o
E
increases from 21.7 to 27.1°C within 75 s. After the
23
plasma was switched off the system starts to cool down ‘
22 J plasma "on" | plasma "off"
and after 170 s the temperature is again nearly the start- | (heating) 1 (cooling)
. . . . . & 0L ‘510 1(;0 ' 1;0 2(;0 2;0 SJOU
ing point (22.1°C). From the derivative of the heating te)

Figure 2: Typical measurement of raw data
(10 W, 10 Pa, probe: z=20 mm and r=0).

and the cooling curve we can calculate the energy in-
flux onto the thermal probe.

Figure 3 shows the measurement of the energy influx for an argon plasma with a pressure of
10 Pa and at various rf-power between 1 and 100 W.

The thermal probe is located above the center of
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the powered electrode (r=0) in a height of z=20 mm.

35

For this experiment, the thermal probe orientation is

30

)
G

1 "down", e.g. the thermal probe is orientated into the
direction to the electrode.

If we measure the energy influx for the same set of

energy influx (mW/em®)
8

plasma parameters but for different orientation of the

b e v oo o0 o0 | thermal probe we obtained quite different results, see
0 10 20 30 40 " pg’\O’ver (w) 70 80 90 100

Figure 3: Dependence of the measured en- figure 4.
ergy influx on the rf-power for an argon pres- The mean contributions for substrate heating are the
sure of 10 Pa. energy transfer by electrons, ions and neutrals in the

plasma volume and the radiation. In the plasma bulk
these contributions are isotropic and, hence, the energy influx is almost independent on the

angle of the probe orientation.
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In the case where the thermal probe "looks" direct *—— 77— T

24 F probe orientation: up 4

. . be orientation: dow
to the electrode (probe orientation "down") we get 2 b robe oricntation: side ]

probe orientation: side

an additional energy influx form the anisotropic elec-
trons which are released from the powered electrode

by secondary electron emission (y-effect). For a calcu-

energy influx (mW/em®)

lation of the energy influx we used kp7,=1.5 eV and

n,=2.5-10'* m=3 as typical values for electron temper-

ature and density. The plasma potential V), is 11 V. The ' ’ " radial posiion em)
Figure 4: Dependence of the measured en-

potential V¢, = Vs of the floating thermal probe is -4 V
ergy influx at constant plasma parameters

for the "down" direction and Vg = -0.4 V for the "up (10 Pa, 50 W) from the orientation of the ther-

alignment. The resulting bias-potential Vyias is 11.4 V' mal probe. For the "side" and the "up" view of

and 15 V, respectively. Under these conditions the elec- the thermal probe the energy influx is compa-

tron energy influx J, is given by rable.
kBTe —eVb,-m
= = | 2kgT, 1
Je ne 27ng p ( kBTe Ble ( )
and the energy influx by the ions J; is
kgT,
Ji=n, ’l;.e exp (—05) eVias - )
1

In the case of a floating probe the released energy influx J,.. by recombination of electrons and

ions has to be considered
Jrec = jiErec 5 (3)

where j; = j, and E,.. is the ionization energy, which is 15.7 eV for argon. The total energy
influx for the "up" orientation of the thermal probe is then a combination of the eq.s 1, 2 and 3

to
Jup:Ji+Je+Jrec . (4)

For the total energy influx for the "down" direction of the thermal probe we get an addi-
tional term J, gjecr fOr €q. 4. J, girec: describes the flux of secondary electrons from the powered

electrode to the thermal probe surface. The term can be estimated by
Je,direct = ajiVelectrode . (5)

« is the secondary electron emission coefficient (@=0.1), j; is the ion current density at the rf-

electrode and V,j.¢1r04e 1S the voltage of the powered electrode. For the experiments which are

2

shown in fig. 4 the total energy influx for the "up" case is calculated to J,,= 12.6 mWcm™= and
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for the "down" case to Jyp,= 21.1 mWem™2. The reason for this difference is the additional
energy from the anisotropic secondary electrons originating from the electrode.
Finally, in figure 5 the spatial distribution of the energy influx J = J(r,z) in the r-z-plane (r=0:

axis of symmetry) is plotted.

r (cm) r (cm)
2834 41 48 54 61 68 74 80 mW/cm* 5,55 7,71 9,8612,0 14,2 16,3 18,5 20,6 22,8 mW/cm®

Figure 5: Radial and axial (2D) distribution of the energy influx for an Argon plasma with 10 Pa and an rf-power
of 10 W (a) and 10 Pa and an rf-power of 50 W (b), respectively.

Figure 5a) shows the results for a pressure of 10 Pa and an rf-power of 10 W. In the region
z=30 mm above the electrode and r=30 to 40 mm from the center we obtain the maximum of the
energy influx (= 8.1 mW /cm?). Outside the electrode to the walls of the vessel we can identify
a coil-like shape in the spatial distribution of the energy influx.

In figure 5b) the rf-power is 50 W at the same argon pressure as in figure 5a). Here, we got
a different shape. On the one hand side the energy influx is increased by a factor of 2.8 in the
center of the electrode. There is only one region with a maximum around the center position.
On the other hand side it is clearly seen that the energy influx decreases dramatically towards
the walls of the vessel. In a height of z=90 mm above the electrode the value of the influx is

almost zero. The reason for this dip is the shape of the used electrode for particle trapping [4].
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