V. Uniformity in time: rapid equilibration to
steady-state process parameters. Direct

pumping.

V. So where is the problem? - Causes of non-uniformity. Some recommendations.

A. Howling ICANS-23 Utrecht
August 23 (2009)

<4 (1

ECOLE POLYTECHNIO@[
FFFFFFFFFFFFFFFFFF



Plasma chemistry equilibration time to steady-state depletion

M. N. van den Donker, B. Rech, F. Finger, L. Feitknecht, J. Meier, P. Torres, J. Zuercher, and A. Shah,
W. M. M. Kessels, and M. C. M. van de Sol. Energy Mater. Sol. Cells 74, 539 (2002)
Sanden, Appl. Phys. Lett. 87, 263503 (2005)
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OES: Non-intrusive, rapid diagnostic for equilibration time

(combined with IR depletion measurement) [ ,, }
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Time-resolved optical emission spectrum from plasma ignition

L
.;'?}",'— g - T
/;‘E\ 1500 - /,:,:,:;ie- T o
S AT LT /
| .
s 500
600
Walf . |
e/ oD
eo&b P! 0.1 fros l%ﬁl’tl

Emission from silane radicals, SiH*, falls as the silane becomes depleted
Emission from excited molecular and atomic hydrogen rises as its partial pressure rises

The plasma chemistry equilibration time is much less than one second!

A. A. Howling, B. Strahm, P. Colsters, L. Sansonnens, and Ch. Hollenstein,

4 aah IV Plasma Sources, Sci. Technol. 16, 679 (2007).
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The gas residence time...

The gas residence time, 7, =1/a,, is the time to replace all the gas in the reactor by flow in and pumping out:
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The inverse gas residence time (no plasma), ao[s'l]: [ [ - 3]]=6.1><106 gas[[ ]] o [Ecznjl]
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g6 500500 _ . 4

40%0.0067
The gas residence time (no plasma), z,,, =1/a, = 0.18 seconds.

For this example, a, =6.1x1
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... and the plasma chemistry equilibration 1/e time

Use the zero-dimensional, time-dependent
analytical model to calculate the 1/e
equilibration time :

o
oo

/ experimental data

Assuming constant pumping speed, a = a,,

o
o

the reaction rate balance for silane is

ratio SiH*/Fulcher

0.4
dngi,, models for constant
SiH, 1 Pgy, — (kn, +a0)nSiH4 = dlt 4 0.2 - pumping speed & pressure 1
Ngi, (t t O 02 04 06 08
" S'H—“() =1-D|l-exp| —|], time [s]
nSiH4 (0) Z-eq A
. o _ (1-D) 1
where the plasma chemistry equilibration 1/e time, 7., = < Tppg = —
d dg
. (1-0.57) | _
For this example, 7,, =————==0.076 5. good agreement with experiment
| 5.7

- the zero-dimensional model was used to predict the required time
resolution (~ 20 ms) of the optical emission spectrometer for this experiment.
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(for constant pressure calculations, see A. A. Howling, B. Strahm, P. Colsters, L.

6 aah IV Sansonnens, and Ch. Hollenstein, Plasma Sources, Sci. Technol. 16, 679 (2007))
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Compare open and closed reactors (descriptive)
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Compare open and closed reactors (numerical)

Open laboratory reactor
(axial symmetry) Closed, directly-pumped plasma box
Plasma zone (20 cm in diameter) (lateral view)
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Time=1 Suwface: loncentration, c_SiH4 [mol/m 3 Max: 1.771e-3 Time=0 Max: 1.771e-3

0.4 w3 surface: Concentration, c_SiH4 [molfnf] w103
- 57 cm B
-0.2 B’ \ / . I r o8
e direct N
Plasma zone oumping I
. | t=0-100s t=0-1 s
indirect pumping
[ time to steady-state > 100 s ! } [ time to steady-state <1 s ! }
Silane back-diffusion from any dead volume between the
8 aah IV reactor and the pumps increases the equilibration time. -(I)ﬂ-
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Dispersive axial flow model (analytic)
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Practical consequence of the pumping configuration
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Intermediate Conclusions

For plasma conditions uniform in time:

» Rapid equilibration of plasma chemistry requires a closed, directly-pumped showerhead
reactor with a uniform plasma.

» Avoid gas circulation between the plasma and any dead volumes.

- monitored non-intrusively by optical emission spectroscopy via the pumping grid.

Ref. A. A. Howling, B. Strahm, P. Colsters, L. Sansonnens and Ch. Hollenstein,
Plasma Sources, Sci. Technol. 16, 679 (2007).
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