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3.1 Results for the MPD thruster

3.1.1 Spectra of emitted radiation

In this section the spectra recorded with the apficobe of the OMA
system placed both outside and inside of the vacthember (see figures
2.7 and 2.8 in the chapter 2) are presented. Asrtiepin Chapter 2, each
spectrum is an average of three measurements sztaat the same
nominal conditions (discharge current and extemmalgnetic field) to
reduce the background noise. We consider in fagtspectra characterized
by an emission line having equal signal p&land equal noisé&l,. The
resulting signal/noise ratio S/N, average of the tmeasurements, is given

by the following relation:

TR (3.1)
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So, the signal/noise ratio is risen at 1.414. Tagkime average of three

measurements, the S/N will be about 1.732.

Non intrusive probe configuration
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Figure 3.1 — Recorded spectra at B = 40 m,= 0.5-1 ms, different discharge
current: | =4500 A (a) and | = 7500 A (b).

Figure 3.1 shows the spectra observed in a te¢brperd at B = 40

mT, for a time intervalAt = 0.5-1 ms, and a discharge current
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corresponding to | = 4500 A (3.1a) and | = 75003A16). All recorded

spectra are completely dominated by argon emisdleuitral argon lines
(Arl) are detected in the wavelength range of 680G nm. On the other
hand, singly ionized argon lines (Arll) are detecite the wavelength range
between 400 and 500 nm.
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Figure 3.2 — Recorded spectra at B = 40 mT, | = 6000 A, d#ifié time intervals:
4t = 0-0.5 ms (a) andit = 0.5-1 ms (b).
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Figure 3.3 — Recorded spectra at | = 4500 4t,= 0-0.5 ms and different applied
magnetic fields: B =0 (a), B =40 mT (b) and B & ®&T (c).
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Other emission lines of different elements has baéetected, mainly
oxygen and nitrogen due to residual air in the wvatehamber, copper due
to electrodes erosion, hydrogen and carbon dubemil of the diffusion
pumps. The intensity of Arll lines rises (about 34-times) when the
discharge current is increased (see figure 3.18dli). On the other hand,
Arl lines remain very weak and only 4gls transitions are detected. This
indicates a condition of nearly full ionization.

In the figure 3.2, the spectra observed in a tedbpmed at B = 40 mT,
discharge current | = 6000 A for different timeantalsAt = 0-0.5 ms (a)
andAt = 0.5-1 ms (b) are shown. While a wean incredsariy lines are
observed, no particular trend is observed for ied.

Figure 3.3 shows the spectra observed at | = 45@% A 0-0.5 ms and
different external applied magnetic fields, B =), = 40 mT (b) and B =
80 mT (c).Without applied B, the Arll lines and Arl lines reeomparable
intensity (figure 3.3a). When the external magnéttd is applied, the
intensity of Arll lines rises strongly (up to 10@nes with B = 80 mT in
figure 3.3c). Also the intensity of neutral argonek increases, but less
strongly and the spectra are totally dominated imglg ionized argon

emission. Again, this indicates a condition of he#&ull ionization.

Intrusive probe confiquration

The spectra collected by the optical probe in pwsit of figure 2.8 are
dominated by the argon emission. Arlll lines (dguianized argon lines)
are recorded in the wavelength range of 320-350Arth]ines in the range
of 350-500 nm and Arl lines in the range of 690-900. The intensity of
the Arlll lines is comparable with Arll lines. As ithe spectra with the

detector placed outside the plasma plume, Arl laresvery weak and only
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4p—4s transitions are observed. Impurities due to ewrygnitrogen,
copper, hydrogen and carbon are detected. In fidethe emission
spectrum recorded in position 1 at a dischargeeatiof 4500 A, without
externally applied magnetic field, in the time mt At = 0.5-0.75 ms, is

shown.
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Figure 3.4 - Emission spectrum recorded in position 1 at
At=0.5-0.75ms, B=0mT, | =4500 A.
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Figure 3.5 - Emission spectrum recorded in position 2
at B =80 mTAt = 0.5-0.55 ms, | = 6000 A.
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Due to these impurities present in the plasma/raady mentioned in
chapter 2, the formation of a coat on the probe besen observed. The
progressive degradation of the probe transparerestlliting from the
mentioned coat, created difficulties when evalugntthe relation of the
spectrum intensities emitted at different thrusierking conditions is
performed, even if a general increase of emitte@nsity should be
observed.

400
350 -
300 -
250 -
200 | (@)
150 -

100 -
0 MM I 1 T

300 400 500 600 700 800 900

Wavelength [nm]

Intensity [pW/cmznm]

o)
o
|

500

> 4000

(b)

Intengity MW/cmznm]
) w IN
) ) o
o o o

100

g

0 f T T

300 400 500 600 700 800 900
Wavelength [nm]

Figure 3.6 - Emission spectra recorded in position 4 (a) anh)
atB=0mTAt=0.5-1 ms, | = 6000 A.
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When the optical probe is placed inside the plasga the exit of the
thruster (position 2 through 5), marked lines froarbon and copper are
observed. In these positions, the observed emidisiesn come mainly from
Arll. Figure 3.5 shows a spectrum measured on iposi at | = 6000 A, B
= 80 mT, in the time intervakt = 0.5-0.55 ms. In figure 3.6 the spectra
measured in the peripheral positions 4 (a) and) @i shown. They both
refer to a test at B = 80 mT, | = 6000 A antl= 0.5-1 ms. In the spectrum
of figure 3.6(b) the continuum emission is an intaot contribution to the
total radiation. Continuum emission can be obsenudy in position 2 and
5 which are in front respectively of the centralhcale and of the anodic
straps. Therefore, it can be due to the copperrgapo

Also for the spectra observed in the peripheraltjpos6, the observed
emission lines come mainly from singly ionized argégain, a marked
contribution of carbon and copper lines is obsenfadure 3.7 shows a
spectrum measured at | = 7500 A, B = 80 mT, intitne intervalAt = 0.5-

1 ms.
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Figure 3.7 - Emission spectrum recorded in position 6
at B =80 mTAt=0.5-1 ms, | = 7500 A.
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The analysis of the spectra recorded with the aptprobe placed in
different positions (both outside and inside thewan chamber) permits to
illustrate in a qualitative way the distribution thfe argon emission in the

plasma plume. This scheme is shown in the figuge 3.
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Figure 3.8 - Scheme of the emission regions of the plasnmaglu

3.1.2 Calculation of the plasma parameters

A plasma parameter of huge interest is the eledgoperature, that is
determined by means of the Boltzmann plot. Theatazh intensity of a
generic emission ling,lin fact, is proportional to the spontaneous einiss
probability A"' and to the population density of the up level of th

transition R:
| =c,A"'n n (3.2)

If the particle density are distributed over theemgy levels as

Boltzmann distribution, then the relation holds:
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En EO

_gn _k'_l'
_Og w 3.3
b %o (3:3)

nn
n

where T is the electron temperature. After the substitutad equation
(3.3) into (3.2) and after some manipulations, thkowing relation is

obtained:

A :|n[iJ:C— E” (34)

Each equation (3.4) represents a pointydein a semi-logarithm plot
(also calledBoltzmann plgt The slope of the line fitting the data points,
obtained by several emission lines, is proportiotal the electron
temperature. If the points are perfectly aligndw plasma is in partially
local thermodynamic equilibrium (pLTE). Deviatioroi this equilibrium
condition are reflected in the Boltzmann plot bgcattering of the points.
In this case, the plasma is not characterized byigue temperature and it
IS more appropriate to speak of excitation or papoih temperature.

An estimation of the electron density could beiearout by means of
the ratio of two emission lines of the same elententproper to different
systems (for example neutral and singly ionizetl)hé plasma is in local
thermodynamic equilibrium (LTE), the neutral andgdy ionized patrticle

density, g and n respectively,are related together the by the Saha

equation:

% -
nen+=zu+(mekT;) oxd - X X (3.5)
n, U, \ 27h KT,
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where yx; is the ionization potential andy; is the lowering ofy; due to
Coulombian interactions. Writing the relation (3t@) a neutral and singly

ionized line and combining their ratio with (3.5)e following relation is

obtained:
% _ _
A eSS s
gn +k +k e

Finally, the neutral densityphand then the ionization degree of the
plasma, can be evaluated by means of the Sahaay(@&b). The validity
of this method depends on the validity of the ctadiof pLTE for the
levels of the transitions considered. It is wellbkwm from the theory of
collisional-radiative processes that the upper l&evid an atom reach a
thermal distribution with the continuum of free @®n more easily than
the lower levels. Thus, it is possible to define lvels of an atom as being
in pLTE from level p if equation (3.5) applies tband all higher-lying
levels. Many authors studied this problem. Griemd],[3for example,
studied how the emission of radiation affects tistrithution with respect
to excited states in hydrogen (or hydrogen-likes)gplasma. He found the

following relation:

7 2
N_>7x10° 217( E-I; J cm’® (3.7)
pj Y4 EH

where E, is the hydrogen ionization energy and p is theati¥e principal

guantum number defined as:
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p=Z | —"— 3.8
Eion_Ep ( )

Other criteria are presented by Wilson, Drawin, éiban, McWirter
and recently by Fujimoto [40],[41]. For atoms omsothat are not
hydrogen-like, as the Arll system is, the applitgbbf these criteria is a
critical point. Experiments on Arll, in fact, showsat the criterium (3.8) is
too restrictive.

Another way to calculate the electron density iseoaon the line
broadening theories. This method is to prefer b&eaudoes not require
any hypothesis on the equilibrium condition in glasma. Unfortunately,
the OMA spectral resolution is in the range of 0.4um, too high to
measure the line broadening.

Recently, a new density diagnostic method baseth@remission line
intensity ratio of neutral hydrogen is developelle population density of
excited levels, in fact, is evaluated by Fujimotoak for ionizing phase
plasma in a wide range of electron densities (30 10" m*) and
temperatures (1.5 + 10 eV) and under conditionsptital thinness for all

of the radiation emission.

3.1.2.1 Evaluation of the electron temperature

Non intrusive probe configuration

In the figure 3.9, a typical Boltzmann plot of exci states of Arll
system is shown for a test at | = 7500/,= 0.5-1 ms and B = 40 mT.
From it, the excitation temperature,J= 10800 °K is calculated. For all

the test conditions, only the Arll emission lings aiseful to calculate the
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temperature. Arl lines are in fact too weak andupdevel energies of the
transitions are distributed in the range of 0.5 &t for all thruster
working conditions, the temperature is calculatedfact, at low current

and without the applied B, also the Arll lines toe weak.
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Figure 3.9 - Boltzmann plot of the Arll system
foratestat | = 7500 Adt = 0.5-1 ms, B =40 mT.

As previously reported, the OMA spectral resolutisntoo low to
evaluate the line broadening. So, only maximum eslare considered and

integral intensities are calculated by an iterapix@cedure.
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Figure 3.10 - Boltzmann plot of the Arll system
for atest at | = 6500 Adt = 0.5-1 ms, B =40 mT.
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Another example of Boltzmann plot is shown in fig®.10 for a test at | =
6500 A,At = 0.5-1 ms and B = 40 mT {f= 11265 °K).
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Figure 3.11 — Excitation temperature vs. interval time ateliént currents and applied
magnetic fields: B =0 mT (a), B =40 mT (b) anedt BO mT (c).
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Figure 3.11 shows the behaviour of the excitatiemperature as
function of time for different discharge currentaapplied magnetic fields:
B =0mT (a), B=40 mT (b) and B = 80 mT (c). Tieenperature is in the
range of 0.9 — 1.3 eV and any particular trendoseovable neither with the
current nor especially with the applied B. Only B~ 80 mT, an increase
of temperature with current is found.

These results are not well in agreement with presitemperature
measurements by means of Langmuir probes performethe same
position by the research group of the “ConsorzioXREPadova)[29].
Tests have evidenced that electron temperaturetisei range of 4 — 6 eV
(without applied magnetic field) and 7 — 9 eV (Wigh= 40 mT). Moreover,
values of electron density are in the range of=1@0*° m?. In order to
evaluate if, in these conditions, the radiatiotragpped into the plasma, the
characteristic length for absorption of radiatioa estimated. The
absorption coefficient at the centre of the lineggigen by the following

expression:

/103N1 2 1
k0: g_ AZ

87 g, vy, (59)

wherev, is the line broadening), is number density of lower statd, is
central wavelengthA,, is spontaneous emission coefficiegt,and g, are
statistical weights ant1___ is the atomic mass. In these conditions of high

electron temperature and low electron density diti@inant mechanism of

line broadening is the Doppler effect andakes the expression:
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(3.10)

whereT _ is the ion temperature.

The inverse of the absorption coefficient expredsethe equation 3.9
is the free mean pathof the radiation. This parameter is reported bida
3.1 for various Arl and Arll emission lines at twdferent radial positions:

r=0 (axial) and r =115 mm.

Emission Aﬂ [m] Aa_x [m] A_15 [m] A1_15 [m]

mes Il 2051 (T=6T) [(T=05T)| (T=6T)
Arl | 811.531 | 1.526E+045.285E+04 5.426E+04 1.880E+05
Arl | 763.510 | 4.909E+OWL700E+0§ 1.746E+08 6.050E+05
Arll | 480.602 | 1.009E-033.494E-03 2.178E-03 7.544E-03
Arll | 473.501 | 2.351E-038.145E-03 _5.076E-03 1.758E-02
Arll | 484.782 | 2.576E-038.925E-03 _5.567E-03 1.928E-02
Arll | 434.806 | 5.858E-042.029E-03 _1.265E-03 4.381E-03
Arll | 442.601 | 1.133E-033.926E-03 _2.449E-03 8.482E-03
Arll | 433.120 | 2.231E-037.728E-03 _4.820E-03 1.670E-02
Arll | 437.967 | 2.882E-039.984E-03 _6.229E-03 2.158E-02
Arll | 487.987 | 7.375E-042.555E-03 1.507E-03 5.533E-03
Arll | 454.505 | 7.577E-032.625E-02 _1.642E-02 5.688E-02
Arll | 457.935| 1.490E-035.163E-03 _3.228E-03 1.118E-02
Arll | 458.990 | 7.426E-032.573E-02 1.610E-02 5.577E-02
Arll | 460.956 | 9.998E-043.464E-03 2.183E-03 7.561E-03

Table 3.1 — Calculated values of the mean free path of ramiiefor several Arl and
Arll emission lines at different electron and i@miperatures, referring to the

following experimental conditions: | = 7500 A aBd= 40 mT.

Calculations show that the free mean path is of dhder of few
millimetres in the wavelength range of the singiyized emission lines
and is of the order of £0- 10 meters at wavelength range. So, the plasma
results optically thick in the wavelength rangeiaf lines and optically

thin in the wavelength range of neutral lines.

78



RESULTS OF THE OPTICAL MEASUREMENTS

In order to take into account the absorption ofl Addiation, their
intensities are corrected by means of the escapwrfg. Under the
condition of moderate to low line-centre opticaptte[k(A)l < 5] and line
shape described by a single line broadening mesma(Doppler, in this
case), a simple expression for escape factor,isolaf Milne theory, is

derived:

g1
1+ (kL e

(3.11)
where ¢ is the first root ofstan() =k,L and L is slab’s thickness of the

plasma. The results are presented in the figuEs &d 3.13 for the same

conditions of figure 3.9 and 3.10 respectively.
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Figure 3.12 — Correction of the Arll system Boltzmann plot
at the same test condition of figure 3.9.

Because of the ion temperature is unknown, theuatiah of the escape

factor is performed at the following conditiong,l= Te.
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Figure 3.13 - Correction of the Arll system Boltzmann plot
at the same test condition of figure 3.10.
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Figure 3.14 - Excitation temperature vs. interval time aftiee tcorrection at different
applied magnetic fields and currents: | = 6500 A, (&= 7500 A (b).
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In figure 3.14 the behaviour of excitation temperatwith time after
the correction at different applied magnetic fiedoh&l currents: | = 6500 A
(@) and | = 7500 A (b) is shown. The applicatiorite external B causes an
increase of the temperature of about two times greement with the

increase measured with the Langmuir probes.

Intrusive probe configuration

Figure 3.15 shows the line intensities (in relativats — r.u.) as a
function of the energy of the upper levels for test of 1 = 4500 A,B=0
mT andAt = 0.5-0.75 ms, for the optical probe placed isipon 1. The
relative unit error is about 30% and it is deterammainly by the accuracy

of the measurements.
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Figure 3.15 - Boltzmann plot of the Arll system at
| =4500 A, B =0 mTAt = 0.5-0.75 ms.

The lines used to calculate the temperature of éxdlitation levels are
listed in table 3.2. In the table also their chagastic parameters [36] are

reported.
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Alnm]  EfeV] g Ay (10sYH
480.602 19.22 6 0.79
434.806 19.49 8 1.30
433.120 19.61 4 0.64
457.935 19.97 2 0.92
458.990 21.12 6 1.05
460.956 21.14 8 1.13
358.844 22.95 10 2.98
397.936 23.08 2 1.16
399.479 23.85 2 1.66

Table 3.2 - Characteristic values of Ar Il lines used @ergy level, gstatistical
weight of this level, Atransition probability).
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Figure 3.16 - Temperature Jvs discharge current at different values of applse
in the start-up phase (a) and stationary phase (b).

The plasma is not in pLTE. The Arll levels can beidkd in two

categories: the high levels and the low levels. Thegh levels are
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characterized by an high excitation temperatuse The low levels are
characterized by a low temperature. TTy is close to the electron
temperature measured by means of Langmuir probgsisTmuch lower
than T,. In figure 3.16, the variations ofyTas a function of the discharge
current with and without applied magnetic fielde time intervalat = O-
0.25 ms (3.16a) andt = 0.5-0.75 ms (3.16b), are shown. At these regime
conditions, T, assumes values between 3 and 9 eV.isl measured
between 0.5 and 1 eV. When the external magnetid fis applied, a

decrease of theylis observed.
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Figure 3.17 - Temperature gvs discharge current at different values of applein
the stationary phase evaluated with Arlll lines.

For Arlll system, the transitions correspondinghtgh energy levels are
outside the wavelength range of the spectrogra@®d<nm). Therefore
only the excitation temperature.,J between low levels is calculated.
Figure 3.17 shows the variations of,JTas a function of the discharge
current with and without applied magnetic field,thre time intervalAt =
0.5-0.75 ms. ;. assumes balues between 2 and 3 eV and is noteslyar

dependent on | and B.
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As previously mentioned, the spectra observed ley gfobe placed
inside the thruster (position 2 to 5), are strorgffected by the carbon and
copper line emissions. Therefore, only an indicatmf the excitation
temperature J. between a few Arll levels (tipically four or five the
range of 19-23 eV) could be derived. In figure 3.18. as a function of
the discharge current, with the probe placed intipos2, with and without

applied magnetic field, in the interval timé = 0.5-0.55 ms, is shown.
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Figure 3.18 - Temperature & Vs discharge current in the peripheral positioat2
different values of applied B in the stationary pha

In the figure 3.19, the variation of excitation feeEnature T,. with
working conditions, calculated with the probe posied in the peripheral
positions 4 (a) and 5 (b), is shown. For the posit, T.,. does not show
any particular trend with the working conditionsa particular, the
application of external B does not affect the terapge probably because
the focused region of the plasma is very closehéodlectrode (where the
lines of current close) and the applied magnegiclfis negligible respect to
the self-induced magnetic field. On the other handthe position 4, a

weak increase both with discharge current and eatepplied B is found.
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Figure 3.19 - Temperature & Vs discharge current in the peripheral positiofaed and
5 (b) at different values of applied B in the siatiry phase.

3.1.2.2 Comparison with the results of the CR model

The measured population distributions with the agdtiprobe in
position 1 (see figure 3.15) are compared with ¢hcalculated by the CR
model. The results are shown in figure 3.20 for B8 V/m and N= 10"
m*>. The normalization level is at 19.97 eV. The twstributions are in
excellent agreement. The CR model reproduces thélelcslope of the

energy levels being to the observed transitionse fiore pronounced
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scattering of the lower calculated levels is prdpaloe to the less accuracy

of the cross section data.
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Figure 3.20 — Comparison of the calculated and measured pdjmua
distribution over the energy levels.

These results confirm the considerations on thehar@sm populations
reported in chapter 1. The radiative decay from ligher levels is an
significant contribution of the low-lying levels.nOthe other hand, the
high-lying levels (over 20 eV) are mostly populatey collisions with
electrons. It should be noted that the separageorllcorresponds to the
energy where the calculated electron energy digtdh function departs
from the Maxwellian form. So, it is evident theeadf the high energy tail
in the determination of the distribution over tleedls of the argon ionized
population. Finally, it can be observed as the peimn temperature \Jis
4-5 times lower than the calculated electron tewjpee giving a rough

estimation of it.
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3.1.2.3 Evaluation of the electron density

Non intrusive probe configuration

Because of the distribution of excited states dff Ar the Boltzmann
plot do not consent to formulate any hypothesyshenstate of this system
(ionizing phase, recombining phase), the evaluatiothhe electron density
is carried out by means of the equation (3.6)idare 3.21 the variation of
Ne with the discharge current, at different extemagablied B, in the interval

timesAt = 0.5-1 ms (a) andt = 0.5-1 ms (b), is shown.
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Figure 3.21 — Electron density Nvs discharge current at different B applied ie th
interval timesAt = 0.5-1 ms (a) andt = 0.5-1 ms (b).
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The electron density is in the range of%00" m®, about one order
lower than that ones measured by means of Langpnabes, and do not
show any particular trend when the external magniéld is applied.
Inserting the calculated values of Mto equation (3.7), an extimation of
the boundary level p is performed. Results shaw phvaries between 6.6
and 7.3 which corresponds with excitation energg@B eV and 26.6 eV.
These values are much higher than the high exaitanergy level (21.14
eV) observed, but, as previously mentioned, thdiegiplity of equation
(3.7) at nonhydrogen-like atoms is critical. Spestopic measurements, in
fact, show that for N> 2x10° m* the level 4p’?F[7/2] at 21.14 eV is
collisionally dominated, demonstrating that the toggbnic criterium is too
restrective.

Finally, the neutral densityphand then the ionization degree of the
plasma, are evaluated by means of the Saha equ@idh The neutral
density is in the range of 810" m?® showing that the plasma is fully

ionized.

Intrusive probe configuration

The emission line intensity ratio of the first twoes of the Balmer
series (H at 656.280 nm and gHat 486.130 nm) is used to perform an
estimation of the electron density for the probacpt in position 1. The
results are shown in figure 3.22. The electron tigms again in the range
of 10'%-10" m* and is higher when the external magnetic fielswitched
on. The accuracy of these results depends completelthe excitation
cross section data employed in the calculation ajupation density of
excited levels of hydrogen. The accuracy would beua a factor of two.

Also in this case, applying equation (3.7), valoé® in the range of 5-7
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are found. Nevertheless this, due to the previamrmsiderations about its
applicability, the energy levels higher than 21.4¥ are collisionally

dominated and the temperaturg grovides a good extimation of electron
temperature.
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Figure 3.22 - Electron density vs discharge current at différealues
of applied B in the stationary phase.

Finally, calculation of neutral density shows tietgain in the range
of 10"-10" m® and the plasma is fully ionized.

Unfortunately, due to the already mentioned impesifpresent in the

plasma, it is not possible to perform any calcolaf the electron density
for the optical probe placed in the positions Bto

3.2 Results of the optical measurements on the RF discharge

Typical emission spectra recorded at°80after 28 seconds from the
ignition of the discharge are shown in figure 3f@B the spectral range
from 410 to 490 nm (a) and from 610 to 690 nm @nth spectra show
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several spectral line of neutral argon which dorn@rtae plasma emission
in the entire spectral range from near ultravitdethe red indipendently of
the experimental conditions. The dominance of Ar$ is a consequence
of the fact that the argon carrier gas presents 8b%e Ar-SiH, mixture.
Besides Arl transitions, the Si-H line at 414.2 (e and H at 656.200
and He line at 632.8 nm are identified in figur@3.Due to the low
spectral resolution of the OMA system, the R-brand Q-branch of Si-H

line are not detected.
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Figure 3.23 — Spectra recorded for T = 80 °C and after 28 sel0
from the ignition of the discharge.

90



RESULTS OF THE OPTICAL MEASUREMENTS

3.2.1 Time evolution of Si-H line

In figure 3.24 the evolution of the Si-H line atffdrent gas
temperatures is shown. At 17 the intensity increases rapidly to a
maximum value within a few seconds after the ignitof the discharge,
subsequently it falls down to a constant value8AtC the behaviour is
very similar, but a delay in the evolution occufis delay is most
pronounced at 180C, when the intensity keeps rather constant ata lo
value until 53 s and then increases very slowlyl itnteaches a maximum
value at about 120 s. Another notable effect ofhigler gas temperature
on the Si-H line is a decrease of the maximum iimensity. At 180°C the
value is 3 times smaller than at ACZ. Obviously, this cannot be described
by a simple temperature induced density effect, reflects changes in

plasma chemistry.
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Figure 3.24 — Time evolution of Si-H emission line at gas terajures
of 17 °C, 80 °C, 120 °C and 180 °C.
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3.2.2 Timeevolution of Hy line

The same considerations are true for the evolufdf, line plotted in
figure 3.25. At 17°C the intensity reaches the maximum value at 1dds a
then keeps rather constant. At that time, alsdiked intensity line reaches
its maximum. When the gas temperature is increatdezl,same delay
described for Si-H line is observed: the line isignkeeps constant during
the first seconds and then increases more slowaly &t 17 °C. At 180C,

the maximum line intensity is only half that of 1C.
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Figure 3.25 — Time evolution of Hemission line at gas temperatures
of 17 °C, 80 °C, 120 °C and 180 °C.

The initial increase in emission intensity is alvkelown effect caused
by an increased electron temperature during thecfEgnucleation phase.
In order to have an extimation of this effect, thme evolution of
excitation temperature between two levels (15.19d atB3.48 eV
corresponding respectively at the transitions &%.Gnd 667.728) is

carried out. The results show that the temperaturease from 0.8 to 2.5-
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3 eV. The subsequent stationary level gfétfnission indicates a constant
temperature and H density. The reduction in thél @mission thus must
be explained by silicon consumption during partigdgowth. The
simultaneous reduction of the maximum intensityhaf Si-H and H lines
with increased temperature indicates a lower plazoti@ity and correlates

with a lower particle production rate at higher pamatures.

3.2.3 Time evolution of He line and video camera recording

Reduced particle formation at elevated temperatigresipported also

by the evolution of the laser light scattering silgplotted in figure 3.26.
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Figure 3.26 — Time evolution of He emission line at gas temjpees
of 17 °C, 80 °C, 120 °C and 180 °C.

The intensity increases very slowly in the begignof the discharge
when particles are smaller and then increases lyadite to the particle
agglomeration. In this phase detector saturatiogasly reached. At 180

°C, the signal is delayed and significantly smaller
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Measurements of scattered light inside the plasraacambined with
video camera recordings to visualise scattered figin particles, expelled
by the plasma and coming out off the plasma chartireugh the grid-
slits. Again, the same trend is observed - the drighe temperature the
longer it takes for particles to emerge and thellemthe scattered signal in
the end. The time needed to see the first partiebaing the plasma

chamber by eye is about 75 s after the ignitiomhefdischarge at 8tC,
while at 120°C it takes 115 s. These data correlate with theiqusly

described electrical measurements. Again, we obsetvat with
temperature all phases of particle formation arkayéel. Moreover, the
optical data show that the final overall particlendity is lower at higher

temperature.
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Figure 3.27 — Video images of the particles coming out ofsiiten the discharge
chamber: (a) — the discharge is running; (b,c) e thscharge is switched off. The
particle cloud moves to the vacuum reactor walirtgkhe form of a sphere.

Figure 3.27 shows some pictures of the particle=asting out of the
plasma, even though the plasma is contained irthieldbox by the grid.
This shows that at high particle concentrationdgpgrticles can also reach
the electrode or the substrate even during plaspeation. When the
discharge is turned off, particles trapped insiedischarge neutralize and
flow out with the gas flow. This results in an dasiisible burst of dust

particles coming from the plasma chamber immedjaéker switching off
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the discharge (figure 3.27b). The particle bursiicg through the slit
moves towards the vacuum reactor wall (figure 3 2&fw takes the form
of a sphere. It should be noted that we observedltist burst using a laser
beam, so in reality particles flow in all directgn

From the video images, a drift velocity of aboutrid/s of these particles is
estimated. This is only slightly less than the gkted gas velocity (10
cm/s) at the slit exit. At a gas temperature of 180 no particles leaving
the discharge were detected by the video cameiagiptasma operation,
only after switching off the discharge after ab2856 s the particle burst is
visible. Note that at this temperature the scattéight in the centre of the
plasma (see figure 3.26) reaches a maximum aft@rs13his is probably
caused by the fact that larger particles gatherthat plasma sheath

boundary, thus leaving the central plasma area.
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