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The internal temperature of rhodamine B-dyed dust particles,2.2um) immersed in
radio-frequencyrf) plasmas has been measured for various plasma conditions. For this purpose, the
dye has been excited with an argon-ion laser and the fluorescent emission of the particles has been
recorded with an optical multichannel analyzer system. The temperature has been determined after
comparison with calibration curves. In argon, the particle temperature increases with rf power and
is independent of pressure. In oxygen, an increase with rf power is observed, too. However, the
energy flux towards the particles includes also heating by atom recombirassaciationh and
exothermic combustion reactions. These temperature measurements have been compared with
calculations based on the thermal balance, where measurements of gas temperature, electron
density, and electron temperature have been used. A good agreement between theory and
experiment has been found. @000 American Institute of Physids§0021-89780)03612-4

I. INTRODUCTION In addition to the kinetic temperature of a plasma crystal,
In the last decade, dusty plasmas attracted a lot of atter?—lso an internal temperature of the particles can be distin-

tion. Formation and trapping of dust particles in semiconduc-_nghed' The behavior of this internal particle temperaliye

tor processing plasmas appeared to be a serious source |8fgoverned by the thermal power balange, which takes mto
surface contamination and the main reason for defects ifccount the several energy fluxes arriving at and leaving
fabricated components resulting in scrapped waferigsis  "om the particle surface, for example, kinetic energy of elec-
lead to an extensive research effort initiated by the semicoryoNs and ions, ion recombination energy, radical association
ductor community to understand particle nucleation, growth€nergy thermal conduction, radiation, and chemical reaction
and trapping with the intention to avoid or to reduce particleheat- Measurement of the internal temperature yields valu-
growth. The increased knowledge and the ability to controRble information about these different fluxes.
the particles in the plasma has recently lead to a line of Daugherty has reported one of the few efforts in this
research—namely, the production of particles with uniquéjireCtionfs He was able to measure the temperature of
and desired qualities. This opens possibilities for, e.g., cemanganese-activated magnesium fluorogermanate particles
ramics and catalysfs® in the afterglow of an argon plasma of 300 mTorr and 50 W.
In addition to powder formation, also artificially injected To this purpose, the decay time of the phosphorescence of
powders in plasmas have become an important area of réhe particles was measured after extinction of the argon
search. In the plasma, the particles acquire a negative chargéasma. As has been shown by Wickershéitme decay time
and the resulting electrostatic particle interactions can resuls temperature dependent. Daugherty’'s measurements re-
in a spatial arrangement of the particles into regular patternsulted in a temperature of 43010 K for the particles.
which are known as Coulomb cryst4I3A Coulomb crystal In other fields, e.g., in fluid mechanics, temperature mea-
can be formed when the ratio of the Coulomb energy to thesurements yield valuable information about combustion pro-
kinetic energy of the particles exceeds a certain criticabesses. Coppeta has shown that dyes like rhodam{RhB)
value. The formation and structure of the crystal depends oban be used to measure temperatures of thermal pltimes.
plasma parameters like gas flow rate, radio-frequefrty In the present article, we show that the spectral profile of
power, gas pressure, and particle parameters like size afliorescent emission of melamine—formaldehyié) pow-
size distribution. The Coulomb crystal is an analogy for aders volume dyed with RhB is temperature dependent. We
solid-state Crystal and, therefore, it is used for fundamentqhave used these partic|es to measure real timdrasitu the
studies of, e.g., phase transitions and lattice dynamics. In th@ternal temperature of these particles while they are sus-
last years a number of diagnostics have been applied to dUSBénded in rf plasmas in argon and oxygen, respectively.
plasmas in order to learn more about formation, chargingyhese two gases are used because they differ in behavior:
and other fundamental aspects in the different plasmas. argon is inert and supplies mainly kinetic energy of charge
carriers and their recombination, while oxygen is reactive
¥Electronic mail: g.h.p.m.swinkels@phys.tue.nl and supplies, in addition, also other energetic contributions
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I:l OMA system that can be inserted into the plasma. The probe is equipped
diaphragm with a high- and a low-frequency plasma potential sensor.
lens The high-frequency sensor compensates for the time-
dependent variation of the plasma potential caused by the rf
GEC reactor driving voltage. The low-frequency sensor is allowed to float
at the plasma floating potential and is used to track and to

manipulator ——
(o)

Ar laser eliminate any low-frequency dc shifts in the plasma poten-
clechrode tial. Furthermore, the Langmuir probe system is equipped
O ring D with a computer progransMARTSOFT that allows for mea-

surement and analysis.

Inserted into the plasma, the wire is dc biased to draw
FIG. 1. Experimental setup, schematic. current from the plasma. A current—voltage characteristic is
measured and the analysis of theV characteristic yields

. . . . e plasma parameters; typical curves are shown in Fig. 2.
like chemical reaction energy. Measurements of the mternatlh P P P g

. . . The measureti-V characteristic can be analyzed with a
temperature of the particle combined with data on gas tem-. .

. .~ simple probe theory or by the more advanced Laframboise
perature, electron density, and electron temperature will b

shown to give good insight into the energy fluxes fromﬁweory that takes the expansion of the sheath around the

: : iole inte2rObe tipinto account.'®The electron temperature has been
plasma to dust particles and, thus, in plasma—particle inter- .
calculated by taking the current measured at the plasma po-

viewports [

actions. tential and dividing it by the integral of thie-V curve from
the floating potentiaV/; up to the plasma potentiad, :

Il. EXPERIMENT

A. Equipment 1 [(Vp)

The measurements have been performed in a Gaseous KT, foI(V)dV'
Electronics ConferencéGEC) reference celf. Many other f
researchers, e.g., Olthoff, Hebner, Anderson, Overzet, and
McMillin, have used GEC cells to study the behavior of From the same current also the electron density can be cal-
plasmas®4In our GEC cell we use argon and oxygen asculated by means of
feed gases and we operate between 5 and 60 Pa with a typi-

cal flow rate of 1 sccm. The supplied rf power is in the range (V) [2mg 12
of 2—-45 W. The plasma is created with a frequency generator Ne= kT,
(Hewlett—Packard 33120A, 13.56 Mz wideband rf am- P €

plifier (Kalmus 150 ¢, and a homebuilt T-type matching ) , .

network. Our GEC cell is equipped with two water-cooled ~ A diode laser systeniEnvironmental Optical Systems,
electrodegone of which is movable separated by a distance N+ LCU-2010-M, ECU-2010-M, with a SN00194 diode

of 6.35 cm. The movable electrode is a showerhead electroddd @ BPW 34 photodiode have been used to measure the
and is used for gas injection. The gas pressure in the cell {newidth of the argon & metastable absorption lif@11.5

maintained by a turbomolecular pump, Edwards EXT250"M. In our case, the linewidth is determined only by the
(He: 250 Is%), and a high vacuum pump, Edwards E2M40 Doppler width; Stark broadening and Van der Waals broad-

(11.8 Is'Y). The cell(see Fig. 1 for a schematic pictireas ening are negligible. A measurement of the linewidth, there-
been extended in order to inject dust particles into thdore, is directly relate_d to the gas temperature; the density of
plasma. A manipulator arm with a sieve attached allows fotn€ 155 metastables is determined by the surface of the ab-
the injection of the particles above the center of the poweredCrPtion profile. A typical wavelength scan around the 811.5
electrode. An aluminum ringinner diameter: 20 mm, outer NM absorption line is shown in Fig. 3; from this scan the

diameter 24 mm, height: 1.5 miris used to create a potential absorption profile is calculated. The profile has been fitted

trap for the particles just above the powered electrode: thwith a Ggussian curve. The .measur.ement has been fitted with
particles are trapped in a fixed and well-known volume. & Gaussian curve. Absorption profiles have been measured
for different pressures and powers, and the related gas tem-

peratures are determined. The results of these measurements
are shown in Fig. 4. Furthermore, a height scan has been

A commercially available Langmuir probe systéBci- done: the gas temperature decreases towards the water-
entific Systems, SmartProphas been used to measure thecooled electrodes and has a maximum at the sheath-glow
electron densityn, and the electron temperatukd,. Fur-  boundary, where also the dust particles are confined.
thermore, the system measures the plasma potéfjiathe In the case of an oxygen plasma, the radical densgity
plasma floating potentidly , the ion densityn; , the electron is important to know in order to estimate the association and
energy distribution functiotEEDF), and as a result the De- reaction of O atoms on the particle surface which may con-
bye length\p can be calculated. The SmartProbe is an autribute to their thermal balance. Stoffeds al!’” performed
tomated Langmuir probe system mounted on an autolinearalculations on the radical densities in oxygen plasma, which
drive. It consists of a cylindrical conducting tungsten wire are shown in Fig. 5 for different pressures.

B. Plasma diagnostics
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0 L L 1 L L L 0.02 ! N L N i . 1 N L
0 10 20 30 40 o ) ) 0 2 4 5
RF Power (W) Wavelength shift A\ (pm)
50 [ ! ! ) ! - FIG. 3. Typical wavelength scan in an argon plasmB=0 W,
I (b) o Vp|{ p=20Pa, 811.5 ninused for the determination of the gas temperature.
a0l &) o V| (I, : intensity assuming no absorptio,: measured intensity
S 30}
~ L o
o [ ° . o .
€ 20l o 8 ) dlam_ester of 2,=1.2um, gspemflc mass den5|ty.pf= 151
% i B ° gcm °, and a real refractive index of=1.68; the influence
o 1ol 8 of the RhB on the refractive index is unknown to the authors.
- The mass fractionn; of the dye in the spheres is less than
0 [ . . . . 1%. RhB has a boiling point of 210 °C; heating the particles
0 10 20 30 40 above this temperature leads to a degradation of the dye.
RF Power (W) An argon-ion lasefCoherent Ipnova 70, operat_ed at514
nm and 28 m\W} was used to excite the dyed particles. The
5 T T ' ' ' resulting fluorescent emission has been recorded using an
< i 8 © EG&G optical multichannel analyz¢fOMA) model 1461.
R 4' The OMA system has been corrected for the sensitivity of
g " i the solid-state detect4EG&G model 142Qusing a tungsten
® 5 1 ribbon lamp.
2 | For calibration purposes, the spectral behavior of the
g oL o 1 dyed particles has been recorded as a function of temperature
~ a after mixing the particles with oil. The mixture was heated
5 1L o o ° from room temperature to 210°C. A Fluke 8024A multi-
B | o | meter with thermocouple has been used to monitor the tem-
ﬁ 0 . . . . . perature of the mixture. The accuracy of the temperature
0 10 20 30 40 measurements is 5°C. As is known from the literattire,

solvent broadening of the emission curves can occur for
dyes. However, in our case the dye is “solved” in the par-
ticle material and, therefore, the surrounding of the dye is the

RF Power (W)

FIG. 2. Electron and ion densitig), plasma and floating potentiéb), and
electron temperaturéc) measured in an argon rf plasma dependent on dis-
charge power. The quantities are measured in the glow for a pressure of

p=20 Pa.
200 . —
| ®—5Pa
—e—10Pa
150 | ——20Pa _
C. Particle diagnostics O | m—%oPa x |
We have used two diagnostics to monitor the particles: 5 100 | ¢?¢/ i
fluorescence measurements to determine the particle tem- & - .
perature, and angular-resolved Mie scattering to accurately é :%o: =
determine particle size, and etch rateifp of the particles. e Sor .- /./ i
The particles are injected into the plasma with a manipu- S
lator arm(see Fig. 1L The dust is trapped above the powered 0 — . - -
0 10 20 30 40

electrode in an artificial potential trap. The particles are
melamine—formaldehyde spheres, which are dyed through-

out the_ volume with rhodamine BMF/RhB, supplier: M" FIG. 4. Argon gas temperatur, as a function of power for different
croparticles GmbH, Berlin The spheres have an original pressures.

Downloaded 09 Oct 2009 to 131.155.151.77. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



1750 J. Appl. Phys., Vol. 88, No. 4, 15 August 2000 Swinkels et al.

10 v T T y T T 0.010 r Tt —
. 0008 0.0005 .
o : coof @ il L
k= 5 g 2 R T i
o % .
2 5l i & ooosL B R 5 oo .
o . s g %,
> o 0 600 650 700 750
% 41 - .% 0.004 - Q(., Wavelength (nm) 1
& c
g ) £ o0z fd
O 7L - i Tpﬁ
I . ] 0.000 — : Maris
0 . 1 N 1 " L 550 600 650 700 750
0 5 P 10 (Pa) 1 2 Wavelength (nm)
ressure (Fa

FIG. 7. Fluorescent emission spectra of excited powder particles confined in
FIG. 5. Oxygen radical density, dependent on pressure for experimental an argon plasmaR=42 W, p= 20 Pa) in comparison with calibration spec-
conditions as used in the present stidge Ref. 1Y tra, and the residue of the curve fit.

same for all cases, whether the particles are suspended in &Y the absorption efficienc@),=0.352 Also, the quantum
or in the plasma. yield for fluorescence radiation is important: each photon
In Fig. 6 a few calibration curves are shown for the emitted carries away energy from the particle. In ethanol the
MF/RhB particles we are using. The calibration curves showquantum yielde, i.e., the ratio of the total energy emitted per
that the spectral profile of the fluorescent emission dependguantum of energy absorbed i$=0.69 according to
on the temperature. One can clearly see that as a function Guilbault!® The laser power, which is absorbed by the MF
temperature the curve broadens and the intensity decreasgmrticle, amounts t®,(2r ,/d;)2(m;)?*Qa(1— ¢) =51 pW.
This makes it possible to determine the particle temperature The particles have a mass nf=8x10 kg and the
T, in plasmas without making use of the absolute intensityspecific heat capacity of the MF material is taken to be
This is very convenient: several processes and plasma pasughly 1¢ Jkg 1K 1. This results in a heat capacity of 0.8
rameters may hamper reliable measurements of the absolutd K™* for each particle. The particle temperaturg will
intensity. The number of trapped particles is not always conehange at a rate ofT,/dt=63 mK s 1. This ultimately re-
stant, photobleaching can occur due to laser irradiation, U\sults in an upper limit for the temperature increase of 0.63 K
lines of the plasma can degrade the dye, and further prdfor our measurement time of 10 s. A reduction of quantum
cesses in the plasma, like etching and sputtering, can changéeld with temperature, radiation cooling, and Knudsen cool-
the particle and the dye. ing are not taken into account. Therefore, we estimate the
Since a laser is used for illumination and excitation ofinfluence of laser heating on the measurements to be negli-
the dust particles in the plasma, the influence of laser heatingible.
to the particle has to be estimated. The laser is operated at a In the plasma environment, the plasma emission has
power of Pj=28mW and has a beam diameter df  been recorded before and after exposure of the particles to
=4 mm. Only the RhB in the particle will absorb light; the the laser light and is time averaged to reduce time influences.
mass fraction of the dye in MF i);=1%. The absorption The averaged emission is then subtracted from the recorded
of RhB depends on the excitation wavelength; for 514 nmfluorescence spectra during exposure to the laser light. In
the absorption relative to the maximum at 550 nm is giverFig. 7 an experimental curve is shown and compared to a
calibration curve. In the inset of Fig. 7 the residue of the
curve fit is plotted. We have chosen for measurements a

0.012 A A Y photon collection time of 10 s in order to enhance the signal-
0otoL ., e T=138°C | to-noise ratio and to minimize the effect of fluctuations in the
I ", & T=190°C plasma emission.
S 0.008f l:::. _ By using the procedure as described above, the particle
g . i ] temperature has been measured in argon and oxygen plas-
S 0006 ¢ " . mas. In Figs. 8 and 9 the results for the temperature mea-
g H '} ] surements are shown as a function of rf power. For both
é °'°°4_' s '. | gases the particle temperature depends on rf power, but is
= 0002 -.:. 'l.' i independent of pressure.
o t teay, l Since the MF particles_ are bei_ng etched in oxygen
000 ~————*5 o 700.9'”“7‘50 plasmg, angular—rgsolvgd Mie .scatterlng has been applleq Fo
Wavelength (nm) determine the patrticle size during the plasma process. This is

described in detail elsewhet®.The measured scattering

FIG. 6. Spectral profile of MF/RhB fluorescent emission curves for threeSpeCtra are fitted using Mie theory for a Smgle Iayered ho-

different temperatures. The dye incorporated into the MF spheres is excited109€N€0US sphgre. In Fig. 10 a tY_p|C5_l| plpt of the_ particle
with an argon-ion laser operating at 514 nm and 28 mWw. radius as a function of plasma duration is given. As it can be
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FIG. 8. Measured particle temperatufg of MF dust confined in a 20 Pa  FIG. 10. Example of MF particle etching in oxygen plasma. The etching
argon rf plasma vs discharge power. results in a decrease of the particle radiyswith increasing process dura-
tion (p=20Pa,P=5W).

seen, the particle has been etched in a 20 Pa oxygen plasma
operated at 5 W. Simulations indicate that the particle re- _y

. . . . . Qin_Hp+Qout- (1)
mains spherical for more than 90 min. It is clearly visible
that the etch rate decreases with time. In the first 30 s, wher® the stationary situation of the particle being suspended in
also the temperature measuremerits) (are carried out, the the plasmaH,=mc(dT,/dt)=0. The fluxesQ;, and Qoy
etch rate'rp is in the order of 1 nm/s. are the surface integrals of the related energy flux densities

Jin and Jo, respectively, over the particles surfage:
Qm=prdeA and Qout=prJOmdA. In the following, the
IIl. RESULTS AND DISCUSSION energy flux densities will be discussed in more detalil.

In general, the total energy influk, is the sum of the
influxes due to the kinetic energy of electrordg)(and ions
(J;), the energy which is released when a positive ion re-
combines at the surface of the floating particlk.§, the

In practical applications of plasma-—patrticle interactionsenergyJ,ss, Which is supplied when two gas-phase species
it is important to know the energy fluxes towards and from(e.g., O atomsassociate into one another gas-phase species
particles which result in a certain temperature of the parat the surfacge.g., Q moleculg of the particle, and the
ticles. The particle temperaturg, effects elementary pro- energyJc,emWhich is released if a chemical reaction occurs
cesses like adsorption, desorption, and diffusion as well abetween a gas-phase species and the surface:
chemical reactions at the particle surface. For example, the , _ _
thermal balance of a particle influences its surface properties In=Jet Jiont Jrect Jasst Jonem: @
as stoichiometry, microstructure, éft* Contributions to the energy influx due to laser irradiation and

The thermal balance of the particles can be written as aplasma radiation can be neglected in our case as discussed
equality between the thermal infl@;, , the temporal deriva- above and because of the relatively low temperature.
tive of the particle enthalpy,, and the thermal outflux The kinetic energetic contributionsl{,J;) of the elec-
Qout: trons and ions, respectively, are products of the particle
fluxes (j¢,j;) and the mean kinetic energy of the species.
Under our experimental conditions, where the diametgr 2

A. Thermal balance of powder particles confined in a
plasma

200 — T T T & of the particles 10 ® um) is always small in comparison
to the Debye lengthhp (~10 4 wm) and the mean-free path
150k . u | )\mfp(fvlo*z,um), the orbital motion-limited theory for a
o . spherical probdparticle holds® The electron energy flux
% densityJ, for a Maxwellian electron energy distribution can
:g 100k . - be calculated by
g ol 1 kgTe —€Vhpias
g' sl | Je=nc\/ T, exp[ KaT. 2kT,, 3)
while the ion energy flux density; may be obtained by
0% ' 0 4 [KeT; e Vi
0 10 20 30 40 . Bli bias .
R Power (W) Ji=n; Zam, { 1+ KaT, ]evblas. (4)
FIG. 9. Measured particle temperatufg of MF dust confined in a 20 Pa The dust partiCIeS rest always at floating pOtem’I@Bnd itis
oxygen rf plasma vs discharge power. Vpias= Vpi— Vi - It should be mentioned that the expressions
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FIG. 11. Energy losses of MF particles in an argon plasma=020 Pa. The

) part art ! FIG. 12. Different components of the energy influx for an argon plasma
total loss consists of the contribution by radiation and gas convection.

consisting ofJg, J;, andJ,ec-

for the mean electron energy okgT, in Eq. (3) are only Jom Cp/c,t1  p /8—kBa(T -T.) ®)
valid for a Maxwellian electron energy distribution function. B 16(cy/c,—1) \/T—g am P9

If another EEDF holds, one has to modify this contribution. . . L . .
However, in the floating potentidly, which is the particles wherecp/c, =y is the heat capacity ratitadiabatic coeffi-

potential, the influence of different EEDFs concernihgis F'em)’ mis the gas molecule Mass.Is the gas press_urkB
negligible?l is the Boltzmann constant, andis the accommodation co-

In the case of particles suspended in a plasma, the ele(?a_fﬂment. The accommodation coefficient accounts for the

tron and ion currents towards the particles are equal ( act that the desorbing gas atoms or molecules are not nec-

. L : essarily in equilibrium.
=i he rel i ; :
Ji) and the released recombination energy i is The radiation cooling ternd,,q follows directly from the

Jrec=Je(Ei—0), (5)  Stefan—Boltzmann law:

whereE, is the ionization energy, which is for argon 15.7  Jraa=€o(Tp—Tg), 9
eV. ¢ is the work function which may be important for me- \yhere ¢ denotes the emissivity, and is the Stefan—
tallic particles. In principle, Eq(5) should be corrected with  gojtzmann constantd=5.67x 10" 8 W m 2K ~4).

the difference between the adsorption energy of the ion and

the desorption energy of the resulting neutral, but this con-

tribution is rather low.

. L . B. Argon plasma
The energy influxJ, s by atom recombinatiorfassocia- gonp

tion) is described by In the stationary case where the particles are heated to
their equilibrium temperaturel,, the energy fluxes are
I —T'in /8kBTgE ’ ©) equal:J;,=J,,- Hence, by knowledge of the outgoing flux
ass 10200 Ny, —diss Jout» Which consists of the thermal conductidp, and the

. o . radiationd,,q, the total energy flux towards a powder particle
whereT'o is the association probability of O atoms on the ¢4 pe gbtained and compared with model calculations.

particle sun‘ace',l'.g is the gas temperaturag is the d_ensity In accordance with Eq<8) and (9) the loss terms are

of O atoms,mo is the mass of O atoms, arffss iS the  gggentially determined by the particle temperafyand the
dissociation energy of ©molecules. Little is known of the gas temperatur&, which have been measured, see Figs. 4,
association probability' 5: it depends on the O-atom surface 8, and 9. For argon the adiabatic coefficienyis5/3 and the
coverage ratio and the sticking coefficient. A value of 0.05;5¢comodation coefficient=0.86 has been suggested in the
for I'g has been estimated for a similar c_é%&or an esti- jiterature®® The emissivity of the polymer-like MF particles
mation of the maximum contribution of this effect, we will ;g supposed to be 0%.By using these values the energy
takel'o=0.1. . . » . losses by gas cooling and heat radiation of a particle sus-

The exothermic chemical reactidne., combustionen-  hended in an argon rf plasma are calculated. The results are
ergy can be estimated from the etch rajg the particle  ghown in Fig. 11. For the used pressure of 20 Pa the cooling
material densityp, and the average specific combustion en-py ragiation is stronger than the cooling by the gas convec-
thalpy gainhcomp! tion. This observation is in agreement with other autifors.

In Fig. 12 the calculated components H@) for the
energy influxJ;, are depicted: the energy influx consists of
The outgoing energy flux densitl,,; consists of two contri- J., J;, andJ.. In the case of an argon plasma only the
butions: thermal conductiody, by the gas and radiation energetic contributions due to kinetic energy of the charge
cooling J,4q. In the pressure range considered here, the therarriers[Egs. (3) and(4)] and their recombinatiofEq. (5)]
mal conduction is governed by the Knudsen thedry: have to be considered; the recombination clearly dominates

Jchen™ i’Phcomb- (7)
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FIG. 13. Comparison of the calculated energy inflijxwith the measured ~ FIG. 14. Energy losses of MF particles in an oxygen plasmp-620 Pa.
energy lossl,,, for an argon plasma of 20 Pa. The total loss consists of the contribution by radiation and gas convection.

the energy influx. Because of the inert gas behavior the conygicals?® Etching of the particles confirms the chemical re-

tributions due to molecule association and chemical reactiongction process that may be attributed to the following mecha-
with the particle surface can be neglected. In order to calcupjsms:

late J, J;, andJ,e. the internal plasma parameters obtained ) . ] )
by Langmuir probe measuremerigee Fig. 2 and/or typical () Chemical surface film reactions of the particle surface

literature values for a GEC cell under comparable experi- layers with oxygen atoms which are produced in the
mental conditiond®2%?7respectively, have been taken. collision-dominated sheath region and in the negative
In Fig. 13 the energy influx has been compared with the glow by dissociation of @ molecules, and

determined outfluxJ,, based on the temperature measureii)  chemical sputtering by high energetic; Gand O
ments. As can be seen in Fig. 13, the calculated energy influx ~ SPecies colliding with the particles.

is in quite good agreement with the measured valuek, pf
Since the MF particles are at floating potential, the heatin
by kinetic energy of the At ions and electrons is small due

to the rather small potential drop between the plasma anpoating potential, the energy for efficient sputtering is too

floating potential. The dominant contribution is the recombi-O": Otherwise, also in the inert argon plasma, particle ?tCh'
nation of the charge carriers, ing would be observed. But even for very long process times

Because the material constants as the accomodation cg—>30 min), in thi.s case th? partic;le size was constant as
efficient @ and the thermal emissivity of the particles lin- measured by Mie scattering ellipsometry and angular-

early go down in the determination of the outgoing energ%,esodlvl\j?: fon/\{alrd scgllltterlng. genc;e,bplar?mahetchlnlglg of con-
flux, the accuracy of,,, depends on the knowledge of those t!ne partltzjgs ;N' p(;o'cee only by the chemically reac-
coefficients which have been taken from the literafdd, V€ 9Xygen radicals and 10ns.

However, the coefficients do not exhibit a strong variation if 9 thBy using tlhe mheasgred pa:uclet tzmpefamﬁe(sed‘? F'%' £
one looks to slightly changed experimental conditions.) € energy 10ss has been estimated again according o Egs.

Therefore, the taken values seem to be reliable. The resul@ and(9). For oxygen in Eq(8) the adiabatic coefficient is

indicate that a description of the energy influx by chargecp/cV:w5 and the accommodation coefficient has been

carriers, which are characterized by plasma diagnostics, isa}[ ken n a_(:(_:tord?r;ﬁe W|tht.R;ef.dZQ a;(z.ghDurlngt:tchfmg it
appropriate tool for the treatment of plasma—particle interac- € emissivity of the particie does not change, theretore, 1
mainse=0.9 in Eq.(9). The results for the particles energy

tion. On the other hand, the use of microparticles as therm F

probes in an argon plasma has been successfully demo SS JO“F In an oxygen plasma as a function of power are
strated. shown in Fig. 14. Similarly to the argon plasma, for low

pressures [{=20 Pa) the cooling by radiation is dominant,
too.
As described above, the loss has to be balanced by the
i incoming contributions with regard to particle heating due to
~ During oxygen plasma treatment of the hydrocarbon/charge carriers and radical association and chemical reaction.
nitrogen-containing MF particles (BgNg and CHO highly  The particle density of the oxygen atoms is mainly deter-

cross-linked molecule the energy fluxes towards the sub- mined by electron-impact processes taking place in the glow
strates have been determined by measurements of the  yggjon:

same way as for argon. However, now the contributions to N

the total energy influx in addition to the kinetic ion energy O, +e—0, +2e,
tran_sf_er are also due to re_comb|nat|o_n of atoml_c speeies O,+e;—0"+0+2e,
sociation and exothermic combustion reactions of the
plastic-like particles by the plasma-generated oxygen O,+e;—0O+0O+e.

S%—Iowever, the latter as well as physical sputtering of the par-
icle surface are less important. Since the particles are at

C. Oxygen plasma
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0.20 . r r r parable to the contribution by association, see Fig. 15. How-
—m—J, ever, as in the case of an argon plasma, the recombination of
015 j::ji" | positive ions and electrons is again the dominating part in the
I /' energy balance of a particle confined in an oxygen plasma.
i —o—J, u
o ——J E
e IV \/ IV. CONCLUSIONS
5/ / X . . .
iy We have demonstrated thatsitu laser-induced fluores-
0.05} - . L
cence of dyed dust particles allows for a determination of the
° internal particle temperature. If these measurements are com-
- o e - géx . i :
o.oo0 2 ﬁ)L - m bined with measurements of the electron density, electron

temperature, gas temperature, and particle etch rate, all input
RF Power (W) parameters of the thermal balance of the particles are known.
FIG. 15. Comparison of the calculated energy influx for an oxygen plasmal N€ dominant heating mechanisms for argon plasmas are
Jin consisting 0, J;, Jrec, Jass: aNdJenemWith the measured energy loss particle heating due to charge-carrier recombination. For
Jout @s determined in Fig. 14. oxygen plasmas, also a small contribution due to radical re-
combination of oxygen atoms to molecules is important.

. Both loss mechanisms, heat conduction and radiation cool-
The abbrevatioe; stands for fast beam electrons released byjng are of equal importance. The calculated influx and out-

secondary electron emission at the cathdgeprocess® agree quite well.

The low-energy plasma electrong;), which exist in the In short, thein situ thermometry method in this article
glow in a rather high density, generate preferably negativgctually turns the suspended particles into microprobes for
molecule ions by electron attachment. However, they decayhe particle energy balance, and indirectly also to micro-
into more stable negative atom ions and oxygen atoms, resropes for the balance between the several plasma—surface

spectively, interaction mechanisms.
Oz"’ e|—>O£ ,
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