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In situ, time-resolved Fourier transform infrared spectroscopy was used to study particulate
formation in rf discharges in mixtures of silane, argon, and nitrogen. The spectra were taken at a
maximum rate of 20 Hz. The discharge conditions were chosen such that previous calibrations of the
time evolutions of particle size and density could be used. The measurements indicate that the onset
of the solid-state vibrational absorptions of the SiH and ,Sildnds only takes place after the
nucleation and coagulation phase have finished; it coincides with the previously predicted start of
the deposition of amorphous hydrogenated silicon on the particles. The dissociation of the silane
feed gas is found to be in the range of 30%, and its time development suggests that also the
large-scale dissociation of silane only starts after the coagulation phase. This is in agreement with
previously observed trends for the electron temperature. If silicon partilces are grown in the plasma,
and the silane flow is stopped, the Si particles stay trapped in the glow. The infrared measurements,
however, show that they almost completely oxidize: the SiHjSiHrations disappear and a strong

SiO vibration appears. If nitrogen gas is allowed into the plasma, the SiO vibration is replaced by
a SiN vibration. © 1996 American Vacuum Society.

[. INTRODUCTION from 5 to 500 mTorr and from 0 to 10 sccm, respectively,

A great effort has been made lately to clarify the forma_using a throttle valve in the pumping Iine_:. The gases are fed
tion mechanism of macroscopic particulates in a rf plasma‘hmu(;’h MKS mass flow controllers and introduced homoge-

because of their destructive role in surface processing lik@€OUSlY through a shower head in the rf electrode. The op-
deposition, etching, or sputtering. More recently, interest inPOSite, grounded electrode consists of a grid to allow the
the possibility to generate particles with a well defined sizeParticles to be removed from the “plasma box” with the gas
distribution and controllable chemical composition hasfloW. In order to obtain a good base pressure an oil diffusion
emerged. Examples of application of those plasma generatd¥MPp iS used. During plasma operation just a rotary pump is
particles can be found within the field of electronicsys- ~ @Pplied. The discharge and the growth of silicon particles in
talline silicon particlel catalysis and ceramic@articles it are well characterized. For certain parameter settings, the
with a core of silicon nitride, oxide, or carbide covered with time evolution of the particle size, the particle density, and
a metal or metal oxide filp and lighting(covering fluores- the electron density and temperature have been determined
cent powders with a protective coating better understand- Previously(see Fig. 1'% In short, one can distinguish three
ing of the particle formation and growth process will make it Phases{1) nucleation almost immediately after plasma ig-
possible to enhance process and product control. nition the particle density is very higil0® cm™3) and the

In order to elucidate the actual formation process in s@verage size is very sma few nm; (2) coagulation in the
given gas mixture and configuration it is necessary to moninext 5 s these precursors coagulate to form larger particles
tor the particulate composition during the growth process. I{up to 50 nm, meanwhile, the density decreaseswn to
the clusters contain infrared active bonds, this analysis cah0® cm™3); (3) a-Si:H depositionafter 5 s there is a steady
be performed using Fourier transform infraréeTIR) ab- ~ growth of the particles, presumably caused by the deposition
sorption spectroscopy. In this work we apply this techniquedf amorphous hydrogenated silicdia-Si:H), without the

to particulates formed in rf discharges containing argon, sidensity changing much. In this work we have used those
lane, methane, and nitrogen. calibrated setting$§120 mTorr total pressure, 4 mass percent

of silane in argon, 3 W of rf power

For the infrared measurements NaCl windows have been

Il. EXPERIMENT mounted. The spectra have been collected using a Bruker
The experiments were performed in a 13.56 MHz capaciiFS-66 Fourier interferometer with a glowbar as a continu-
tively coupled plasma in a planar 12-cm-diam parallel plateous light source. The FTIR is basically a Michelson interfer-
configuration. The distance between the aluminum electrodesmeter, supplied with a fixed and a moving mirror. This pro-
is 5 cm. The input power can be varied between 0 and 100ides a time varying interference signal for all wavelengths.
W. The gas pressure and flow can be varied independentlyhe parallel beam exiting the spectrometer is directed
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Fic. 1. The evolutions of size and density of particulates growing at room 0 1000 2000 3000 4000 5000
temperature in an argon/silane discharge. The pressure is 120 mTorr, the
silane volume fraction is 4%, the rf power into the 12-cm-diam electrode is
3 W (adapted from Ref.)1

Wavenumber (1/cm)

Fic. 3. The absorption spectrum of silane gas without plasma.

through the plasmésingle pass, see Fig).2Then it is fo- e signal to noise ratio is brought up to a level that allows
cused with an off-axis paraboloid mirror onto a Mercury—apsorptions of 10° to be detected. The experiments typi-
cadmium—tellurideMCT) detector. A Fourier transform of cally take a total time of a few hours and result in one se-
the detector signal yields a spectrum in the wave numbegyence of averaged IR spectra. Since the spectra are taken at
range of 600-5000 cnt with a spectral resolution of intervals of 50 ms, the IR absorption by molecules as well as

1 ; O . . .
4 cm™. In order to avoid too strong an appearance of theyarticles in the plasma can be monitored with the same time
absorption bands of water and ¢Chat are always present agg|ution.

in the ambient, the infraredR) light beam was enclosed in
plastic tubing that was continuously flushed with nitrogen
gas. Nevertheless, sometimes tatearly recognizableab- Ill. RESULTS AND DISCUSSION
sorptions of HO and CQ could not be completely avoided. First, a note concerning the labels of all vertical axes of
In order to avoid arcing of the discharge in the slits that weradisplayed spectra. They all read “transmission ratio” because
made in the plasma box to allow access of the IR beam, ithey are obtained by dividing tw@ransmissioh spectra as
some casegespecially at high powgrthose slits were cov- directly measured by the FTIR. For each figure it is then
ered with a grid. indicated separately in the text how to interpret the direction
Since the growth of the particles is very reproducible, the(upwards or downwardof the various peak structuréeis-
following measurement sequence was performed. First, thible).
gas flows and pressure are set and allowed to stabilize. Then Figure 3 shows the absorption spectrum of pure silane
the discharge is ignited, and IR absorption spectra are takegas. It was obtained by dividing the spectrum with silane gas
at a rate of 20 Hz for several seconds. The first spectrunimeasured laston the spectrum without silane gésiea-
serves as reference spectrum and is taken before the disdred first. Clearly recognizable are the two SiHbands
charge is ignited. The rf power is switched on and off by aaround 900 and around 2100 ¢h The intensity of the
digital port of the FTIR in order to synchronize the experi- Q-branch of SiH at 2187 cm* can be used as a measure for
ment. After the rf power is switched off, a few seconds arethe concentration of silane gas. An absorption of 3% of this
taken to allow the grown particles to be blown out of thepeak corresponds to the partial pressure of silane without
plasma box. Then the rf power is switched on again, and thelasma(4.8 mTor). The strong bands around 1500 and 3700
sequence is repeated. The series of IR spectra are co-added
each time. By repeating this sequence a few thousand times,
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Fic. 2. Outline of the experimental setup used for ihesitu IR absorption Fic. 4. The absorption spectrum of a silane plastBamin) containing
spectroscopy experiments. powders.
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Fic. 5. The absorption spectrum of a silane plasma immediately aftefFic. 7. The spectrum of Fig. 6 with thscaled spectrum of silane ga§ig.
plasma ignition. 3) substrated.

cm™! are caused by water. Apparently the amount of water iron (Fig. 5) no solid-state absorption and only a small change
the optical system or in the plasma chamber has decreasédthe silane concentration are visible. After 40Fég. 6) the
slightly between the two measurements. In Fig. 4 the absorgsi—H, bands at 650 and 2010/2110 thmbecome visible.
tion spectrum of a silane dischar@@® min) with powders is  Also one again sees the change in the SiHsorption. Fur-
given. This spectrum is obtained by dividing the spectrumthermore, a continuous increase towards larger wave num-
with plasma(and powderson the spectrum without plasma bers (shorter wavelengbhis observed. This is caused by
(but with the silane gasBands that point upwards indicate Mie—Rayleigh scattering of the IR beam by the particles. In
an increase in absorption; bands that point downwards indiFig. 7 the silane gas contribution in the spectrum of Fig. 5 is
cate a decrease of absorption upon plasma ignition. Apasliminated by subtracting thescaled silane spectruntFig.
from the already known silane absorptidmeich now point ~ 3); now a clean Si—H/Si—ksolid-state vibrational band is
downwards with about 1% absorption in teband, indi-  visible. The deformations around 1500 and 3700 &rin
cating a decrease in density when the plasma is switched ofig. 7 are caused by the contributions ofCH (which is
corresponding to a dissociation degree of 30éfhie can rec- present in the optical path outside the plasma reagthich
ognize the solid-state Si—H vibration around 2010 andare also visible in the used silane spectrum. In Figs. 8 and 9
Si—H, around 2110 cmt, a band around 3000 cth(maybe,  the time evolution of the directly measured intensity at 2110
C-H, could be carbon contamination coming from pump oil(Si—-H,) and 2187 cm?! (silane Q-branch absorptionis
and incorporated in the particlesand a band around given. It has been verified that the displayed time dependen-
650 cmit (Si—H). The spectra of solid-state SiH/Sikind  cies are not caused by changes in the IR background signal
gas phase Sifoverlap partially. or the scattered light by comparing the time dependencies
When the spectra are taken time resolvede spectrum with results obtained at frequencies that are close to but not
each 2 s, first spectrum without plasma, thenheacs with  in the Si—H or the SiH, absorption regions. The time evo-
plasma on; then the ratio of the spectrum without plasma antlition of the 2010 cm* SiH vibration is similar to the one of
the spectra with plasma are calculatatie time evolution of ~ SiH, and is not displayed separately. For 2110 ¢ma de-
the SiH/SiH solid-state and Sifigas phase absorptions as acrease of the measured intensity corresponds to an increase
function of time can be obtained. Immediately after switchin SiH, absorption. For 2187 cnt an increase of the mea-
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Fic. 6. The absorption spectrum of a silane plasma after 40 s of plasm&ic. 8. Evolution of the measured intensity at the ggdlid-state absorption
operation. wave number2110 cnl) as a function of time after plasma ignition.
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Fic. 9. The evolution of the measured intensity at the SiHbranch ab-
sorption wave numbe2187 cmY) as a function of time after plasma igni-
tion.

Fic. 11. The absorption spectrum difference which results from treating the
particles trapped in argofsee Fig. 19 with a nitrogen discharge.

(1100-1200 cm?') appears. Apparently, if they are trapped
sured intensity corresponds to a decreased, Sivsorption  in argon, the powders rapidly oxidize by the impact of the
and hence to an increased $itssociation. One can see that sSmall amount of residual water which is always present in a
the Si—H solid-state absorption only appears after about 5 syacuum system. Figure 11 illustrates the difference of pow-
and then increases rapidly to an equilibrium value. If oneders trapped in argon and the subsequent treatment by a ni-
compares this to the time evolutions of particle size and dentrogen plasma. The spectrum was obtained by subtracting the
sity given in Fig. 1, one can conclude that the solid-statespectrum after Bl treatment from the spectrum before, N
absorption of SiH/Sikl only sets in after the coagulation of treatment. If peaks point downward, the corresponding ab-
the clusters into 50 nm particulates has finished. Apparenthygorption reduces, and if they point upwards, the correspond-
before that point there is no amorphous silicon deposition ofng absorption increases at nitrogen introduction. Disappear-
the particles. One can also argue that it may not be appropring or at least reducing are the Si-O band at 1100-
ate to speak about a “solid-state phase” for particles smalleA200 cni* and the Si—H bands at 650 and 2000—2100 tm
than 50 nm. Figure 9 indicates that the dissociation degree dippearing are a weak Si—N bari#i400 cni*) and a Ray-
silane only becomes substantial after 5 s. This is consistef@igh scattering continuuni3000-5000 cri') . This indi-
with previous observations using Langmuir probe techniquesates that hydrogen and oxygen in the particles are replaced
and emission spectroscopy, which indicate that the electroRy hitrogen. The increase of the Mie—Rayleigh continuum
temperature and electron density also only show a substantigPints to either an increasing particle siz@probable or a
increase and decrease respectively at that goint. changing refractive indetmore likely, SiQ has a refractive

In Fig. 10 the spectrum of Si powders trapped in an argorindex of about 1.46, §N, of 2.0). Also an extra band
plasma is shown. The powders were producedai5 min  around 3000 cm' appeargprobably CH from pump oil con-
Ar/SiH, discharge, after which the silane flow was switchedtamination.
off. The powders remain trapped in the glow. The displayed
spectrum is the ratio of the spectrum of the vacuum vessé
filled with only argon and the spectrum of the trapped pow-
ders. If one looks closely, one can see that the SiH/®#hd
is reduced by a factor of 2, and that a strong Sj-band

V. CONCLUSIONS

In situinfrared absorption spectroscopy during the growth
of particulates in discharges of silane/argon mixtures pro-
vides a wealth of information. Even at the applied low dis-
charge power$3 W) the silane dissaciation is larg80%).

The solid-state absorptions of SiH and $ibhly appear after

the coagulation phase. Silicon powders trapped in an argon
plasma rapidly oxidize. After nitrogen introduction in the

‘ discharge, the hydrogen and oxygen atoms which are present
\« in the trapped powders are exchanged for nitrogen.

’ ‘ b |

‘\ / A ! | 1
L ’ ’;“\MWK“ \quvf‘mv}‘!j“w,wm/\f l.w\wwwwwﬂrmw"‘vw"‘v\‘M‘ﬂ‘w/\iwv"'w’w"w‘vﬁ}'

|

| d
0.990 ‘
0 1000 2000 3000 4000

1.020

1.010

ACKNOWLEDGMENTS

This research has been funded partially by the European
Commission under Contract No. BRE-CT94-0944. The au-
thors wish to thank W. W. Stoffels and E. Stoffels for valu-
able discussion.

Transmission ratio

1.000

5000

A. Bouchoule, A. Plain, L. Boufendi, J. Ph. Blondeau, and C. Laure, J.
Appl. Phys.70, 1991(1992).

Fic. 10. The absorption spectrum of Si particles trapped in an argon dis- 2L. Boufendi and A. Bouchoule, Plasma Sources Sci. TechBoR63
charge. (1994.

Wavenumber (1/cm)

JVST A - Vacuum, Surfaces, and Films



