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Instabilities in a dusty plasma with ion drag and ionization
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Low-frequency modes that develop as a result of an instability in a dusty rf discharge plasma were studied
experimentally, leading to an empirical explanation for the instability. In the experiment, particle diameter
grew with time. Two instability modes appeared after growth to a sufficient size. A filamentary mode appeared
abruptly, and later a great void mode developed as a dust-free region with an intense glow inside and a sharp
boundary outside. These modes were characterized by two-dimensional laser light scattering, video imaging,
optical emission spectroscopy, Langmuir probe measurements, and Fourier analysis of the fluctuation spec-
trum. Dust growth was measured by electron microscopy and optical extinction, yielding the dust particle size
and dust number density. The electron density was found to be enhanced inside the great void, due to an
absence of electron depletion on the dust grains. The great void was explained by the ion drag force, which
becomes stronger than the opposing Coulomb force once the particle size reaches a critical diameter. When a
dust-free region develops, its electron density is enhanced, the ionization rate increases, and the ion flow that
pushes particles outward is further augmented. The plasma used in the experiment grew particles by sputtering
of the electrodes, although the same instabilities are expected to occur in other types of dusty plasma dis-
charges as wel[.S51063-651X99)00801-9

PACS numbds): 52.35~g, 52.80-s, 52.25.Vy

I. INTRODUCTION lar [10] and interplanetary spadél], planetary ringg12],
comet tails, protoplanetary disks, and moon and asteroid sur-

A dusty plasma is an ionized gas containing small parfaces[13]. In addition to numerous theoretical and observa-
ticles of solid matter, which either grow in the plasma or aretional works, there have been experimental attempts to syn-
introduced externally. The particles acquire a large electrithesize cosmic dust in the laboratdi4,15.
charge by collecting electrons and ions from the plasma. In- In the field of basic plasma physics, dusty plasma research
terest in dusty plasmas arises from several scientific discitopics have included chargingd.6], waves and instabilities
plines and industrial applications, including contamination off17—21], and Coulomb crystallizatiof22—27. The latter is
materials during plasma processing, nanoparticle manufag@ometimes referred to as the formation of a “plasma crys-
turing, astrophysics, and basic science. tal,” which has been shown to exhibit phase transitif2&—

In semiconductor manufacturing, particle contamination30] and compressional wavg31], among other phenomena.
can significantly decrease the yield of semiconductor devices In this paper we report a series of experiments to charac-
and thus increase production costs. Clouds of particles hawerize an instability in a dusty plasma that was reported pre-
been found in plasmas for silicon etchifid, chemical vapor viously by Praburam and Gord@2]. In that experiment,
deposition[2,3], and sputter depositid,5]. It appears that low-frequency modes were tentatively identified as having
particle production and trapping is ubiquitous to all rf dis- properties of either an ionization wave or a compressional
chargeg46]. Particles trapped in a plasma can fall to a silicondust acoustic wave. As the patrticle size grows, the instability
wafer and contaminate it. develops in two stages: first a “filamentary mode” of ap-

For producing special materials, small particles formed inproximately 100 Hz in which the ionization rate and dust
a plasma can have desirable properties, such as a smalimber density are both modulated, and then a “great void
monodispersive size. Ceramics have been fabricated frommode” which is similar, except that there is a single promi-
particles synthesized in a pulsed rf dischafgk Nanocrys- nent void in the dust cloud which rotates azimuthally with a
talline powders of pure metals, binary alloys, intermetallics frequency of about 2 Hz. The filamentary mode appears sud-
and ceramics have been produced by magnetron sputterinfinly when the dust grain diameter exceeds a certain critical
[8]. Phase separated materials, which are used in electronigcalue. We use an rf sputtering discharge, although the same
magnetic, and glass-ceramic applications, can also be synthimstability is likely to occur in many types of dusty plasmas
sized, as has been demonstrated by making molybdenuformed in a gas discharge.
nanoparticles embedded in alumin{ie]. We used many more diagnostics and measurements than

Dusty plasmas are of great interest in astrophysics ben Praburam and Goree’s experiment, and these allow us to
cause of the ubiquitous presence of dust particles in interstetnake much more definitive conclusions. Among the results

reported below, we found that the instability develops when
the particle diameter reaches a critical size. Rarefactions in
*Permanent address: Department of Physics and Astronomy, THlie dust number density coincide exactly with an enhanced

University of lowa, lowa City, IA 52242. glow, where there is presumably a locally increased ioniza-
TAuthor to whom correspondence should be addressed. Electrontion rate that produces an outward ion flow.
address: john-goree@uiowa.edu These and other results lead us to an empirical explana-
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tion of the instability: when the particle size is large enough,chine by Barkan and co-workefd7,19 and in a dc glow
ion drag pushes particles away from a region of locally endischarge by Thompsoet al. [42]. Dust acoustic waves in
hanced ionization with enough force to overcome an opposthe strongly coupled regime were studied by Pieper and
ing Coulomb force. As the particles are pushed away fromGoree[31].
the ionization hot spot, they no longer deplete electrons The dusty plasma literature to date includes little work on
there, and this allows the rate of electron-impact ionizationgnization instabilities. Theories of ionization instabilities in
to grow even more intense. ~__ adusty plasma were presented in R¢#3] and [44]. The
Thus we propose that the modes are a type of ionizatioR,iq model of Ref[43] predicts that an ionization instability

instability unique to dusty plasmas in a gas discharge. Thepgntaneously excites dust-ion-acoustic and dust acoustic

modes inherently involve ion drag, which applies a far strony, e The instability arises because ionization is faster in
ger force on charged dust particles than on ions or electron

the wave crests than in the wave troughs, due to the rapid

due to the high charge of the dust. Nor is it likely that theyincrease in the ionization cross section with electron energy.

can be seen in a dusty plasma that is not sustained by internal . .
ionization. The class of plasmas where this mode is likely toB Angelo [44] contended that Shukla and Merfill's equations

be seen includes, for example, plasma processing discharg'é?IUded an inappropriate ionization term and neglected loss
and plasma crysial experimer;ts which both involve a par_rnechanisms, and as a result the predicted dispersion relation
ticle cloud immersed in a gas diécharge. does not include the energy dependence of the ionization

cross. D’Angelo developed a dispersion relation that yields a
negative growth rate for the dust acoustic wave. The only

Il. PREVIOUS WORK unstable mode was the much higher frequency ion acoustic
wave. Stabilizing factors include neutral drag on dust, ion-
A. Dust growth neutral collisions, and ion viscosity, which are all dissipative

Laboratory dusty plasmas can be prepared either by usingrocesses. One factor not included in D’Angelo’s model is
premanufactured particulates or by growing them in thgon drag, i.e., momentum transferred to charged dust par-
plasma itself, by condensing gases into solid particles. Paticles by Coulomb collisions with flowing ions. We propose
ticles grown in the gas phase become larger with time due tén this paper that ion drag is the destabilizing mechanism that
three processel33]: (i) formation of clustergnucleation, accounts for the modes we observe. After we submitted this
(i) formation of aggregates by coagulation, diid growth ~ paper, D’Angelo reported a modified theory which does in-
by deposition, i.e., accretion of individual ions and neutralclude an ion drag force, leading to an instabili4p].
species from the gas. For small particles, coagulation can
represent the fastest of the growth mechanigdd$. This is C. lonization instability in dust-free plasmas
possible when the diameter and therefore the charge is small.

For extremelv small particles. the charae sometimes fluctus lonization waves and instabilities, i.e., striations, in dust-
y P ' 9 free plasmas have been studied for decades. The basic types,

ates to zero or even positive values, which favors coagula: . . . i~
tion [16,34]. For larger particles, the charge is greater ana‘;s summarized by Garscaddgt6], include standing stria

coaaulation is inhibited by Coulomb repulsion. In that case "°NS’ moving striations, and relaxation oscillations. The lat-
gu'a L oy pulsion. ter are dependent on external circuits and plasma boundaries.
deposition of individual ions or neutral species from the ga

phase is the primary growth mechanism Jonization waves in general are known Fo oceur in rare, mo-
' lecular, and electronegative gases. lonization instabilities in
o electronegative gases arise due to negative ions, which are in
B. Instabilities in dusty plasmas some respect similar to negatively charged dust particles and
Low-frequency modes observed experimentally bycan cause the same effects, like electron depletion and alter-
Praburam and Gorg@2] were tentatively identified as hav- ation of electron temperature. According to Ref7] an in-
ing properties of either an ionization wave or a compres-stability can develop if the dissociative attachment rate in-
sional dust acoustic wave. The experiment was performed iareases strongly with the electric field. The opposite process,
a parallel-plate rf discharge, which grew dust particles byassociative detachment, can also cause an instability in a
sputtering graphite electrodes. Two modes were identifiedplasma with negative ionsi8].
the filamentary mode and the great void mode. Both modes
had low frequency, on the order of 10 Hz. Praburam and Ill. EXPERIMENTAL PROCEDURE
Goree reported visual observations that the glow was modu-
lated during the great void mode, suggesting that ionization
is disturbed in the mode, although no precise measurements The plasma discharge apparatus shown in Fig. 1 was simi-
were made to relate the movement of the dust and the glowar to that of Ref.[32]. A radio-frequency capacitively
In this paper we report experiments similar to those of Refcoupled discharge was formed between two parallel-plate
[32], but with diagnostics and measurements to characterizelectrodes. The electrodes were 8 cm in diameter and sepa-
the modes in far greater detail. rated by 2 cm, and both were water cooled. They were cov-
In addition to modifying the properties of existing wave ered with graphite targets, which were sputtered by ions dur-
modes, such as ion acoustic or electron cyclotron modes, asg the experiment. The resulting carbon vapor condensed in
shown in Refs.[35] and [36], the presence of dust in a the gas phase, producing nanometer size particles. The upper
plasma gives rise to a dust acoustic mode, which was preelectrode was powered by a radio-frequency generator, while
dicted theoretically in Ref[37] and other§38—41]. Dust the lower was grounded. The generator was coupled to the
acoustic waves were observed experimentally i@ ana-  electrode through an impedance matching network and a

A. Experimental setup
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FIG. 1. Sketch of the experimental setup, side view. A sheet of eam spitter

video
laser light illuminates dust particles. filter (laser) \< | | camera 2

. video :l / filter (glow)
coupling capacitor. A power of 100 W was applied, devel- camera 1 7mirror
oping a dc self-bias of -300 V. Only electrons can respond to

the rf frequency of 13.56 MHz. lons and dust particles are FIG. 2. Experimental setup, top view. Two video cameras, fitted

able to move only in respon;e to dc or low-frequency fleldswith spectral line filters, view the same interelectrode region
The electron temperature in a dust-free plasma Was ihrough a beam splitter.

=3 eV, as measured by the Langmuir probe described later.

Argon pressure was maintained at 400 mtorr. For most of our.

experimental runs, we flowed gas at 60 sccm, although ngllos_cope._ By. smaoihing the data and subtrgcting the aver-
also carried out tests without gas flow. For the experimentélg(.a Intensity in the gbsence of dust, we obtained Fhe _opt|cal
reported here, the vacuum base pressure was belo tinction. Then using the code from R¢#9], which is
10 torr. At higher base pressures, particles did not grow in ased on Mie scattering theof$50,49, we calculated the

: : : ; st number density. Input parameters in this calculation
the gas phase, suggesting that impurity gas species such \%%re the particle diameters from SEM measurements inter-

gg;ogen, oxygen, and water vapor can inhibit particle forma'polated by a fourth-order polynomial and a refractive index
' of (1.95-0.66) based on Refl51]. The particle cloud was
detected after about 10 s after the discharge was started
when the particles were smaller than 50 nm. However, the

To measure the growth of the particle size, the dischargemallest diameter of the particles measured by SEM, which
was interrupted at different times in a repeated series of exwas 50 nm(taken at 15 s), is the smallest particle diameter
periments. Some of the dust particles fell to the lower elecfor which we can reliably calculate the number density.
trode, which we removed from the chamber. We then in- The error we report for the number density is based only
stalled it, with the particles intact, in a Hitachi S-4000 field on the uncertainty in the particle diameter. Additional sys-
emission scanning electron microscdf&M). Surface melt- tematic errors might be created by the value of the refractive
ing by the electron beam was avoided by minimizing theindex and the applicability of the Mie scattering theory. To
specimen exposure to the beam. Particle diameters wewgssess the error that might be introduced by the refractive
measured directly on the micrographs by a caliper. Fifteerindex, it is useful to consider that measurements by experi-
measurements were taken per micrograph, and then the amenters using um diameter carbon particl¢52] yielded a
erage and standard deviation were calculated. Size measurefractive index of 1.7 and an extinction coefficient of 0.8,
ment errors were due to diffuse boundaries of carbon parwhich are somewhat different from the values we assumed.
ticles, deviations from both spherical shape and average size.

B. Electron microscopy

D. Video imaging

C. Optical extinction The video setup shown in Fig. 2 provided synchronized

To find the dust number density, it was not possible toimages from two video cameras viewing the same subject
rely on the SEM images, since only a fraction of the particlesarea. One camera was always used to image a spectral line of
fell to the lower electrode. Instead we measured the numbehe glow. This is sometimes called spatially-resolved optical
densityin situ, by extinction of a laser beam. After passing emission spectroscofd3,54. The other camera was used
through the dust cloud, the beam struck a matte surface teither to image a second spectral line, or to image the dust by
reduce the intensity, and scattered light was collected with #aser light scatterindLLS). An optical bandpass filter was
photomultiplier tubgPMT). This signal was recorded for the installed in the camera, between the lens and the CCD, to
whole duration of the dust growth cycle using a digital os-admit the desired spectral line.
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So that the two cameras viewed exactly the same san¥he intensity ratio of two spectral lines for a neutral atom
pling volume, we aligned them through a cube beamsplittewvas then given by Rhoades and Gorbafl&8],
and a mirror. Video was recorded on two SVHS VCRs using o075
a synchronized time code so that images from individual 11/1,=CTe ™ exp (Ex— Eq)/Te], (€]

video frames could be compared at exactly the same t'mﬁlhere E, and E, are the excitation energies for the lower

from the two cameras. Fra_mes were digitized at %nd upper levels respectively, amgdis the electron tempera-
640x 480 resolution with an eight-bit monochrome frame.a ineV. The constant can be evaluated from compari-
grabber. _ son to measurements by other methods, or it can be calcu-
. The spe_ctrql lines of the glow are the result. of electronqatied from the atomic physics as in REBI]. Alternatively
impact excitation of argon neutral atorfs5]. An increased the |ine ratio can be calculated by models which are free
glow is generally an indication of electrons that are eitheffrom restricting assumptions of corona model as in Refs.
more dense or more energetic. One camera was always usgg,61], but which require knowledge of the excitation cross
to detect the Ar 763.5-nm line, produced by the decay of the sections for many atomic transitions.
4s[ 3/2]° — 4p[ 1/2] transition at 13.17 eV. When the second To interpret our intensity ratio images, we shall use the
camera was used for the gloffor the purpose of imaging fact that in Eq.(1) the intensity ratid ; /I, decreases mono-
the electron temperature as explained be¢liwwas fitted  tonically with T,. We do not quantify the temperature, since
with a filter for the An 549.6-nm line, produced by the we did not evaluate the consta@t Our line ratio images
4p[5/2] —6d[ 7/2] transition at 15.33 eV. will prove to be useful in determining whether an enhanced
To illuminate the dust cloud for LLS imaging, a sheet of glow in a certain region of the discharge is due to electrons
laser light was formed by passing a 488 nm argon-ion lasethat are hotter, or simply denser than elsewhere in the
beam through a cylindrical lens. The laser was operated d@lasma.
less tha 1 W of power. The laser sheet was oriented in a We imaged the discharge in two spectral lines, using the
vertical plane for some images and a horizontal plane fofwo video cameras shown in Fig. 2. The two video signals
others. were recorded synchronously using the two VCRs with a
In addition to the video measurements of LLS, we alsocommon time code. Digitizing the frames, and taking into
recorded a LLS signal from a single point in the dischargeaccount the spectral sensitivities of the CCD and the band-
using a PMT. This allowed us to produce a time series of thass filters, we computed the line ratio of each pixel in the
LLS intensity from a single point more conveniently and at aimage. In this way, we produced line-ratio images of the
higher digitizing rate than from the video. In this setup, adischarge.
lens was focused on a regienlcm in diameter, located on
the midplane between the electrodes, approximately halfway F. Langmuir probe measurements
between the central axis to the electrode edge. A digitized

time series of 50 000 samples at 100 samples per second w, A Langmuir probe was used to measure the floating po-

rocessed by anplving multiple Fourier transformations. eac Shtial and electron temperature of the discharge. The probe
P y applying P ' esigh was made according to the recommendations in Refs.

ggﬁ; t';grl?mvg'r;%%%#%%: S‘?t?splsri)c\?ggﬁ’rgvcilglz:(ldatshzhg:)ee(i-&’63 t_o av0|.d common sources of errors in pr_obe measure-
: Mments, including contamination of the probe tip and insula-
tor, too large a probe size, rf distortion, and low-frequency
noise and drift. The probe had a rf compensation reference
electrode connected to the probe tip by an internal shunt
We used the line ratio method of measuring the electrorgapacitor. It also had internal choke inductors to suppress rf
temperature, using separate images of two spectral lines etrrent at 13, 26, and 40 MHz.
the optical glow. Since the glow is the result of electron-
impact excitation, the ratio of intensities of two spectral lines IV. EXPERIMENTAL RESULTS
indicates the relative population of electrons in the distribu-
tion function at the two excitation energies. If the electron
distribution is Maxwellian, this yields the electron tempera- The particles grew in diameter as a function of time. This
ture. If not, it indicates an effective temperature, in the ends a crucial feature of the experiment, because we will later
ergy range of the excited states. The latter is often the casshow that the development of the instabilities depends criti-
for a low-pressure gas discharge, such as ours, where ttoally on the particle diameter.
excited states have an energy greater than the electron tem- The shape of the particles was roughly spherical, and they
perature. were monodisperse, as shown in Fig. 3. For spherical par-
A measurement of the electron temperature can be madles, the charge is proportional to the particle radiis].
if a specific atomic physics model is used. The corona modeThus the charge on a patrticle also grew as a function of time
is valid for a low density plasmgb6,57). It assumes an op- in the experiment.
tically thin plasma, a Maxwellian electron distribution func-  Time series for the particle size and number density are
tion, a low population of the excited states, excitation byshown in Fig. 4. The dust number density was calculated
electron impact, and deexcitation by radiative decay. Thaising Mie code from Refl49] directly from the optical ex-
model does not include the processes of stepwise excitatiaimction time series which was smoothed to reduce noise.
(via metastable statgsor by cascades from upper levels, nor The dashed lines indicate the error due to the particle diam-
does it include quenching by collisions with neutral atoms.eter uncertainty.

tral power as a function of time and frequency.

E. Electron temperature imaging

A. Particle growth
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upper electrode

(@) 1 min 19 sec Ho

FIG. 3. Electron micrograph of dust particles collected on the
lower electrode after 6 min of dust growth. The raspberrylike ap-
pearance may be due to growth by coagulation of smaller particles.
The calibration bara series of 11 tick marksof length 1.5um
indicates the size.

When the discharge was first turned on, there was no dust. (¢ 4 min 01 sec
A particle cloud became detectable by optical extinction
about 10 s after the discharge starfgaesumably particle
growth began before then, at a size too small for us to de-
tech. Thereafter, the particles grew larger in size and fewer
in number. During the first 40 s the particle diameter grew
fast while the number density decreased rapidly. Then the
growth slowed down while the number density remained a
constant until about 150 s, when a more rapid growth re- @

sumed. Our growth shown in Fig. 4 is similar to the growth  F|G. 5. Images of LLS from the dust, side view. A vertical sheet
observed by Boufendi in a silane dischar@ég. 4 in Ref.  ijlluminated the dust. Darker grays correspond to more dastNo
[33]) except that the time scale in the silane discharge isnstability. (b) Filamentary mode. The filaments can be seen only in
more rapid. We assume that the same three-stage growttg. 6b) or in a moving video, which can be seen on an internet
mechanism takes place in our case: nucleation, coagulatioferver(Ref.[64]). (c) Great void mode(d) Instability stops.
and accretion. Fast particle growth and the number density
decrease at later time in our experiment is probably due to
the instability. The instability was part of a cycle that repeated itself over
and over. At first the dust cloud began growing, and it was
stable. Later, as the dust grains grew in size, the filamentary

T

6 min 20 sec

B. Instability cycle

400 T Y Y T Y r 1010 mode appeared abruptly. This underwent a transition to the
] - great void mode, which grew until the void, or hole in the
'g . % dust cloud, grew to fill the entire discharge, and the instabil-
= 800 F 119° S ity stopped. This marked the end of one cycle. A new cycle
g E \ . —* g then started, with a stable cloud forming in the pristine
3 oo b . i 8 plasma that had filled most of the interelectrode volume. The
O s Z rest of the sequence repeated, beginning with the filamentary
S ] R £ mode.
7 100 F pull {107 5
3 ] ; = C. Initial stability
Y AN TN T T BT In the initial stable stage, the dust cloud and the discharge
0 50 100 timlﬁgec) 200 250 300 glow were homogeneous. Images are shown in Fig. for

the LLS, and in Fig. @) for the optical glow. The absence of
FIG. 4. Dust number density from optical extinction and dust@n instability can be seen in the smooth curvetfol60sin
particle size from electron micrographs. The smooth curve throughig. 7. During this initial stable stage, the particles grew in
the size data points is a fourth-order polynomial fit, which was usedize and diminished in number density. The floating potential
in computing the number density. The dashed lines indicate thé the fresh plasma began at approximately 9 V, when the
number density error based on the uncertainty in the particle diamdust was just beginning to grow, and it declined during the
eter. first 50 s as the dust depleted more and more electrons.
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FIG. 7. Floating potential of a Langmuir probe vs time. The
sudden onset of the filamentary mode is shown in the left inset. The
variation of the potential as the great void passes the probe is shown
on the right inset. The data here and in Fig. 8 were taken in a
discharge with a longer instability cycle than for all other figures.

(b) 1 min 41 sec

ciently low frequency that they move the dust particles
about.

The synchronized videos revealed that the regions of
brighter glow coincided with a lower dust density. This criti-
cal result will be seen again in the great void, and offers a
significant clue in explaining the instabilities.

The spectrum of the filamentary mode is broadband, with
a peak at about 100 Hz. This is revealed in the spectrum of
the floating potential fluctuations, shown in Fig. 8. The fre-
quency of these fluctuations is below the dust plasma fre-

() 6 min 20 sec quency, which is estimated in Sec. IV E. We were unable to
characterize the motion and velocity of the striations in the

FIG. 6. Optical emission from the discharge, side view. Darkerfilamentary mode because the fluctuation frequency was too
grays correspond to more glow. These images were recorded simuin'gh to be tracked using 30 frames-per-second video cam-
taneously with those of Fig. 5. Images appear more diffuse for thexras, or with the human eye for that matter. What we can say
glow, compared to LLS, because they are images of a volume rathgg that the modes were not stationary, because we did see
than a sharp cross sectidia) No instability. (b) Filamentary mode.  them flicker. The great void mode, which we discuss below,
Three dark spots left, center, and right are the filamefjsGreat  \ya5 slower and therefore easier to characterize. For this rea-
void mode.(d) Instability stops. son, we will present more data on the great void mode than

on the filamentary mode.
D. Filamentary mode The physics conclusions from our observations of the fila-

The filamentary mode instability appeared, with a suddenmentary mode, which we will use later in developing a phe-

onset, 75 s after the discharge was turned on. As can be Senomenological r_node! of the instab_ility, ir_1<_:|ude the follow-
NN . .070di - ﬁ{b (1) The particle size or charge is a critical parameter for
n Fig. 7, this mode appeared faster than the_ 1 _g_|t|z- the onset of the instability2) The mode is a type of ioniza-
ing rate of our PMT detector. Apparently the instability grew tion wave or striation(3) Dust is moved about in the wave,
to a nonlinear saturated level in less than 10 ms.

The filaments were beamlike striations in the dust density L s L s
and glow. The beams pointed primarily in the radial direc-
tion. These are not obvious in the still LLS image of Fig.
5(b) due to a small fractional variation of the dust number
density. Three filaments, of size up to 1 cm, can be seen as
dark spots in the discharge glow of Figbh The filaments
are more conspicuous in a moving vidéahich can be
downloaded from Ref.64]), where they appear as a flicker-
ing in both the LLS and glow.

It is useful to remember that the glow serves as an indi-
cator of the same energetic electrons that cause electron-
impact ionization. The fact that the glow is modulated sug- 0 190 fr2e0 0uenc ?I?Ig) 100 °0
gests that we are observing a type of ionization wave or auency
striation. Similarly, the fact that the dust density is modu- FIG. 8. Spectral power of the floating potential during the fila-
lated is an indication that electric fields are present at suffimentary mode, for the same conditions as Fig. 7.

(c) 4 min 01 sec

spectral power (arb. units)
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(@ [ upper elecirode

lower electrode

upper electrode

Intensity ratio

FIG. 10. Line ratio image during the great void mode. The gray
scale corresponds to the ratio of the spectral intensities of the spec-

FIG. 9. View of the great void mode. Video cameras viewing tral line at 763.5 nm to that at 549.5 nm. Darker grays correspond to
upward at oblique angle produced images of LLS from the @ast  hotter electrons in the energetic tail of the distribution. The lower
and optical emissiofb). Dust is illuminated with a horizontal laser electrode appears as a white band at the bottom. Electrons appear to
sheet. The enhanced glow inside the great void indicates an eme cooler in the void, despite the enhanced glow, indicating that the
hanced ionization rate. The void in the dust coincides with theenhanced glow must be due to denser electrons. The image shown
enhanced glow. is 2.5x5.7 enf.

lower electrode

and the mode has a correspondingly low frequeylon-  nymber density, from zero inside the void to a finite value in
ization is enhanced when the dust number density is diming,e surrounding dusty plasma. The sharpness of the void
ished. edge is also seen in the time series for the floating potential
_ (inset on the right side of Fig.)7&s the void rotated past the
E. Great void mode stationary probe.

As the dust continued to grow in diameter, a void in the During the great void mode, the particles resumed grow-
dust appeared 2.5 min after the start of the discharge. Thi@g in diameter. This can be seen in Fig. 4, beginning at
void can be seen in pan@) of both Figs. 5 and 6, and in the approximately 160 s. The number density in the interelec-
obliqgue horizontal view shown in Fig. 9. As in the radial trode region also resumed its decline during the great void
filaments in the filamentary mode, the region of reduced dusiode activity.(These number density measurements were
density coincided with a brighter discharge glow. made by optical extinction of a laser beam that passed in the

What distinguishes the filaments from the great void,lower portion of the dust cloud, where the void never
leading us to designate them separately, are the followingeached.In our visual observations of the LLS, we saw that
differences. Only a single large void appears, versus morduring the great void mode activity, particles were expelled
numerous and smaller radial spokes in the filamentary modeadially from the interelectrode region into the cold dark
(It is the singularity and size of the void that leads us to callplasma that filled the rest of the vacuum vessel. Presumably
it the “great void.”) The great void moves more slowly than this radial loss accounts for much, if not all, of the decline in
the filaments. The rarefaction of the dust number density ishe dust number density in the interelectrode region, as
extreme in the case of the great void: it is 100% dust freeshown in Fig. 4.

Unlike the filaments, the void does not appear suddenly, but Inside the great void, the glow was greatly enhanced, as
rather had an intermittent onset, in a transition back and fortltan be seen in Figs.(® and Gc), and in the oblique hori-
between filaments and void, so that the two modes alternatezbntal view of Fig. 9.(In viewing these figures, recall that

in time. This intermittent transition stage ended at approxifeatures in the glow always appear diffuse, because they are
mately 160 s when there was only a single void. volume images, rather than images of a sharp cross section

The movement of the great void mode was a rotation ires in the case of the laser-illuminated dugur synchro-
the horizontal plane, i.e., azimuthally. Some viewers havenized video cameras showed that the reduction in dust num-
likened the rotating beam in the glow to a searchlight or lightber density in the void exactly coincides with an enhanced
house beacon, turning around and around. Sample video dagéow, just as it does in the filamentary mode.
can be downloaded from Rd®4]. The direction of rotation Line-ratio imaging revealed that the energetic tail of the
sometimes changed spontaneously in the middle of the cyclelectron distribution is colder in the void than in the sur-
although it usually turned the same direction. In a test, weounding dusty plasma. This is shown in Fig. 10. This image
shut off the gas flow, and the void still rotated. This indicatesindicates that the enhanced glow observed in the void must
that the fundamental cause of the rotation is not gas flow, bute due to electrons that are more dense, rather than hotter.
some other effect. Phenomenologically, we can say that th€his is consistent with Boeuf’s prediction, based on particle-
great void moves something like a very slow striation in thein-cell simulations[65], that sustaining a discharge when
glow. Fundamentally, however, we cannot explain the mo-<€lectrons are depleted by dust particles requires an increased
tion. electric field and a commensurate increase in the electron

The great void had a distinct and sharp boundary. In théemperature. In our experiment, the electron temperature is
LLS images, there appears to be an abrupt jump in the dugtigher and electrons are less dense in the dust cloud com-
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105 1 105 spectral power (arb. units) attributable to the nonlinearity of the mode, which appear to

Ii be almost like a square wave in Fig. 7.

Gas flow influenced the rotation of the void slightly, but it

20 lno : filamentary : "great void" mode : does not account for the rotation, or the instability for that
- 154 instabiiity - mode | | matter. We observed the great void mode whether or not
z I [ I there was gas flow in the chamber. In the absence of gas flow
g 404 : : : the void rotated 360° with constant angular velocity, while in
‘:g I | - [ the presence of a moderate gas flow of 60 sccm the void
£ 54 : : ——— : slowed slightly while passing the gas inlet and occasionally

; | ——U—— reversed direction. When the void stopped rotating, it usually
0 S ,ﬂi—. pointed toward the gas inlet, in cases when there was gas
60 120 18 240 300 flow.
time (sec)

As the cycle progressed, the great void continued to grow

FIG. 11. Spectral power of dust number density fluctuations vdn Size. As it grew, it pushed further inward toward the center
time. The gray scale is logarithmic, to allow easier identification ofof the plasma. By the time it reached the center, it stopped
harmonics. The rotation speed of the great void mode diminishesotating entirely. In Figs. @&l) and &d), the void fills nearly
with time. Harmonics in the great void mode are attributable to itshalf the central interelectrode volume. At this point the void
nonlinearity(the dust density alternates between finite in the C|Oudst0pped rotating. The slowing and stopping of the void can
and zero in the void.The filamentary mode is better seen in Fig. 8, he seen in the floating potential time series in the right-hand
since its spectrum is peaked at frequencies higher than shown heri?rset of Fig. 7.(The time scale in Fig. 7 is somewhat slower
than in all the other data presented here, due to slightly dif-
r}erent discharge conditionsAfter stopping, the great void

ontinued to swell in size, pushing dust out of the interelec-
gode region.

As a test, we found that the development of the cycle at
this point could be reversed by reducing the rf power. Recall
%hat the rf power controls the ionization rate, and therefore
the ion flux that drives the ion-drag force. After the dust
cloud collapsed, reducing the rf power caused the dust cloud
to raise and to fill more of the interelectrode region. The void
became smaller, as it had been a minute or so earlier, and
resumed rotating. This indicates the importance of ion drag

r the void’s existence.

Ultimately, the stationary void stopped, filling most of the
erelectrode volume, and a fresh cloud of dust began grow-
g inside it. In this way, the cycle renewed itself, and re-

pared to the pristine plasma of the void, due to electro
depletion in a dusty plasma.

The particle charge and electron depletion in the dus
cloud can be estimated from our measurements. Usin
orbital-motion limited theonyf16] to compute the charge of
an isolated particle of diameter 130 nm in a pristine plasm
yields Q/e=—244 for T,=3 eV. Using the measured val-
ues ofn, in a pristine plasma and the number density of
particlesngy in the dust cloud, we foun®~1-2. HereP is
the “Havnes parameter” which is roughly the ratio of the
charge densities of dust particles and elect{dits66. Tak-
ing this into account, the charge on the grain is reduced by
factor of 0.2 or 0.6, depending on whether one assumes an
ion density that is the same in the dust cloud and the pristinerﬁht
plasma, or a Boltzmann ion response, respectively. This regy
resents a significant level of electron depletion.

The dust plasma frequendy can also be estimated. This peated over and over.

is a characteristic upper limit for compressional oscillations The physics conclusions we will incorporate in our phe-
pp : p2 12 nomenological model of the instability, based on our obser-
of the dust cloud. Computing 2f o= (Q“ny/egmy) =<, for

' ; ) vations of the great void mode, include the following)
130-nm-diameter carbon particles with= —244e and nqy ; TN
“108 em 3, we find =14 kHz. This value should be re- Electrons are depleted in the dust cloyd) lonization is

duced by a factor of 0.2 or 0.6 to account for charge reducfehnehsgﬁid In the void3) lon drag is partly responsible for
tion due to electron depletion, yielding dp, of a few kHz.
The electric field in the void can be estimated from the
floating potential measurements of Fig. 7. The floating po-
tential is about 10 V more positive in the clean plasma of the Experiments repeated with different electrode materials
void than in the dust cloud. Although we did not measure theshowed the same instability pattern for the dust particles
plasma potential, it is reasonable to estimate that it varied bgrown from different materials, but the timing was different.
a similar amount. The half-width of the great void is approxi- Results are shown in Table I. The different time scales are
mately 0.5 cm. Therefore, we can estimate, to an accuracgttributable mainly to the different sputtering yields. This is
better than an order of magnitude, that the electric field is 2because the particles grow from the flux of sputtered atoms.
Viem. Aluminum was an outlier in this trend, which we attribute to
The rotation rate of the great void gradually diminishedthe increased plasma exposure time required to clean the
with time (and particle diametgr This can be seen in the aluminum oxide film before the actual aluminum sputtering
spectrogram, Fig. 11. The gray scale in this figure representzegan.
spectral power of the dust number density fluctuations, as Significantly, the particle diameter was always the same
measured by single-point LLS. As the modes sweep aroundt the end of the instability cycle. This is true for all the
in space, the void repeatedly passed the detection point. Weaterials that grew spherical particles, as listed in the final
have plotted this spectrum with a logarithmic gray scale, tacolumn of Table I. The measurements of particle diameter
make the harmonics more easily seen. The harmonics amere made from SEM micrographs at the end of the cycle.

F. Growth rate using different materials
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TABLE I. Timing of the instability, with dust grown from different materials. Times are indicated in
hours(h), minutes(’), and seconds§’ ) after the discharge was ignited. The sputtering yields are based on
Ref.[72]. Particle diameters were measured by SEM at the end of the cycle, when the void stopped moving.
Note that the particle size at the end of the cycle is exactly the same, regardless of the growth rate, and that
the growth rate corresponds roughly to the sputtering yield. Epoxy sputtering produced a measurable dust
cloud, but we were unable to image its particles afterwards using SEM.

Electrode Detectable  Onset of Great void Void stops Sputtering Particle

material dust instability mode yielght 300 eV  diameter(nm)
Copper 15" 2' 30" 4 5 1.59 fractal
Epoxy 20" 1’ 30” 2' 30" 3 n/a n/a
Graphite 30" 1' 15" 2' 40 4' 20" 0.1 (at 400 eV 343+ 11
Titanium 2 4’ 30” 23 3h 0.33 360+ 65 S
Stainless steel 5 9 13 1h24 0.7@or Fe) 350+ 70
Tungsten 7 16’ 18 2h 0.4 36& 50
Aluminum 10 15’ 30” 17 50 0.65 fractal

Since the particle diameter was the same at the end of thodulated, and are out of phase with one another.

cycle in each case, it is likely that it was the same earlier in To develop an explanation for the modes, it will later be

the cycle as well, when the modes began. This offers supponnportant to recall that in a region of enhanced glow, the

to the idea that the instabilities arise when the particle diamionization and the outward ion flow will be correspondingly

eter exceeds a certain threshold. enhanced. This ion flow will apply an “ion drag force” to
Fractal-shaped particles grew when copper and aluminurthe particles. We discuss this and other forces next.

targets were sputtered. These were different from the mainly

spherical particles grown by sputtering the other materials B. Forces acting on a particle

we tested: graphite, titanium, stainless steel, and tungsten. . . . .

For those materials, the particles formed mostly spheres I.DUSt par'uclles are subject to elgctncal, mechanical, and

which appeared either solitary or in a coagulatant of onlydpt'cal f_orces In plasma: Th_e e!ectncal forces all depend on

two or three spheres joined together. The physics conclusiovi1e particle charg®, which is given by

from these tests that we will |.n_cor.porate mto.our phenom- Qle=KqrkgTe, )

enological model of the instability is that the time scale for

the cycle, and therefore the onset of the instabilities, is CO”WhereKQ is a constant that must be calculated numerically,

trolled by the particle size. r is the particle radius, and, is the electron temperature
[16]. Note the scalinger.
V. DISCUSSION The electrostatic force is

A. The nature of the instability

Fe=QE,

Here we summarize some of the key observations of Sec. °
IV: (i) In the dust cloud, the electrons are deplet@d.The  whereE is the electric field. Note that
instabilities have an onset at a specific particle gjizie. lon
drag is involved in the instability formatiofiiv) The glow is Fer.
modulated, indicating that ionization is enhanced in the . ) .
glow. (v) The dust number density is also modulated, indi- The ion drag force consists of two components: the orbit
Cating that |0w_frequency electric fields are preseyi'b_ The and collection f0r0e§7]. The latter is neg||g|b|e for 100-nm
void and glow are in phase, i.e., a reduction in the dust coParticles, provided that the ion drift velocity, satisfiesv;
incides with an augmented glow, indicating an enhanced ion=<3000 m/s andE<70 kV/m, which are the case for our
ization rate in the low-dust-density regiofvii) The en- Plasma. The orbit force, due to the Coulomb deflection of
hanced ionization rate is attributable to a higher electroions moving at velocity; past a charged grain, [§7]
density, rather than to a high&g, which is consistent with )
electron depletion in the dust cloud. Fio=nivsmivi4mh7 A,

The filamentary and great void modes have much in com- ) )
mon, and they might indeed be different stages of the sam@heren;, m;, andT; are the ion density, mass, and tempera-
instability. The distinction we make between them is essentUre, respectively,
tially phenomenological. The filamentary mode appears first,
with a sudden onset. It consists of numerous striations which D= 7 /8kBTi 42
move about with a characteristic frequency, as seen by a S Tm; !
stationary detector, of about 100 Hz. The great void mode
differs in that it is singular, slower, larger, and so highly is the average ion speekl is the Boltzmann constant,
nonlinear that the dust density is apparently zero inside the
void. In both modes, the dust number density and glow are bw/ZZqQ/47TEomiU§
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is the impact parameter whose asymptotic orbit angle/’s  higher electron density there, and a correspondingly higher

€, is the vacuum permittivity, and is the Coulomb loga- ionization rate. This ionization hot spot will develop a posi-
rithm [68], where we use the modified form of Barnetsal.  tive space charge with respect to the surrounding medium.

[67] for a charged sphere of finite radius. Note that the ionThe resulting outward electric field will apply two forces to
drag force scales as the negatively charged dust particles: an inward electrostatic
) force and an outward ion drag force. For a small particle

Fioxr=. size, the inward force will dominate, and the hot spot will be

. . . . filled up once again by dust, and the fluctuation will disap-

In its .velocny dependence, it is peaked near the ion therm ear. This is the initial stable equilibrium. As the particle
velocity, atv;=1.12%/kgT; /m;. _ _ _ size grows, it reaches a critical level, where the outward ion
In computing the ion drag force, the ion drift velocity  §raq force exceeds the electrostatic force. The region of re-
can be assumed to be mobility limited, duced dust density will then expel more of its dust particles,

and the fluctuation will grow. This is an instability. The
threshold for the instability is determined by particle size and
wherep is the gas pressure and the mobiljtyis velocity ~ €lectric field strength. The particle size is an independent
dependent. It has been found empiricd@] that parameter, whereas the electric field is determined self-
consistently by the transport mechanisms in the glow dis-
charge. Near the critical point, a small change in the particle

vi:ME/p’

Mo . . -
n= \/: size leads to a sudden onset of an instability.
1+aE/p
where the coefficientg, anda depend on the gas, and are D. Critical condition for sustaining the void
tabulated in Ref[69]. To verify quantitatively that the above empirical model of

Note that both the electric and ion drag forces are driverihe instability is reasonable, here we calculate the critical
by the electric field, but in opposite directions. When thesize of the particle diameter for the void to persist. We com-
particles are negatively charged, as in most gas discharggsited the charge of an isolated particle using Ej.and
these two forces will point in opposite directions. Due to theexperimental parameters, and we halved this value to ac-
negative chargéds will point opposite toE, whereas the ion count for the effect of electron depletion. We assumed an
flow direction and thereforg;, will be in the same direction electric field E=20 V/cm, as determined from the probe
asE. measurements. Plotting the two forces as a function of par-

The forces scale differently with particle siZzé,ocr and  ticle diameter, we found that the curves by, and Fj,
Fi,xr2. The electric force will thus dominate for small par- crossed at a critical diameter of 160 nm. This result is con-
ticles, while ion drag will dominate for larger particles. In sistent with the observed value of 120 nm at the transition to
our experiment, as the particle size grows, there is a criticahe great void mode.
moment when the ion drag force exceeds the electrostatic The sources of error in this calculation include the particle
force, rather than the other way around. The net force on aharge and the value of the electric field. The latter was
particle suddenly reverses direction as the particle sizestimated aE=A ¢/l, whereA ¢ is the variation of plasma
grows. It is not hard to imagine that this might produce anpotential, which was assumed to be equal to the variation of
instability with a sudden onset, and that is what we will the floating potential, andl is the characteristic size of the
propose below. void. Both of these values may have an error by a factor of 2.

There are several other forces that also act on the paifhe calculation of the particle charge may be subject to a
ticles. In our experiment the only one of significance is neu-comparable uncertainty. Given the level of these errors, we
tral gas drag, which iscr?. It surely dissipates energy from find that our computed value of 160 nm is in good agreement
the modes, since the dust moves against this force when it igith the measured value of 120 nm.
accelerated by the electric fields of the modes. All other
forces are assumed to be negligible. Both electrodes were VI. CONCLUSION
water cooled to avoid thermophoresis, which scale$ and i _ )
can be significant when there is a substantial temperature USing & dust cloud in a glow discharge, we have charac-

gradient in the plasma, as shown in REf0]. The Lorentz terized an instability. As particles grew in size, there was a
polarization, and optical pressure forces were insignificant ifudden onset of an instability. As it developed, we observed
our experiment. Gravity, which isr3, is small compared to first the filamentary mode and then the great void mode. The

the electrostatic and ion drag forces, due to the small particl@'€@t void mode is characterized by a dust-free region that
size in our experiment. rotates around the_ ve_rtlcal axis. _
We found that inside a region of reduced dust density,
there is an enhanced glow, indicating an enhanced ioniza-
tion. This ionization hot spot is due to a higher electron
The following empirical model of the instabilities is sup- density, commensurate with a reduction in electron depletion
ported by all the experimental evidence we have presentedvhen the dust is more sparse. The modes have a sufficiently
Suppose that in a uniform dust cloud in a gas dischargdpw frequency that the electric field can move the dust par-
there is a spontaneous fluctuation in the dust number densityicles about.
In the region of reduced dust density, there will be less The following empirical model of the instabilities is con-
depletion of the electrons by the dust. This will lead to asistent with the observations. In a region of reduced dust

C. Empirical model of the instability mechanism
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density, a reduced depletion of the electrons by the dust leadrvations include the physical location of the vaiff cen-

to a higher electron density and a correspondingly higheter in the plasmpand its rotation.

ionization rate. This hot spot in the ionization develops a In the experiment, we also characterized dust particle
positive space charge with respect to the surrounding megrowth in the gas phase, due to sputtering. The growth his-
dium. The resulting electric field points outward from the tory is similar to that of silane deposition discharges, but at a
center of the hot spot, and applies two forces to the negaslower time scale. Initially the particle growth rate is high,
tively charged dust particles. The electrostatic force is in-and the particle number density decreases rapidly, while later
ward and ion drag force is outward. These two forces scalen the growth rate becomes lower and the number density is
linearly and with the square of the patrticle size, respectivelyconstant. This behavior is attributed to initial growth by co-
As the particle size increases, it reaches a critical level wheragulation and later growth by the film deposition on the par-
the outward ion drag force exceeds the electrostatic forcdicle surface. Electron micrographs show the dust particles to
This causes the instability. The critical particle size depend®e approximately spherical and monodisperse.

on the electric field strength, which is determined self- After submitting this paper the authors learned of a re-
consistently by the glow-discharge transport mechanisms. lated paper by Melzer, Piel, and Schweidétt], which pre-

We believe that our phenomenological explanation of thesented the experiments on very low-frequency self-excited
instability is well supported by the experiment. Neverthelesspscillations of dust-free regions in silane discharges and an
we have not developed this model into a complete quantitaanalytical model based on dust growth dynamics explaining
tive theory. To do so would require, first of all, a linear these oscillations. They observed a void similar to our great
dispersion relation that could be used to predict the imagivoid, except that it did not rotate and it was located more
nary part of the frequency, and thereby predict the onset ofentrally, unlike the radial-spoke shape of our great void.
the instability. This must include the ion drag force, which Also, D’Angelo produced a theoretical dispersion relation
does not appear in existing theoretical dispersion relationthat includes the effects of ion drag, yielding an instability at
[43,44), and a self-consistent electric field for the actual gasa critical electric field, which is analogous to the critical
discharge transport conditions. Second, it would require garticle size in our experimef#5].
nonlinear model to explain the actual experimental observa-
tions, such as the void’s size and its sharp boundary. In the
experiment, a linear stage of exponential growth was never
observed. Rather, we observed the sudden onset of an insta-We thank N. D’Angelo, M. Malyshev, R. Merlino, V.
bility to a fully saturated nonlinear state. Tsytovich, and S. Vladimirov for helpful discussions. This

Such a theoretical model, if it is extremely successfulwork was supported by NASA and the National Science
might explain aspects of our experiment that we cannot exFoundation. The authors thank G. Mofrfill for facilities at the
plain based on our empirical model. These unexplained obMax Planck Institut.
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