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Intergrain Coupling in Dusty-Plasma Coulomb Crystals
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We have studied the lattice structure of dusty-plasma Coulomb crystals formed in rectangular
conductive grooves as a function of plasma temperature and density. The crystal appears to be made
of mutually repulsive columns of grains confined by the walls of the groove. The columns are oriented
along the direction of the electrode sheath electric field. A simple phenomenological model wherein
the intergrain spacing results from an attractive electric-field-induced dipole-dipole force balanced by
a repulsive monopole Coulomb force is consistent with observed features of the Coulomb crystal.
[S0031-9007(98)06620-4]

PACS numbers: 52.25.Vy, 52.65.Cc, 52.90.+z

A dusty plasma can be loosely defined as an ionizedf ~50 uwm (larger than those in previous Coulomb crys-
gas with dispersed charged solid particulates, or dudhl experiments), and where there appears to be a strong
grains, of micron to submicron sizes. The physics ofintergrain attractive coupling which leads to the formation
dusty plasmas in space environments, such as planetaoy distinct grain columns along the sheath electric field.
atmospheres and rings, comets, and the interstellar anlfe attribute this to an electric-field-induced dipole-dipole
interplanetary media, have been studied for some timateraction between the grains. This possibility has been
(e.g., [1-5]). Recently there has been much interest iproposed recently by an analysis of the phase diagram of
the physics of dust in plasma processing devices, used such crystals [16]. We first give experimental results and
the microelectronics industry, primarily due to the defectshen discuss our phenomenological model.
in microelectronic circuits caused by dust contamination The experimental setup used at The University of
(e.g., [6,7]). Important new developments in laboratoryCalifornia—Riverside (UCR) is shown in Fig. 1. A 10 cm
dusty plasmas involve experiments demonstrating theiameter Pyrex four-way cross was used as the reaction
formation of Coulomb lattices or crystals of charged dustchamber. Inside5 cm X 7.5 cm aluminum electrodes
grains in a plasma, the so-called “plasma crystals” [8-were arranged 5 cm apart in the form of a capacitor. The
11]. As suggested by lkezi [12], negatively charged dusbottom electrode has a 1 cm deep, 4 cm wide, 7.5 cm
grains (due to the higher mobility of the electrons) in along groove in the middle. The aluminum electrodes
plasma can form Coulomb crystals when their Coulombwere coated with black conductive paint to minimize light
intergrain potential energy is sufficiently larger than theirscattering off the electrode. The front end of the groove

thermal energy. This condition is was made of a conductive and transparent indium tin
o272 oxide (ITO) coated glass to facilitate easy observation of
r,= de exp(—d/Ap) > Tye, the Coulomb crystal from that direction. The rear end

d

of the groove was capped with copper foil. A 100 turn
where Z; is the dust charge state, is the intergrain 10 cm diameter Helmholtz coil is added to the chamber to
spacing,T, is the dust grain thermal energyy is the generate a 50 G magnetic field which confines the plasma
plasma Debye length, ardd;. is some critical value which and leads to the efficient production of large particles
is approximately 170 for a one component plasma [12]. during the growth process.

In Coulomb crystal experiments, the grains are confined First the chamber was pumped below 1 mTorr and Ar
in the sheaths of the electrode configurations. In the vergas was leaked into the chamber to a pressure of 60 mTorr.
tical direction the grains are levitated by the electrostatidA 5 A current was then supplied to the Helmholtz coils. A
force associated with the electric field in the sheath, whilestable plasma was next formed by supplying 15 W forward
the monopole (Coulomb) repulsion between the grainsf power at 34 MHz to the electrodes. Sildnd Q gases
keeps the spacings between the layers. In the horizontéhbout 20 mTorr of each) were then introduced into the
direction, the grains are also confined by the force assehamber for 15 s and allowed to react. The reaction led
ciated with the horizontal component of the electric fieldto the nucleation of Si@crystallites which grow in size
in the sheath. It has also been conjectured that there mdyy aggregation. The magnetic field was turned off at
be mechanisms which lead to additional attractive forceshe end of the growth process (about 3 min) leading to a
between the grains that may influence the lattice structureelatively homogeneous grain size distribution. Figure 2
(e.g., [13-15]). Here we report on a new regime of dusis a scanning electron microscope image of a typical
Coulomb crystals, where the grain sizes are on the ordegrain. The grains are porous aggregates of 100 nm sized
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Silane Gas side view images are shown in Figs. 3(a) and 3(b),
respectively. Figure 3(a) is a top view of a typical
hexagonal array formed at low forward rf powers below
2 W. As the power is increased the crystal loses its

Helmholtz ol horizor_1ta| structure ar_1d breaks up into distinct columns

/ of grains as shown in Fig. 3(b). The bottom of the

| electrode groove corresponds to the horizontal bright

streak (from laser light scattering) at the bottom of the

Torf picture. The left (right) edge of the picture corresponds
Generator to the center (right sidewall) of the groove. The columns
To Vacuum were observed to be robust, moving and interacting as

Pump

single entities. Collisions between columns appear to
be elastic and repulsive. This points to a screened
repulsive interaction between columns. The robustness of
the column suggests a strong attractive coupling between
the grains of the column. More insight can be gained by
noting the orientation of the columns in Fig. 3(b). While
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FIG. 1. The experimental setup used for dusty plasma
Coulomb crystal generation.

hexagonal crystallites. Typical grains had an irregular
rodlike shape of 100H0 um length and 4060 um
diameter.

The Ar pressure was raised to 150 mTorr at the end
of the grain growth cycle. A 20 mW 640 nm diode laser
was directed into the electrode groove for the observation
of the grains. The dust grains condense into a geometric
pattern a few minutes after the increase in Ar pressure.
Top view images (with the help of a mirror held at°46
the plane of the electrode) and side view images (through
the conductive ITO coated glass plate) were taken with a
charge coupled device camera and recorded on magnetic
tape for analysis.

The lattice structure of the plasma crystal was studied
as a function of forward rf power. Top view and

(b)

FIG. 3. (a) Top view of hexagonal array formed at forward
50 microns rf powers below 2 W. (b) Side view image of the Coulomb
crystal at large forward rf power taken through the transparent
front electrode. The left (right) edge of the picture corresponds
to the center (right sidewall) of the groove. The bright streak
FIG. 2. Scanning electron micrograph of a dust grain formedacross the bottom of the picture corresponds to the groove
during the growth process. bottom.
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the columns near the center of the groove (left of picturerorresponds well to the decrease of intergrain spacing
are vertical, those near the sidewall (right of picture) argFig. 4), consistent with the assumption that the screened
tilted, with the tilt increasing with decreasing distance tomonopole Coulomb interaction plays a dominant role in
the sidewall. The columns thus appear to be orientethe intergrain spacing.
parallel to the sheath electric field. The intergrain spacing We use a phenomenological model that appears to be
along the columns as a function of the forward rf powerconsistent with the observations. From the experimental
is shown in Fig. 4. The thermal energy of the dust grainobservations, there appear to be at least four main inter-
results in a distribution of intergrain spacings. The solidactions that affect the formation of the Coulomb crystal
square represents the average spacing measured, and With large grains of radius-50 um. These include (1)
limits on the error bar correspond to the maximum andhe electrostatic force due to the sheath electric field in the
minimum spacing measured at a given forward rf power. groove, (2) gravity, (3) the screened monopole repulsive
The plasma temperature and density were measuradteraction between the negatively charged grains, and (4)
using a Langmuir type single probe. A 0.5 mm diameteran attractive electric-field-induced dipole interaction (the
tantalum wire in a 0.63 cm ceramic sleeve was used. Aon drag force is much smaller, and is neglected). Fore-
3 mm long exposed section of the probe was placed 1 comost, the grains are levitated inside the electrode groove
above the bottom electrode. As dust contaminated thby the electrostatic force due to the sheath electric field
probe the measurements were done in a dust-free plasnig. Thus eZ,Ey = myg, where m, is the dust mass
at the same Ar pressure. The temperature of the plasnjai, = (47/3)pqa’, wherea is the grain radius ang,
was calculated from the slopes of th€/ characteristics is the grain mass density] angdis the acceleration due
near the zero-current point [17]. The electron temperaturé gravity. Also —eZ; ~ a¢, for a negatively charged
(T,) so derived is plotted along the left axis in Fig. 5 (dark“isolated” grain (hereg; is the grain surface potential).
squares). The range of temperatures shown by the errdthe sheath electric field can induce a polarization on the
bars correspond to measurement V around the zero- dust grains with a dipole momeRt(= Eya®). The attrac-
current point. T, is seen to increase until 4 W rf forward tive dipole-dipole force between aligned dipoles separated
power and thereafter saturate around 6 eV. by a distancel, taking into account screening by the back-
The ion saturation current was used to calculate thground plasma, is given by [16]
plasma density: [17], which is plotted as open circles 6P2 1 1
along the right axis in Fig. 5. The error bars correspond Fuy = — - <1 +x+ —x>+ —x3> exp(—x), (1)
to the error limits in the measurement daf,. The d 2 6
density is observed to increase with increasing rf powerwherex = d/Ap. Comparing this force with the screened
The debye lengthAp) given by Ap = (T./47ne?)!/2  monopole repulsion between the negatively charged dust
corresponding to the measured temperatures and electr@hains given by

densities decreases from 0.8 to 0.4 mm for forward 7202
. . d€
rf powers between 1 and 10 W, respectively. This Fom = =15 (I + x)exp(—x), (2)
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FIG. 4. The intergrain spacing along the columns measured FIG. 5. The average plasma electron temperature (left axis) as
as a function of the forward rf power. The solid line is the dark squares and density (right axis) as open circles plotted as
predicted behavior of the phenomenological model witk 0 function of the forward rf power. The solid line is a best fit to
for spherical grains of radiug = 64 um. the temperature data.
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we estimate thaF ;q/F . ~ 6 X 107%a/d)*a®p*#, ne- intergrain coupling along the column is determined by a

glecting screening (here and d are in microns,¢, is  balance between an attractive electric-field-induced

in volts, and p; = 2.6g/cm’). Thus F,y/F,., scales dipole-dipole and a repulsive monopole interaction be-

strongly with grain radius within our approximation and tween the charged grains.
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The values ofT, from the best fit curve of Fig. 5 were

used. When screening is neglected (ixe= 0) the best

fit corresponds to spherical grains of radius= 64 um.
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