Shapes of agglomerates in plasma etching reactors
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Dust particle contamination of wafers in reactive ion etchiR$E) plasma tools is a continuing
concern in the microelectronics industry. It is common to find that particles collected on surfaces or
downstream of the etch chamber are agglomerates of smaller monodisperse spherical particles. The
shapes of the agglomerates vary from compact, high fractal dimension structures to filamentary, low
fractal dimension structures. These shapes are important with respect to the transport of particles in
RIE tools under the influence electrostatic and ion drag forces, and the possible generation of
polarization forces. A molecular dynamics simulation has been developed to investigate the shapes
of agglomerates in plasma etching reactors. We find that filamentary, low fractal dimension
structures are generally produced by smallef00s nm particles in low powered plasmas where

the kinetic energy of primary particles is insufficient to overcome the larger Coulomb repulsion of

a compact agglomerate. This is analogous to the diffusive regime in neutral agglomeration. Large
particles in high powered plasmas generally produce compact agglomerates of high fractal
dimension, analogous to ballistic agglomeration of neutrals.19®7 American Institute of Physics.
[S0021-897€07)01709-X

I. INTRODUCTION clusters or agglomerates of smaller, monodisperse *“pri-
mary” spherical particle$-° These observations imply that
Particle contamination is a continuing concern in plasmgrimary particles grow to a terminal size before agglomerat-
processing discharges as used for semiconductor devigag to form these larger structures. The agglomeration pro-
manufacturing. These discharges are typically low gas pres-cess is problematic since the dust particles are charged nega-
sure devicestens to hundreds of mTgrwhich operate with  tive. This requires the reactants in an agglomerating collision
electron densities of £8-10" cm 3. The typical sizes of to have sufficient kinetic energy to overcome the mutual
contaminating particles are 100s nm to a few microns. Withelectrostatic repulsion. For example, the agglomeration of
the advent of submicron feature sizes in microelectronics detwo 1 um radius Si dust particles having 5000 elementary
vices, dust contamination by even the smaller particles magharges each requires center of mass speegsbf s . It
result in a killer defect. Therefore, controlling the generationhas been found that collected agglomerates typically also
and transport of particles in plasma processing discharges isave different morphologies. Agglomerates which are made
of great interest to the semiconductor manufacturing commuef small (<100s nm primary particles tend to be dendritic
nity. and have a small fractal dimension. Agglomerates made of
The fundamentals of transport and trapping of particledarge (>ums) primary particles tend to be compact and have
in low pressure plasmas have been studied by several large fractal dimension.
authors?—® Briefly, dust particles negatively charge in plas- In a previous publication, we discussed results from a
mas, and so are subject to both mechanical and electricahodel for dust particle agglomeration called the particle ag-
forces. The dominant forces responsible for particle transpoiglomeration mode(PAM) in which we derived scaling laws
are ion drag, electrostatic, neutral drag, thermophoreticior the growth of agglomerates from primary partict8sve
gravitational, and self-diffusion. lon drag forces, which re-found that agglomeration is more likely for larger particles
sult from long range Coulomb interaction between ions ancand higher plasma powers, which produce larger ion drag
the negatively charged particle, accelerate particles in theorces. Due to the scaling of the charging and acceleration of
direction of the net ion flux, typically towards the boundariesparticles with particle size, these conditions result in primary
of the reactor. Electrostatic forces accelerate particles toparticles having sufficiently large kinetic energies to over-
wards the maximum in the plasma potential, typically nearcome their mutual electrostatic repulsion and produce ag-
the center of the plasma. Fluid drag accelerates particles iglomerates. We also found that the growth of agglomerates
the direction of bulk gas flow. The characteristic trapping ofdepends on the shape of the particle. In cases where we
dust particles often observed at the sheath €dgesults  forced agglomerates to be spherical, the rate of agglomera-
from an equilibrium between the oppositely directed ion dragion was low and the terminal agglomerate size was small. If
and electrostatic forces. agglomerates are spherical, an approaching primary particle
Particles which are collected on surfaces in plasma etchexperiences electrostatic repulsion from the full charge of the
ing tools or downstream of the plasma chamber are oftemgglomerate. Hence, primary particles of a given speed are
eventually unable to overcome the Coulomb barrier as the
aElectronic mail: f-huang@uiuc.edu agglomerate grows. In our study, agglomerates which were
DElectronic mail: mjk@uiuc.edu allowed to have cylindrical shapes evolved into high aspect
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ratio (long and narrow structures. An agglomerate which forward in time while considering the plasma shielded elec-
has such an aspect ratio has its charge distributed overtecal force between them using a third order Runge—Kutta
distance of many primary particle radii. The Coulomb forcetechnique having an adaptive time step. If the particles col-
on the primary patrticle is proportionally lower and thereforelide, an agglomerate is formed consisting of the two par-
low speed primary particles can add to the agglomerate. Ificles. If the particles do not collide, the process is repeated
agglomerates grow to sizes approaching or exceeding thehoosing different initial velocities and/or different impact
linearized Debye length, some charge on the agglomeratgarameters. If an agglomeration does not occur after a speci-
may be shielded from the primary particle during its ap-fied number of trialdtypically 5000, we declare that these
proach, thereby leading to additional growth. particular plasma conditiongon density, electron tempera-
These scaling laws, and the cited experimental observaure, particle size, particle mass density, initial velocigl
tions of agglomerate shapes, imply that the shape and growthot produce a larger agglomerate. We do not resolve the
of agglomerates depend on the size, speed, and previous hisechanical forces which bind primary particles into an ag-
tory of the agglomerate. To investigate these processes, wgomerate. Once a collision occurs and a primary patrticle is
have improved upon the PAM by developing a molecularadded to an agglomerate, we assume that the coordinates of
dynamics(MD) model for the agglomeration of particles in all primary particles are fixed with respect to the center of
low temperature plasmas. The MD-PAM simulates the intermass of the agglomerate. That is, we assume a rigid body for
action of individual charged primary particles with a grow- the agglomerate.
ing agglomerate of arbitrary shape while considering electro- We typically begin with two primary(monomej par-
static shielding. We found that particles which have kineticticles and build the agglomerate by adding additional mono-
energy marginally able to broach the Coulomb repulsiormer particles. The orientation of the agglomerate is impor-
barrier generate agglomerates which are dendritic and hawant in determining the propensity for agglomeration since
low fractal dimension. These agglomerates resemble neutréthe incident primary particle experiences a different force
aerosols which grow in a diffusive or random walk regime,depending on the local morphology. To account for this de-
and tend to be composed of smaller primary particlegpendency, Eulerian angles are randomly chosen for the ag-
(<100s nm. Particles which have large kinetic energiesglomerate. After backing off the particles, the coordinates of
which are sufficient to broach the Coulomb barrier formthe agglomerate are rotated about Cartesian axes based on
compact agglomerates of high fractal dimension, which rethe Eulerian angles with an origin at the center of mass of the
semble neutral agglomerates grown in a ballistic regimeagglomerate. The trajectories of the agglomerate and mono-
These agglomerates tend to be composed of larger primamyer are then integrated forward in time.

particles (>100s nm. The MD-PAM will be described in An important process in the agglomeration of particles in
Sec. Il followed by a discussion of our parametric investiga-plasmas is the shielding of charge on larger agglomerates. If
tion of particle agglomeration in plasmas in Sec. Ill. Ourthe size of the agglomerate is commensurate with the shield-
concluding remarks are in Sec. IV. ing length, which for our conditions is the linearized Debye
length!? a primary particle approaching one end of the ag-
Il. DESCRIPTION OF THE MODEL glomerate may not “see” the charge at the other end of the

agglomerate. Precise representation of this shielding requires

The MD-PAM uses molecular dynamics techniques to . . X . . ) .
build agglomerates on a particle-by-particle basis. In the re2 dynamic three-dimensional solution of Poisson’s equation

sults discussed here, the MD-PAM is not executed within thé’\”t.h apcountmg of electron aqd lon motion, an exercise
framework of a reactor scale particle transport mode, as i¥Vh'Ch is beyond the scope of this wprk. we apprc_mmate the
the previously described PAM, although particle velocityeﬁ:eCtS C.)f plasma shleldlng by using an gffectlve _charge
distributions from the reactor scale simulation are used. ThQ (rij) n the for.ce equation for th? coII|d|ng. particles,

purpose of the MD-PAM is to investigate the processes IeadWhererij Is the distance between primary par'ucles Of. the
ing to classes of agglomerate shapes in plasma processi glomerate. For example, the force on the incident primary

reactors, and so we address only those phenomena here. ™ fticle is

general procedure followed in the MD-PAM is as follows. 1 Q.Q'(r)
We begin by specifying electron and ion densities and = =1 rp=Iri—ryl, (1a)
their temperatures, and the radius and mass density of the 4meo T Fij

primary dust particles. Given these parameters, the equilib- .

rium electrical charge on the dust particles is computed as JAamr? expg(—r/\)dr
described in Ref. 11. Initial velocity vectors are then chosen Qi (rij)=Qi| 1- Jeamr? exp(—r/\)dr |’
for each of the two reactant particlésither two primary

particles, a primary particle and an agglomerate, or two agwhereR is the radius if the primary particlé, is the shield-
glomerates An impact location is chosen and the particlesing distanceQ); is the unshielded charge, and the sum is over
are “backed off,” following the reverse trajectories of their primary particles in the agglomerate. The effective charge
initial velocity vectors to locations where the repulsive elec-reduces the repulsion between the incident primary particle,
trical potential between the particles s 1% of its value and primary particles in the agglomerate further theaway
when the particles touch. An impact parameter is randomlydue to the intervening plasma shielding. In doing so, the
chosen between zero and the sum of the radii of the tweffective charge of primary particles at the opposite end of a
particles. The trajectories of the particles are then integratetichainlike” agglomerate is small.

(1b)
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FIG. 1. Maximum agglomerate sizéin units of primary particles/

agglomeratg for specified approach velocitis€m/9 and primary sizes
(nm). With the increased kinetic energy at higher velocities and primaryFIG. 2. Velocity distributions for 100 nm primary particles in a 100 mTorr
Ar discharge for different powers: 48 and 120 W. While the majority of the

particle size, particles can produce larger agglomerate structures.
primary particles are at low speeds few 10s cm/g particles can reach
several hundreds of cm/s entering the sheath.

In our previous work, we found that the kinetic energy
of the reaptants in large part Qetermlnes the terminal _agglonb ~ CT, ~ RT., whereT, is the electron temperature, and
eration size. The MD-PAM is not fully integrated into a . . : .

. Y o C is the capacitance of the particle. The lab energy required
plasma model, and so estimates of the initial velocities of th? :
; ; or an agglomeration therefore scales as
reactants are required. These values are obtained from a
plasma equipment model into which dust particle transport is 1 , QiQ RleTé
fully integrated.(This model is described in Refs. 3 and)13. E=3 MVi~ R,+R, R;+R,’ @

The integrated particle transport model is executed for the ] ] ]
conditions of interest and the velocity distributions of the@nd so the required speed of the primary particle to undergo

dust particles are calculated. The velocity distribution pro-2gglomeration scales as

vides us with realistic upper limits for our parametric studies. ( R, 12
Vl"’

RZ(R,+ Ry) ®

Te.

lIl. AGGLOMERATION SHAPES As shown in Fig. 1, agglqmergtion require§ relative speeds of
10s to 100s cm/s for typical sizes of particles. Although the

In this section, we will discuss shapes of agglomeratesnajority of particles in RIE discharges do not have these
for various plasma reactor conditions and particle sizes. Fospeeds, particles in the tail of the velocity distribution can
the first results, we have specified the electron and ion tembroach the critical speed for agglomeration. For example,
peratures as 1.0 and 0.05 eV, respectively, and a particligpical particle velocity distributions for 100 nm monomer
composition of Si(mass density 2.33 g cm). For these particles are shown in Fig. 2 for a RIE discharge operated in
conditions, particles having radii of 100, 300, and 1000 nm100 mTorr of Ar at 48 and 120 W. These distributions were
particles have charges 6f215, —654, and— 227%. The computed with the dust transport simulati@TS) described
agglomeratéor larger collision partneiis initially at rest, as  in Ref. 13. Although the bulk of the particles have low av-
it would be if residing in a trap, and we specify the speed oferage speedga few to 10s cmjs the maximum particle
the monomer primary particle. The maximum number of tri-speeds are 100s cm/s to as large as 1000 cm/s. The maxi-
als to add an additional monomer to an agglomerate is 5000num particle speed increases with increasing power which
We stopped building the agglomerate when it contained 15creases ion drag forces. Particle agglomeration in plasmas
primary particles. It has been our experience that particless therefore not a process in which all particles participate,
which reach this size will generally continue to grow. but rather particles which populate the tail of the velocity

The terminal agglomerate sizexpressed as the number distribution.
of primary particles in the agglomerats shown in Fig. 1 as A scanning electron micrograph of a typical dust particle
a function of the incident speed of the monomer for particlecollected from the exhaust of an RIE discharge sustained in
radii of 100 nm to 1um. The terminal agglomerate size SFqis shown in Fig. 8).1* The particle is an agglomerate of
increases with speed and, for a fixed speed, increases wiimaller primary particles, approximately 40 nm in diameter.
primary particle size. This scaling follows from the require- A typical agglomerate generated by the MD-PAM, using sili-
ment that monomer particles must have sufficient kinetic eneon primary particles of approximately the same size, is
ergy to overcome the repulsive Coulomb barrier of the largeshown in Fig. 8b). The shape of the agglomerate from the
agglomerate. The charge on particles of radtuscales as MD-PAM shows good qualitative agreement with the experi-

5962 J. Appl. Phys., Vol. 81, No. 9, 1 May 1997 F. Y. Huang and M. J. Kushner



v =50 cm/s v=75cm/s
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FIG. 4. Simulated agglomerates generated usipgnlradius particles over

a range of approach velocitie®) 50, (b) 75, (c) 100, and(d) 300 cm/s. At

low speeds, the primary particles form filamentary agglomerates. At high
velocites, the agglomerates form a more compact, ballistic type structure.

the other members of the agglomerate, and some amount of
additional plasma shielding. As the incident speed increases,
at constant particle size, the kinetic energy of the incoming
particle is progressively able to overcome the electrostatic
(b) repulsion of the growing agglomerate. At sufficiently high
incident velocity, agglomerate growth is essentially ballistic.
FIG. 3. A comparison ofa) a SEM micrograph of a dust particle collected Given these observaﬂ_ons, the shap_e of the agglome_rate
in an Sk discharggRef. 14 and(b) a typical agglomerate generated by the should depend on the ratio of the kinetic energy of the in-

MD-PAM under similar conditions. Both the collected and simulated par-cOming particle to the repulsive energy,
ticle consist of spherical primary particles roughly 40 nm in diameter, and

show similar shapes. E M, V2
2 Tt RVA(R,+Ry)
P 1 Q.0 RRT @
. . 1%2 1M2te
mental data. Both agglomerates exhibit filamentéigw
4’7T€0 R1+ R2

fractal dimensiopshapes. The structure of the agglomerates,
however, largely depends on the size, charge, and relativ@mall values of3 correspond to small particles having low
kinetic energy of the collision partners. For example, ag-speeds approaching large agglomerates holding high charge
glomerates composed of 1 micrdradiug particles having (resulting from either their size or large electron temperature
successively larger approach spe¢di8, 75, 100, and 300 of the plasma Under these conditions, the agglomerate
cm/9 for the incoming primary particle are shown in Fig. 4. should be filamentary. Large values gf (large particles,

We find that at low particle speeds, the shape of the agglomhigh velocities, and low charge stateshould produce ag-
erate is filamentary and has a low fractal dimension, akin t@lomerates which are compact. For example, the agglomer-
the “diffusive” agglomeration regime for neutral aerosols. ates shown in Fig. 4, transitioning from filamentary to com-
At high particle speeds, the agglomerate is compact and hamct, have normalize@ values of 0.25, 0.56, 1.0, and 9.0.

a high fractal dimension, akin to “ballistic” agglomeration Following this reasoning, particles having approximately the
regime for neutral aerosols. At low incident speeds, the insame value of3 should therefore form agglomerates having
coming particle’s kinetic energy is small compared to theapproximately the same shape. This scaling is shown in Fig.
potential energy of the agglomerate, and so it is scatterefl where we see agglomerates generated by the MD-PAM
with a large deflection angle. Growth occurs, at best, at théaving primary particles with radii of 100, 300, and 1000
periphery of the agglomerate, which results in forming fila-nm, but the same value ¢ (approach speeds for the incom-
mentary, low fractal dimension shapes. These shapes ameg primary particle of 1000, 333, and 100 cm/Ehe shapes
self-perpetuating since the electrostatic repulsion of a prief the agglomerates are qualitatively the same.

mary particle approaching the end of a chainlike agglomerate The local conditions in the plasma play a key role in the

is lower than that approaching a compact agglomerate conrate of agglomeration and agglomerate shapes since the elec-
posed of the same number of primary particles. The lowetron temperature and plasma density determine the charge
potential energy results from both increased distance fromstate of the primary particle and the shielding length. The ion
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? FIG. 6. Maximum agglomerate size while varyif@ ion density andb)

@ electron temperature. At higher plasma densities, the Debye shielding dis-
(b) tance decreases, so that primary particles effectively see less charge on other
particles, resulting in a small increase in agglomeration. The surface charge
accumulated on primary particles increases With increasing the potential
1 000 nm barrier for the incoming particle and reducing the amount of agglomeration.

% 100 cm/s

end of the agglomerate to a greater degree at high plasma

densities. Since the shielding lengths are commensurate to or

larger than the agglomerate size, this effect is not large, and

one should see only small increases in agglomerate size with

increasing plasma density, as predicted by the MD-PAM.

) We see, however, that with increasing electron tempera-
L ture (plasma density 1X 10'° cm™3), the extent of agglom-

(c) eration drops significantly. This trend results from the fact
that the amount of charge on a primary particle increases
with electron temperature, and hence the repulsive potential

FIG. 5. Morphologies of agglomerates of the sargevalue. (@ R barrier between particles increases as well. If the kinetic en-
= 100 nmp = 1000 cm/s(b) R = 300 nmu = 333 cm/s(c)R=1000nm,  arqy of the particles is constant, the value ®fdecreases,
v = 100 cm/s. The agglomerates qualitatively have the same, fllamentarYeading to both smaller agglomerates and more filamentary
shape.
structures.

To demonstrate how reactor conditions can influence ag-
fluxes, gas flow, and plasma potential additionally determingylomeration, particle shapes were computed by the MD-
the magnitude of acceleration of the particles. Predictions oPAM using the velocity distributions shown in Fig. 2 for low
agglomerate sizes and shapes must therefore be performadd high powered plasmas. Incident particle speeds were
on a reactor-by-reactor basis. Using results from the MD+andomly chosen from these distributions while having the
PAM, one can obtain scaling laws for how plasma conditionsagglomerate be initially motionless. This simulates the ap-
in a particular reactor influence agglomerate growth. For exproach of monomer primary particles towards agglomerates
ample, the maximum number of primary particles per agirapped at the sheath edge. The resulting agglomerate shapes
glomerate, with an upper limit of 150, is plotted in Fig. 6 asare shown in Fig. 7 for 100 nm primary particles. The ag-
a function of plasma density and electron temperature. Witlyglomerate generated using the low power velocity distribu-
an electron temperature of 1.0 eV, the extent of agglomeration is filamentary, reminiscent of particles grown at I@y
tion sees a small increase over the range of plasma density dfie to the low cutoff speed of the velocity distribution. The
1 x 10°to 1 x 10* cm™3. At higher plasma densities, the lin- agglomerate generated using the high power velocity distri-
earized Debye length is shorter. Therefore, primary particlebution is more compact, resembling particles grown at high
approaching one end of a large filamentary particle arg3 due to the influence of the energetic tail of the velocity
shielded from the electrostatic repulsion of particles at the fadistribution.
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perature plasmas correspond to largeand tend to form
compact agglomerates having high fractal dimensions. These
conditions are analogous to the ballistic growth regime for
aerosols. Smaller particles having lower approach speeds
correspond to smalpB and tend to form filamentary, low
fractal dimension agglomerates. The relative speeds required
to form agglomerates in plasmas are 10s to 100s cm/s. These
speeds are obtained by dust particles found in the tail of the
velocity distributions, usually entering the sheath after hav-
ing been accelerated by ion drag forces; or after having been
injected through gas nozzles.
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