Particle contamination formation in magnetron sputtering processes
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Defects caused by particulate contamination are an important concern in the fabrication of thin film
products. Often, magnetron sputtering processes are used for this purpose. Particle contamination
generated during thin film processing can be detected using laser light scattering, a powerful
diagnostic technique which provides real-tinte situ imaging of particles>0.3 um on the target,
substrate, or in the plasma. Using this technique, we demonstrate that the mechanisms for particle
generation, transport, and trapping during magnetron sputter deposition are different from the
mechanisms reported in previously studied plasma etch processes, due to the inherent spatial
nonuniformity of magnetically enhanced plasmas. During magnetron sputter deposition, one source
of particle contamination is linked to portions of the sputtering target surface exposed to weaker
plasma density. There, film redeposition induces filament or nodule growth. Sputter removal of
these features is inhibited by the dependence of sputter yield on angle of incidence. These features
enhance trapping of plasma particles, which then increases filament growth. Eventually the growths
effectively “short-circuit” the sheath, causing high currents to flow through these features. This, in
turn, causes mechanical failure of the growth resulting in fracture and ejection of the target
contaminants into the plasma and onto the substrate. Evidence of this effect has been observed in
semiconductor fabrication and storage disk manufacturing. Discovery of this mechanism in both
technologies suggests it may be universal to many sputter processekD9American Vacuum
Society[S0734-210(197)08504-1

[. INTRODUCTION commonly observed during many sputtering processes.
At first, particles present in magnetron sputter deposition
Particle contamination produced during plasma processprocesses might be expected to exhibit similar behavior and
ing is a topic of much current concern and study because Qdroperties as particles formed in plasma etch or chemical
the deleterious effects of contaminant particles on substratgapor deposition processé8As such, these particles have
surfaces. Sputtering, a ubiquitous plasma processing teclnhanced charge and show differences in transport from non-
nique used in thin film deposition, is also prone to particlejonized environment®’ Also, the charge on particulates,
contamination. Particle contamination can result in pin holesgombined with the negative sheath boundary can result in
delamination and interconnection shorts or opens in metallisyspended and “trapped” particl8sThese suspended par-
zation processes. On magnetic storage disks, particle coficies grow larger due to sputter deposition. Momentum
tamination can also result in read—write errors, bad sectorgsansfer from ions drifting towards the sheath region also
and total disk failure. To minimize this problem, it is impor- contributes an “ion drag” force that enhances the transport
tant to identify the causes and contributing factors to particuof particles® In addition to electrical forces, particles in plas-
late contamination. mas are influenced by the same forces that influence particles
Sputtering has long been known to result in visually ob-in nonionized environments: thermophoresis, neutral drag
servable and microscopic defects on the target surface. Flor&tokes forcg turbulence, and gravit}. At typical sputter-
etal’ described analysis of 2-5@m long whiskers of ing plasma pressure<10 mTord, neutral drag is small and
0.05-0.5um diameter formed following ion bombardment tyrbulence is negligible. Since the mean free path at typical
of graphite surfaces. Metallic targets have shown developsputtering pressures is 5-50 mm, thermophoresis is possible
ment of sputter cone surface impuritfe$To date, however, only under some circumstances. Gravity is typically a weak
these target problems have not been directly linked to wafeforce for all but very large particle§.e., those larger than a
or disk contamination problems. Still, these problems argew hundred microns
It is believed that homogeneouse., gas-phase nucle-
2Electronic address: GSS@LANL.GOV ation) as well as heterogeneous.g., reactor wall flaking
C)E'ec”on'c address: weiss_corey@ny.mrc.sony.com ~ ggyrces contribute to microcontamination. Only recently
urrent address: Departamento de Materiales de Ingenieria, Un|ver5|dc~,1%1‘_jwe these issues been carefull dd d b ientifi
y addressed by scientific

del Valle, Edificia 349, 20. piso. Santiago de Cali, Columbia. 1 Rt
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low pressures, homogeneous contributions are likely to be
negligible. As a result most contamination problems in mag-
netron sputtering processes have been attributed to heteroge-
neous contamination sources, such as wall flaking. In par-
ticular, film deposition on the walls of the plasma chamber
can flake due to thermal expansion mismatch, film stress, and
from poor adhesion of the film to the wafl Also, corrosion

camera ] chamber

and ion bompardmgnt may promote film flaking, as can the f:rz)gz\,_
presence of impurities or water vapor on the process cham- platten
ber walls.

Laser light scattering has been successfully used to detect
particle contamination problems in a wide range of host _
tools. This technique, which has been described in detail rastered disks
elsewherd;**4s also applicable to the analysis of sputter laser

deposition problems. However, unlike the previously pub- beam

lished work, for analysis of particle contamination sources in
magnetron sputtering processes, it is especially useful to de-
tect particles and their precursors directly on the magnetron
target, or on the substrate. Recently, laser light scattering
(LLS) has also been used for situ detection of particles on
wafers during processing.

(a) mirror

Video Controller

[I. EXPERIMENT: PARTICLE DETECTION
APPARATUS

The experimental LLS method used is a variation of the
apparatus previously used for detection of particles in gas-
phase plasmas. Both forward-direction and backscattered
LLS were used and depended on the tool geometry and pro-

iAdP
cgss studied? In the work performed at Seajgate’ a large Fic. 1. (a) LLS setup used to detect particles in the in-line disk sputtering
mirror was mounted at the bottom of a large, in-line sputter+oo| at Seagate. Note that both forward and reverse laser light scattering may
ing tool. The laser light was directed down onto the mirror,be used by placing a large mirror at the base of the thoLLS setup in the
from the laser mounted on the top of the tool, and the reMRC Primus sputtering system. Note that only backscattered light could be

. . . ’ ((:]ollected in this system.

flected beam was viewed with a video camera also mounte
on the top of the tool. The laser illumination plane was set
parallel to one of the opposing sets of targets. In the work
performed at Materials Research CorporatiMRC), back-

. Primus 2500
(py ~ Monitor Test Stand

dl liah loved. Both hod i asing a grazing incidence method. Imaging detection of the
scattered laser light was employed. Both methods provided ., qreq light is accomplished with a high resolution video

sufficient sensitivity to analyze the sources and mechanismé,amera In the work performed at MRC, the laser beam was

of parpcle contamination. This was du.e to the relat“’e'yrastered across the edge of the target at grazing incidence.
large filaments on the targets observed in both cases. This setup is seen in Fig(t)

In magnetron sputtering, the plasma is confined near the
target surface with magnetic fields resulting in regions of
different plasma density which sputter the target nonuni-
formly producing a distinct target erosion groove or race-;; RESULTS
track. This results in significant changes in plasma sheath
thickness over the surface of a sputter target. Over the race- Similarities in microcontamination generation were noted
track and close to it, the sheath thickness is very small bebetween the rf sputtering plasma used for carbon deposition
cause the plasma density is highest. In this region, it is difon magnetic storage disks and the rotating dc magnetron
ficult to discern suspended particles from particles present oplasma used to reactively sputter TiN from a Ti target onto
the target. To detect particles on the target, the beam isilicon wafers. In both cases, the dominant source of con-
slightly angled, so that the laser is rastered parallel to théamination was attributed to the growth, movement, and
target surface at grazing incidence. Fixed surface defectgventualmechanicalejection of filaments or nodules on the
however, can easily be discerned from particles suspendedrgets. In both cases, the targets initially appeared clean and
very close to the target because of the random movement thHieee of filament growth. However, after several hours of
latter shows during video imaging. sputter operation evidence for these target structures was ob-
The set-up employed at Seagate is shown in Fi@.1 served. Results for the two sputtering technologies are sum-
Particles can be detected both on the disks or on the targetsarized below:
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A. Magnetic storage disk manufacturing PM 5:02:52 11-14-95

PM 5:02:52 11-14-95

Laser light scattering studies of the rectangular carbon
target surfaces show the presence of filaments along the tar-
get regions exposed to low ion bombardment. After several
hours of sputtering, these filaments become heated and even-
tually shoot off the target, striking and embedding into the
disks. LLS results obtained for the targets and disks are dis-
cussed below. PM 5:02:52 11-14-95 PM 5:02:52 11-14-95

1. Carbon targets

Starting with a clean toolsuspendedparticles smaller
than 0.5um were seen “swarming” around small defects or
elongated grains on the target after several minutes of sput- (c) (d)
tering. These particles were near the racetrack region. After
10-30 min, these particles occasionally adhered to the sufe. 2. I]four_captl:ret:\l Videt(l’)l irpaggs aredshowni fslepara:e_d t*;y 1/30 s, tute

H H H H : camera framing rate. Note the TiXxed incanaescent filament in the upper ri
face grains, causing the. formaﬂ_on of S“ghﬂy elo_ngated flla-center portion %Ka) and (b). This filament is ejected ifc), moving topt?\e ’
ments. Growth of the filament increased with time. It wasjght center edge of the figure and finally disappears from view completely
evident that these filaments electrostatically attracted paiin (d).
ticles due to the slightly elevated plasma potential near the
trap and the negative particle chaf§é’ Sputter deposition
onto these trapped particles increased their size, decreasing particle detection on disks
their random movement and eventually causing the particles

to touch and adhere to the filaments.

To further evaluate wall flaking and target effects, a

As the target filaments grew longer, many became incanholder containing a number of clean disks was placed be-

descent, an effect attributed to the passage of high curreff/6€n the targets for static depositio?. The disk pallet was
through these fine features. Some filaments grew as long goounted at a sharp angle, around 80°, to allow for scanning
2-3 mm and were<10 um in diameter. Eventually the fila- across the disk surface from the laser mounted on the top of

ments fractured and were released into the plasma. Fractufa t0ol. Backscatter was used to detect particles. The disks

of the filaments appeared to be a violent process, probabl{f©® Scanned prior to, and during sputtering. In some cases,

due to the impulse provided by vaporization of filament ma_particle deposition on the disks could be observed under high

terial. Also, the filaments become negatively charged oncgh@gnification with the video camera, without the aid of the
they leave the surface due to attachment of electrons. Ba2Ser- Disk surface scans were compared with the LLS mea-

cause of this, negatively charged particles are accelerated y/réments of the targets. _ . .
the repulsive sheath field surrounding the target. Using the BY monitoring different disks aligned opposite to various

known framing rate of the frame camera and distances insidB_omo_ns of t_he target, _"F was pOSSIbIe_ to analyze the varia-
tions in particle deposition on each disk and to relate these

the tool, the velocity of some of these filaments was deter- )
mined to be in the range of 100 cm/s. During passagéneasurements to the nearby target surfaces. Those disks lo-

through the high density regions of the plasma, the particle§t€d across from the low sputtering regions of the target
became increasingly heated. Heating of particles, especialf3’°"€d @eryhigh level of contamination, providing a con-
large particles in a plasma, has previously been shigwn. Irmation qf the target ITLS results. This was especially evi-
Figure 2 shows a series of sequential, captured video imagéj§m for disks located in frqnt of the centers of the targets,
of a heated, ejected filament shortly after release from thi&/hen compared to those disks closest to the racetrack. In
surface of the targets. Note the movement of the light scatiMe: the particles observed on the disks also appeared to
tering defect seen in Figs(@ and 2b) (upper right corner grow Iar_ge_r, probably due tq film dep0§|t|0_n over the par-
eject from the target and move downwards in Figg) 2nd ticle. This |nd|cat_es that particle cont_amlnatlon_ on the disks
finally disappear completely from view in Fig(d. may become buried by subsequent film deposition.

Another interesting observation seen was the release of
very fine particles from the surface of the carbon target dur—B TiN d L d circui llizati
ing the first few seconds of power application. Laser light™ IN deposition In integrated circuit metallization
scattering showed that dense clouds of very fine dost In the manufacture of integrated circuits, contacts to sili-
lieved to be less than 0.,2m in diameter “bubbled” from con, interconnections between levels of metallization, and
the racetrack surface in the first ten seconds of sputteringeflective conductors require reactively sputtered titanium ni-
This fine dust is close to the grain size of the graphitetride (TiN) films for barriers and antireflective coatings.
pressed powder target and so may be caused by the abrasiVeese reactive sputter processes are known to contribute to
method employed for target cleaning, prior to processingparticulate contamination and die yield loss. Laser light scat-
These fine particles may act as nucleation centers for growttering was successful in diagnosing mechanisms of particle
of larger particles. generation, transport, and trapping.
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PM 5:31:29 7-25-94

Fic. 3. Video image shown the edge of a Ti planar magnetron target and

anode(dark spacgshield. Filaments visible at the edge of the target and

nodules visible on the surface of the target are marked by arrows a and b,

respectively. Fic. 4. Scanning electron microscopy micrograph showing the microstruc-
ture of broken off TiN filaments on a Ti target surface.

Reactively sputtered TiN was deposited in an Arén-
bient from a Ti target onto 200 mm silicon wafers. Typical improvement was observed when magnetron power was
processing pressures were 2—4 mTorr at magnetron powessowly ramped down prior to plasma shutdown. Filament
between 2—-10 kW. LLS measurements were made on th#®rmation wasnot observed during argon sputtering of Ti,
surface of a 295 mm diam Ti target operated with dc powemnor were any trapped, submicron particles observed during
and a series of rotating magnets behind the target. Althougthis chemically unreactive sputtering process. This indicates
redeposition onto the target surface occurs, this design prdhe importance of homogeneously grown, trapped particles
motes nearly full target erosion. However, during reactivefor growth and ejection of particulate contamination during
sputtering features resembling filaments or flakes may growiN sputtering. In contrast, Ti sputtering is well known for
to sizes up to hundreds of microns in the regions of the targeshowing much less wafer contamination than the reactive
where the sputter rate is lowest, typically at the edge of thdiN process. The improved cleanliness of the target seen by
target. LLS is in agreement with these well-known fabrication dif-

Through the use of smooth chamber shields, flaking anderences between Ti and TiN sputtering.
delamination of film deposits due to increased film stress and Also by turning off the reactive Ngas and sputtering the
poor adhesion was induced. Along the edges of the targef,i target in Ar, the number of edge flakes could be reduced.
numerous target flakes or filaments ranging from 50-500 his demonstrates that the formation and growth of filaments
um long and 2—-25um wide were observed. Occasionally, is controllable by processing Ti periodically to clean the tar-
these flakes became trapped at the edge of the sputter targmt surface.
and were oriented nearly normal to the target surface with Finally, sub-0.5um TiN particles were observed sus-
the free end pointing towards the plasma. As in the case gfended in the electrode region between the anode ground
the stationary magnetron plasma, filaments at the edge of tighield and the edge of the target. These particles appeared to
target were observed to grow at rates of up to 1 mm/h due tbe strongly trapped and exhibited random motion during
local electrostatic traps accumulating additional particlesplasma processing. Significant accumulation of trapped par-
The filaments deflected in a pendulumlike fashion oscillatingticulates in this region may ultimately cause arcing which
with the same periodicity as the magnetron rotation. Thisalso can generate and distribute microcontamination
motion is probably due to electrostatic forces on the fila-throughout the process chamber.
ments which are at the cathode potential that arise from local
changes in the plasma potential as the magnetic field is rgy. DISCUSSION

tated. Similar results were observed in both of the cases de-

Similar to the work on carbon targets, when a filament_ S .
- . . scribed above. A mechanism is suggested below and is sche-
was positioned near the interelectrode region between the

target and the anod@round, it became incandescent. Fig- matically illustrated in Fig. 5.

ure 3 shows a captured video frame of the target and darkl) For carbon sputtering, the nucleation process is likely
space shield viewed at near grazing incidence in which two initiated by the evolution of very fine C dust generated
filaments are visible. The motion of the filaments eventually  upon initiation of the plasma from the target. Some dust
causes breakage and ejection of fragments into the plasma. is generated by the explosive evolution of adsorbed wa-
Figure 4 shows the microstructure of one such broken-off ter vapor during the first few seconds on ion bombard-
filament. Filament ejection, which contributes to surface con- ment on the target. This step likely results in particles
tamination, was also observed at plasma shutdown. Some sized below 50 nm that enter the plasma, become
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of the filament. The ejected fragments become electri-
cally isolated from the target and remain negatively
charged.
racetrack (8) The charged patrticle is accelerated by the sheath field,
with a force ofgE whereq is the charge of the filament
and E is the electrical field in the sheath. This further
propels the filament into the plasma.
Movement of the filament is influenced by the kinetic
energy released during ejection, electrostatic forces in
the sheath and in the plasma.
(10) The hot filament impinges onto a wafer disk or cham-
ber walls often at high velocities. In some cases, the
sjected flament (enters com_b_ined heat and kir_letic energy _of the_ filament is
plasma) sufficient to melt the disk at the point of impact and

/—fnamems permanently imbed the filament into the disk.
sheath

V. CONCLUSIONS

carbon target

redeposition & (9)
filament growth
regions

trapping region

current _

The formation and transport of particles during plasma
Fic. 5. Schematic illustration showing the presence of filaments on themm deposition processes shows both similarities and differ-

target surface on the sputtering tool, the presence of trapped, fine particles, ith oth | Particl leati
and the fracture of these filaments, causing their violent release and he::ltirﬁgnces wi othér plasma processes. Farucle nucleaton,

in the plasma. growth, and trapping are observed during film deposition,
similar to that observed during etching processes. However,
significant differences are also observed. The highly nonuni-

charged and are then subject to trapping effects near thfgrm plasma denglty typical of_magnetron sputterlng pro-
. : cesses are especially prone to simultaneous material removal
surface of the target. For reactive TiN processes, ex-

tremely small particles may be homoaeneousl rOWnand redeposition rates in different target regions. Because of
In bot)r( casesp articles an also beg eneratgdgdurinthis’ filament formation can occur in low plasma density re-
chamber mainiegance 9 8ions of the target. When these filaments form near the high
. L . density regions of the plasma, the sheath thickness is chang-
(2) lon dr_ag carries particles towarq the Sp‘.mef target. Th'?ng and is thin due to the higher density plasma. Because the
force 1S bglance_d by electrostatic repulsion in the Sheatrt]naments are resistively heated by increased current flow,
resulting in particles suspended at the sheath just above ; ) : .
. violent mechanical failure can result, carrying the filament
the target surface, typically less than 0.5 mm.

(3) Trapping in the plasma enables the growth of Suspendeinto the plasma._ Combined with repulsion bejtween. the nega-
particles. This increases the mass and charge of the par'ytaly charged filament and the sheath region, this process
ticles ' results in an acceleration of the filaments away from the

(4) Filaments, target roughness or nodules, especially in thsputter target. As the filaments cross high density regions of

weak plasma region between the racetrack and at thﬁ]e plasma, electron/ion impingement and neutralization pro-

C ; cesses result in rapid heating of the particles. As a result, a
edges of the target, form electrostatic “traps” that attract . . L
) : . . hot, fast-moving particle can impinge onto a substrate, pos-
and confine these particles, in a manner as previousl

found for other plasma processdsTarget roughness gibly causing melting and penetration into the disk substrate.
can be influenced by density or co'mposition gradients Laser light scattering is a powerful tool for diagnosing

) . ) . —particle contamination problems in a wide variety of plasma
inclusions, grain structure and even by some cleanin : ST
procedures ools and processes. Its widespread use and application is

(5) Small particles orbit and surround the filaments andonly starting now. Clearly, its use continues to offer signifi-

other protrusions from the target. Eventually, the par-Cant insight and benefit into the analysis and control of par-

ticles bump into the filaments and adhere to them, mak'_uculate contamination problems in a wide range of applica-

. . ) . tions.
ing the filaments grow larger. Larger filaments result in
stronger trapping potentials. The up and down sheatffresented at the 43rd National Symposium of the American Vacuum Soci-
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(7) Heating of the filaments results in fracture and ejection (1989.
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