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Velocity Distributions in Magnetron Sputter

C. H. Shon, J. K. Lee, H. J. Lee, Y. Yang, and T. H. Chung

Abstract—Results of the particle simulation of magnetron anode
sputter are presented. Using a kinetic code, we obtain the spatial T
profiles of plasma density, potential, and velocity distribution
{ ——y (em) Substrate
X (em) dielectric

function, along with the electron temperature, the ion density, the
current density, and the deposition profiles at the anode surface.
The result of simulation is compared with the Child—Langmuir
law applied to the magnetron discharge and the global model.
The velocity distribution function of electrons is Maxwellian, but
that of ions is non-Maxwellian near the cathode with the majority
in the energy range below50 eV.
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LANAR magnetron sputter [1]-[6] is widely used as y iron

a plasma processing device. The field of application is 125 275 225 ‘ 275|125
sputter deposition [7], reactive sputter deposition, reactive ion . T T T
etching, and coating of thin films. Taking the advantage of 10.25

magnetic field, magnetron sputter operates at a low pressure
and a low voltage.
Applied magnetic field confines energetic electrons near thig- 1. Schematic diagram of magnetron sputter used in the simulation.
cathode. These confined electrons ionize neutral gas and form
high density plasma near the cathode surface. lons produced by II. SIMULATION RESULTS
these electrons are accelerated toward the cathode surface with
high energy. This bombardment of ions not only sputters ot Geometry and Breakdown of Discharge
target materials, but also produces secondary electrons whiciThe schematic geometry of magnetron sputter used in our
maintain discharge. simulation is shown at Fig. 1. The simulation region is the
As the microelectronics industry grows exponentially, fabrsquare withL, of 10.2 cm andL, of 10.25 cm. Magnets are
cation of thin film process becomes a crucial point of concerlocated behind the cathodé.,. is the distance between the
Many research activities about magnetron sputter have besmde atr = 0 and the cathode at = L. Other boundary is
carried out by experimental methods but not much by theotjosed with dielectric material. There is also iron plate below
and simulation. Numerical simulation and theory generapermanent magnets. Magnetic fields are calculated with the
realistic and useful results. There are three-dimensional (3-PBPISSON code [11]. Using this magnetic field, we simulate
particle-in-cell/Monte Carlo (PIC/MC) simulation results [8]with a particle code OOPIC [10]. Shown in Fig. 2 is the input
[9] which are computationally costly. Thus we use a PIC/M@agnetic field for the OOPIC code. Various magnet geometries
two-dimensional (2-D) simulation code OOPIC [10]. can be used to determine the optimum geometry for magnetron
In Section Il, the simulation results are shown for thsputter.
magnetron geometry and the breakdown characteristics irThe breakdown curve for the magnetron-sputter geometry
Section II-A for the profiles of the plasma quantities iris shown in Fig. 3. The dotted line indicates the theoretical
Section [I-B and for the velocity distributions of electrons andurve for unmagnetized cases (the Paschen curve), and the
ions in Section II-C. The steady-state property is discusssdlid curve shows our simulation results for the magnetized
in Section Ill, and the summary with a conclusion is givepase using the magnetic field as in Figs. 1 and 2. It also
in Section IV. shows that much lower pressure can be used for breakdown
at the same size of geometry and at much lower voltage.
Manuscript received February 6, 1998; revised August 7, 1998. This wolihese beneficial effects are due to the magnetic field.
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Fig. 2. Magnetic field distribution used in OOPIC for the strength of (a) Bx, (b) By in Gauss, and (c) the total B-field vector.

1000 ; : : of peak density of electrons and ions to those of Nanbu [8]

1 and [9]. Although the steady state is not reached because of
prohibitively high computing costs, our results show the im-
portant profile and velocity characteristics near the steady state.

800 | ‘ §

. The particle distribution inc—y space is shown in Fig. 5(a)
and (b), and the phase-space distribution in Fig. 6. Electrons
200 - ¥ 1 are confined along magnetic field lines. Plasma density is
higher where the magnetic field is parallel to the cathode sur-
face. The density peak coincides with tBg = 0 points. Near
the anode, the particle distribution becomes more uniform.
Sheath size of our system is approximately 2 mm ak 3
Fig. 3. Breakdown curve for a given magnetron geometry. Dotted line is t€)—% s, Phase-space plots show useful information. Electrons
gﬁs;e?gflofﬁr‘f;g;:t?oﬁngigt{‘e‘if'zed plasma, and solid line is the breakdoyyp, distributeq in the region where the magnetic field is high.
A sheath region forms near the cathode, where electrons are
rare. lon distribution shows that there are many particles in
B. Profiles of Plasma Characteristics the lower energy region. lon velocity is increasing toward the
Out of more than a dozen simulations, our typical simulatio¢athode.
uses Ar gas with the pressure 5 mtorr and the applied potentialon density at the cathode surface, the current density
400 V. The highest magnetic field is 302 Gauss at the cathogidculated from the velocity distribution at the cathode, and
surface between N and S poles. Typical results of OOPIC sithe deposition profile at the substrate are shown in Fig. 7(a) at
ulation for our geometry are shown in Fig. 4 for the numbet,= 2x 10~¢ s and (b) at = 3x 1075 s. The above quantities
the potential, the electron and the ion density-profiles. Thegee normalized. We note that the peaks of the ion density and
values are taken at 8 10~% s which is approximately seventhe current density do not change in time significantly. The
times the ion plasma period. These profiles do not chandeposition profile which depends on the magnetic field shape
significantly during this time, thus considered approachirand the geometry of magnetron sputter is calculated with an
the steady state. At % 10°¢ s, we obtain the same orderassumption that the sputtered atoms from the target surface are

% ; The electric field in the sheath region shows a linear slope
g 600y } 1 in our simulations, which means that the ion distribution is
E | uniform in this region to make a matrix sheath. A laser induced
é a0l ; | fluorescence (LIF) experiment shows the similar results [6].
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Fig. 4. Simulation results at % 10~% s, p = 5 mtorr, andV = 400 V. (a) Total number density, (b) potential, (c) electron number density, and
(d) Ar ion number density.
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Fig. 5. The particle distribution of (a) electrons and (b) iong:#y space. Fig. 6. The phase-space velocity distributions of (a) electrons and (b) ions.
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(b) Fig. 8. lon density at the cathode surface (lower dotted line), the current

Fig. 7. lon density at the cathode surface (the lower dotted line), the Curr‘é{%nsny at the cathode (the solid line), and the deposition profile at the substrate

. - . - e upper dotted line) with (a) a narrow gap between density peak and (b) a
density at the cathode (solid line), and the deposition profiles at the subst . -
(the upper dotted line) at ()= 2 x 106 s and (b)t = 3 x 10 s. Sad gap between density peak due to different magnetron geometry.

scattered isotropically to reach the substrate without engagifgnents of the electron velocity. Fig. 9(b), (d), and (f) is

collisions with neutral gas. Motohiro [13]-[15] and Somekfthe ion velocity distributions at the cathode surface for the

[16] simulate the flight of sputtered atoms using an M@, ¥, andz components of the ion velocity. lons have finite

scheme. They take into account thermalization of energetglocities along ther direction, while other components of

atoms by collision between sputtered atoms and neutral gé¢ Velocities are not significantly different from zero. We

which is ignored in our calculation. calculate the current density of ions entering cathode from
Other results using different magnetic fields and geometriiese distributions using

are shown Fig. 8. As the peak points are shifted toward the

edges, the deposited atom density at the anode substrate is Jg = eN;V; (1)

flattened for an optimized deposition profile. Cathode erosion

profile also can be obtained from these ion density and currgierev; is ion density at the cathode ahis the ion velocity

density profiles at the cathode. The uniformity of the depositgg\yard the cathode surface.

atom density an'd the cathode erosion proflle are important inpjasma distribution is Maxwellian in the bulk region.

plasma processing. Geometry and sputtering condition can\ggar the boundary, a sheath region exists and a highly

optimized by simulation. non-Maxwellian distribution appears. Fluid theory is valid
S when the plasma distribution is Maxwellian. There are many
C. Velocity Distributions attempts to analyze the sheath region of sputter using fluid

Electron and ion velocity distributions are important antheory assuming Maxwellian distribution [17]-[20].
useful for many practical purposes. In Fig. 9, the velocity In our particle simulation, we obtain electron and ion
distribution functions of electrons and ions at the cathodelocity distributions. We calculate the particle distribution
are shown. Fig. 9(a), (c), and (e) is the electron velociip a given region at a specified location. Figs. 10 and 12
distributions at the cathode surface for they, and 2 com- are the electron and ion velocity distributions in front of
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Fig. 9. Velocity distributions of electrons in (a), (c) v, (e) z direction, and ions in (b}, (d) y, and (f) z direction att = 3 x 10~6 s.

the cathode and at the density peak point. Points are ikea steep slope in the lower-energy region and another
simulation results and the line is Maxwellian fitting. Electronmild slope is in the high-energy region. This is consistent
form a Maxwellian distribution. But ions are not well fittedwith the velocity-distribution profile. The high energy tail
to Maxwellian distribution function as shown in Figs. 12 andf velocity distribution corresponds to higher ion energy
13. Many particles are located in the high velocity tail. Thidistribution.
result indicates that a particle simulation produces the resultsAs it is not easy to measure experimentally the low-energy
different from a fluid theory. There are hybrid, electron fluidparticle distribution, this simulation can produce the results
particle ion model [21], [22], and fluid modeling of bulkthat elucidate the experimental situation. The energy of ions
plasma [23]. Hybrid code simulation is used often to redude the tail portion is high and contributes to high sputtering and
simulation cost. cathode erosion. Therefore this simulation information is use-
To clarify the particle distribution, we convert the velocful for experiments. The energy distribution of ions impinging
ity distribution to the energy distribution. Electron energyn the cathode is crucial in determining the secondary emission
distribution is plotted in a semilog scale in Fig. 11. Thef electrons as well as the sputtering and erosion rates. Our
data points are nearly on a straight line with one slom@mulation shows that these ions with energy below 50 eV
in the lower-energy region. In contrast to electron energynstitute the majority while these low-energy ions are rarely
distribution, the ion energy distribution in Fig. 13 is not ortonsidered in measuring the secondary emission coefficient
a straight line. There are two kinds of fitting slopes. Therand the erosion rates.
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Fig. 10. X-direction velocity distributions of electrons (a) in front of cathode, (b) at the density peak-paintat x 10—% s, (c) in front of cathode,
and (d) at the density peak-point at= 3 x 1076 s,
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Fig. 12. X-direction velocity distributions of ions (a) in front of cathode, (b) at the density peak point=at2 x 10=% s, (c) in front of cathode,
and (d) at the density peak point at= 3 x 10~ s.

We also obtain the spatial electron and ion temperatunile ions are not. Electron distribution also deviates from
distributions in Fig. 14. Electron temperature has nearly tidaxwellian at the anode region. lon distribution deviates
same value of a few eV throughout the plasma-bulk ré&rom Maxwellian throughout the entire region. Thus a patrticle
gion except for the sheath region where it is 20-25 ejmulation produces results different from a fluid case.
these values agree with the measurements [2], [3], and [24]Besides being a nonMaxwellian, the above results show
Temperature is around 5 eV in the bulk region, arising tihat there are two kinds of distributions of ions. lon energy
20-25 eV near the cathode. Near the cathode, the electdistribution has two slopes. This is clearer in the<310~°¢
temperature is high and the starting point of temperatuseresult of Fig. 13(c) and (d). The high energy ions are
rising is associated with the sheath. The average electiomportant in magnetron device because these ions are en-
temperature is approximately 5 eV in the bulk region aaged in sputtering, erosion, and secondary electron emission
3 x 107% s. lon-temperature profiles show quite differenprocesses. In addition to high-energy ion distribution, we
characteristics. lon temperature in thedirection does not also obtain the low-energy ion distribution which forms the
vary much. Butz or z direction temperature is increasingmajority of ions near the cathode. It is not easy to measure
toward cathode. Especially, thedirection temperature rapidly experimentally the low-energy particle distribution and the
increases toward the anode. This particle-temperature profilaface reaction coefficients at the cathode for ions at very
is very important since incident ion temperature and directidow energy (e.g., below 50 eV). Many ions have high energies
are the quantities vitally related to surface reactions. Thit some components of ions are accelerated to the applied
high ion energy yields high sputtering rate, which is linearlizigh voltage, causing the non-Maxwellian multitemperature
dependent on the ion temperature. The erosion profile is alfistributions of ions. The mean free path is of an order of
dependent on the ion temperature. Energetic ions make larger. Thus ions are accelerated without collision in the sheath.
erosion rates. The temperature of ions alongsthtirection is  Our kinetic simulation has not reached a steady state due to
associated with the erosion profile. a high computing cost; the information at the steady state can

In magnetron discharge, a fluid model has a limited ape obtained from Nanbu [8] and [9]. Our results, however,
plicability, because the operation pressure is order of mtoproduce transient (but time-insensitive) profiles, especially the
Especially in the sheath region, the plasma distribution is neglocity distributions of ions near the cathode, which can be
Maxwellian. In Figs. 10-13, electrons are nearly Maxwellianjtilized effectively.
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Fig. 13. X -direction energy distribution-function of ions (a) in front of cathode, (b) at the density peak paintat x 10~ s, (c) in front of cathode,
and (d) at the density peak-point at= 3 x 10~% s. Y component is in a log scale.

[ll. STEADY-STATE PROPERTY determined from the (3) is 1.41 mm. The simulation sheath

In general the space-charge-limited current in a plane diogig€: determined from potential am}g particle distribution,
is given by the Child—Langmuir law [25] is approximately 2 mm at 3x 107°® s, 1.8 mm at 3x
10¢ s. These results have the same scaling with Gu and

7, = deo [2¢ v 2) Lieberman’s [1].

9 M s? Gu and Lieberman’s experimental conditiBn= 342 GG, the
voltage 396 V, the total current 0.5 A, produces the electron
Larmor-radiush = 1.96 mm, (s)gr, = 1.23 mm from (3), and
the experimental sheath size—= 1.70 mm. The magnetic field
78 strength is taken on the cathode plate where the magnetic field

(s)ar, = C 4 3) is tangent to the cathode. These conditions are similar to our
I/2B/4 simulation conditionB = 302G, V = 400 V, which produces
and compared this with their optical emission measuremeht= 2.23 mm, and the total current 0.586 As)gr = 1.41
results. Although the experimental sheath size is almost twiggn from (3), simulation sheath siz& ~ 2 mm. The above
higher than the value calculated from (3), the scaling oésults show that the Larmor radius is close to the experimental
experimental sheath size wifB agree well with Child’s law. sheath size rather than {8)r.
In this new equation they assumed that the total dischargd-ujiyama [2], [3] replaced the sheath by an equivalent

wheree is permittivity, e is particle chargem is massV, is
sheath voltages is sheath size.
Gu and Lieberman [1] and [5] proposed a new scaling

current/ is falling in the annulus of widthy, that is electron Larmor radius. These results are based on their
I=A.- T, = 2rgwJy (@) |on|zat|o_n experiment. We estimated our stez_;\dy state properties
from Fujiyama formula because our simulation does not reach

where A is the mean area of the dischargg,is the radius at the steady state. In our case, the electron Larmor radius

which the magnetic field is tangent to the cathode surface, dadapproximately 2.23 mm, which is consistent with the
w is the mean width of the region of ion flux. In our simulatiorsimulation sheath size. Comparison between the experimental

result,w is approximately 1.5 cm which is shown in Fig. 5sheath of Gu and Lieberman and the electron Larmor radius
DischargeA is given by2 x w = 3 c¢m in this case. Current yields the state-state current density. Power peraditection
density is calculated using the result at the cathode in Fig.(@.m) is 2489 (W/m) in our simulation. The global model [26],
The average current densityy is 62.22 (A/n?). Sheath size [27] predicts that the current density is 216 (Airom the
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Fig. 14. Spatial temperature distributions of (a) electrons a 2 x 10~% s, (b) ions att = 2 x 10~% s, (c) electrons at = 3 x 10~¢ s, and
(d) ions att = 3 x 10~¢ s.

power obtained from the simulation result. This is consisteatosion profiles. Electron velocity distribution is Maxwellian
with the current density obtained from (2). Global modetxcept for the anode region. lon profile is nhonMaxwellian
assumes a uniform magnetic field and a volume-averagedthe bulk and in the cathode sheath region. There are two
power. The discrepancy comes from the assumption of glolutifferent profiles of the energy distribution near the cathode.
model and the kinetic simulation is not carried out to reach
a steady state.
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