Reactor-scale models for rf diode sputtering of metal thin films
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This article describes the development of an integrated physical model for the rf diode sputtering of
metal thin films. The model consists of: (1) a computational fluid dynamic finite element model for
the velocity and pressure distribution of the working gas Ar flow in the chamber, (2) a steady-state
plasma model for the flux and energy of Ar ions striking the target and the substrate, (3) a molecular
dynamics sputtering model for the energy distribution, angle distribution, and yield of the sputtered
atoms (Cu) from the target, and (4) a direct simulation Monte Carlo (DSMC) model for the transport
of Cu atoms through the low-pressure argon gas (o the deposition substrate. The individual models
for gas flow, plasma discharge, Cu sputtering, and DSMC-based Cu atom transport are then
integrated to create a detailed, steady-state, input—output model capable of predicting thin-film
deposition rate and uniformity as a function of the process input variables: power, pressure, gas
temperature, and electrode spacing. Deposition rate and uniformity in turn define the characteristics
of thin films exploited in applications, for example, the saturation magnetic field for a giant
magnetoresistive multilayer. This article also describes the development of an approximate input-
output model whose CPU time is several orders-of-magnitude faster than that of the detailed model.
Both models were refined and validated against experimental data obtained from rf diode sputtering

experiments. © 1999 American Vacuwm Society. [S0734-2101(99)16204-3]

I. INTRORUCTION

The development, computational implementation, and in-
tegration of the appropriate physical models for rf diode
sputtering, calibrated and refined using appropriate experi-
mental results, can be used to effectively reduce time con-
suming and costly trial-and-error in the design, operation,
and control of deposition systems for the fabrication of reli-
able, high-quality meral thin films. Therefore, we describe
the development and subsequent integration of reactor-scale
models for the primary physical phenomena—gas flow,
plasma discharge, sputtering and atom transport—constitu-
ting rf diode sputtering/deposition for fabricating thin metal
films, for example, those exhibiting giant magnetoresistance
(GMR). The resulting integrated input—output model is ca-
pable of predicting thin-film deposition rate and uniformity,
two important microstructure performance measures for the
GMR process, as a function of the input variables: power,
pressure, gas temperature and electrode spacing. These per-
formance measures, in tum, define well-known device char-
acteristics such as the saturation magnetic field H, and
GMR ratio.!

The article is organized as follows. In Sec. [I we briefly
describe the rf diode sputtering process for metal thin-film
fabrication and the reactor-scale models of interest. We then
develop and show relevant results for the fluid flow model,
the plasma model, the sputter model, and the direct simula-
tion Monte Carlo (DSMC) atom transport model in Secs. III,
IV, V, and VI, respectively. A detailed (but slow) integrated,
steady-state, input—output model for rf diode sputtering for
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growing GMR films that results from the integration of these
individual model is described in Sec. VII. An approximate
input—output (/-0) model of f diode sputtering that pro-
vides accurate predictions of process performance several
orders-of-magnitude faster than the detailed model is also
described in Sec. VII. The approximate model, once it has
been refined and validated with experimental data, is shown
to be useful for performance sensitivity analysis of deposi-
tion rate and uniformity with respect to input power, pres-
sure, temperature, and electrode spacing. Sensitivity results
are given in Sec. VII, and in Sec. VIII we show how these
sensitivity results can be used to derive set-point control tol-
erances for the critical thin-film layer in an actual diode-
sputtering process. The article concludes in Sec. IX with a
summary of the reported work and a bref indication of
needed future research.

Due to space limitations we only provide the main equa-
tions and, at most, one representative result for each model
described below. Detailed development of and extensive re-
sults for each of the individual models are documented in
Refs. 2 and 3. It is important to note that while commercially
available software packdges such as SIMBAD and SIMSPUD
enable simulation of sputtering and transport processes, the
objective of the current work is the development of a more
fully integrated model for rf diode sputtering. Specifically,
this integrated model includes, in addition to sputter and
transport models, a computational fuid dynamical model of
gas flow in the chamber, and a capacitative parallel plate rf
plasma discharge model for the formation of Ar ions. Also,
while the integrated model is currently restricted to an ide-

©1999 American Vacuum Society 1926



1927 Desa et al.: Reactor-scale models for rf-diode sputtering

RF Power

: N*ﬁ\\.
S~
,;Targets o S

FG. 1. Schematic depiction of the GMR chamber used by NVE (PE 2400
sputtering system).

ally planar sputter (target) surface, it can be readily extended
to handle the case of a contoured sputter surface.

IIl. rf DIODE SPUTTERING AND-DEPOSITION
PROCESS

A schematic diagram of the chamber for rf diode sputter-
ing is shown in Fig. 1. The chamber depicted in Fig. 1 rep-
resents the essential elements of the Perkins—Elmer PE 2400
sputtering system used by Nonvolatile Electronics (NVE),
where the experimental work described herein was per-
formed. We have focused on the sputtering and deposition of
copper (Cu), mainly because experimental data for the pur-

" poses of model validation was more readily available for Cu
thin films. In the fabrication of GMR thin films a variety of
targets, for example, CuAgAu and CuNiFe, are used.

The targets for sputtering are mounted at the top while the
wafer on which the thin film is deposited is mounted at the
bottom of the chamber. (At any given time during the depo-
sition process only the target directly above the substrate is
active.) Argon (Ar) gas at low pressure, typically in the range
20-50 mTorr, is pumped into the chamber, and an rf capaci-
tive plasma discharge is generated and maintained between
the target electrode and the wafer (substrate) electrode by

- means of a power supply and rf matching network. Argon
ions formed in the plasma bombard the Cu target and sputter
(eject) Cu atoms that are then deposited on the wafer sub-
strate.

The proper characterization and quantification of the
physical phenomena taking place inside the sputtering cham-
ber requires the following models:

(1) a computational fluid dynamic (CFD) finite element
model for the velocity and pressure distribution of the Ar
gas flow in the chamber,

(2) a steady-state plasma model for the flux and energy of
Ar ions striking the target and the substrate,

(3) a molecular dynamics (MD) sputtering model for the
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energy distribution, angle distribution, and yield of the
Cu atoms sputtered from the target by the Ar ions, and

(4) a binary collision theory (BCT) based DSMC model for
the transport of Cu atoms through the low-pressure ar-
gon gas to the deposition substrate.

These models will be described in Secs. TII-VI

lll. FLUID MODEL

The (CFD) finite element model simulates the argon flow
in the chamber between the target and substrate and yields
the resulting gas velocity and pressure distribution. The finite
element analysis was based on well-known continuity, mo-
mentum, energy, and state equations for compressible fluid
flow given in Ref. 4. For the chamber operating conditions
and input flow rates of interest the principal physical equa-
tion is the following vector Navier—Stokes momentum equa-
tion:

D(pV)
Dt

where D/Dr represents the substantial derivative with re-
spect to time f; V, p, and F are, respectively, the velocity
vector, pressure, and the resultant external force vector at a
generic point (x,,z) in the fluid. '

Both incompressible and compressible viscous fluid flow

models were developed in ADINA-F, a commercial finite ele-
ment software package, and then used to simulate the gas
flow inside the chamber. A representative finite element
simulation for the 3D flow field in the region of interest
between the target and substrate is shown in Fig. 2.
Based on numerical simulation results such as the one shown
in Fig. 2, the maximum magnitude of the gas velocity in the
region of interest between the electrodes is approximately
0.01 m/s, and the pressure inside the chamber is approxi-
mately constant, with variations of less than 0.01% of the
mean pressure. Extensive mesh refinement studies for tetra-
hedral and hexahedral finite elements as well as for incom-
pressible and compressible flow were performed to establish
the convergence of the finite element solutions and therefore
the fidelity of the simulations.

The results of the fluid model, i.e., gas pressure and ve-
locity, are used in the plasma model and the transport model
as indicated in Sec. VII.

+Vp=Y?(uV)+F, (3.1)

IV. PLASMA MODEL

The primary function of the steady-state plasma model is
to predict the flux and energy of argon ions striking the target
and the substrate for specified valués and ranges of input
variables such as applied power and Ar gas pressure.

The input rf power P, applied to the target electrode a
and the substrate electrode b (see Fig. 1), results in the for-
mation of a *‘bulk’’ plasma (in the region between the elec-
trodes) containing an equal density ny of Ar ions and elec-
trons, with thin *‘electron-free’’ regions called sheaths near
each electrode. For the range of pressures of interest, 20-50
mTorr, the mean free path of the Ar ions is less than the
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sheath thickness, implying that the ions are subject to one or
more collisions as they traverse the sheath. For this condi-
tion, the sheath is said to be ‘‘collisional.”” Two important
variables characterizing the plasma are the thicknesses s,
and s,,, and the voltages V, and V,, of sheath a and sheath b,
respectively. ' .

The inputs to the plasma model are as follows: p, the
argon gas pressure (Torr) obtained from the fluid model;
P s, the input power (W); /, the distance between electrodes
(m); A,, the target electrode area (m?); A,, the substrate
electrode area (m?); T, the gas temperature (K); w, the rf
current frequency (rad/s); and A,, the substrate area (m?).
Well-known expressions for physical variables of interest in
plasma discharge analysis such as the mean free path \; of
the Ar ions, the electron-neutral Ar collision frequency v,,,
and the ratio (n,/n,) of Ar ions at the sheath edge to the Ar
ions in the bulk plasma are given in Ref. 5. The so-called
“‘self-consistent’’ uniform symmetric model for a capacita-
tive parallel-plate rf plasma discharge’ has been extended to
the asymmetric case of unequal target and substrate area as
described below. (The simplifying assumptions made in the
formulation of the self—consisten@odel are given in Ref. 5.)

The average sheath voltages V, and V, are related to the
areas of the sheath as follows:

a

Y= Va/vbz(Ab/Aa)ql
where the exponent g can typically take values between 1.5
and 4 depending on operating conditions.>*

The outputs of interest, the Ar ion flux and the Ar ion
energy, are computed from a nonlinear algebraic model
based on the three energy balances described below. The first
energy balance, accounting for the fact that the rf power P ;s
supplied to the plasma goes into heating up the plasma, is
simply

@.1)
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Fic. 2. Flow field between the target
and the substrate (CFD model),

Pabszsabs.a‘4a+5:\bs.bAb! (4-2)

where Sy, and Sy, are, respectively, the power loss per
unit area corresponding to sheath a and sheath b, and A, and
A, are, respectively, the areas of sheaths a and .

The second energy balance relates to the power loss per
unit area at each seath Sy, and Sy, . (The subscripts a
and b are omitted below.) For each sheath, £,, the total
energy lost per ion lost from the system, 18 given by

E=E,+2T,+E,, (4.3)
where E. is the collisional energy lost per creation of an
electron-ion pair, 27, is the mean kinetic energy lost per
electron striking the electrode (based on a Maxwellian dis-
tribution), and E; is the mean kinetic energy per ion striking
the electrode. The ion current density J at each sheath is
given by

J=enu,, {4.4)

where e is the charge on an electron, n; is the density of Ar
ions at the sheath edge, and u; is the velocity of the ions at
the sheath edge. The power loss per unit area S,,, corre-
sponding to each sheath, is given by

Sabs:"JEr=en:“s(Ec+2Tg+Ei)- (45)
For a collisional sheath _
E=V=078V,, (4.6)

where V is the average sheath voltage, and V, is the peak
sheath voltage.

For the third energy balance, we first note that the so-
called electron power loss S,, ie., that part of the total
power 1oss § s associated with all collisions involving elec-
troms, is given by
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S,=enu(E,+2T,), (4.7)

where S, is, in general, due to the following causes: ohmic
heating in the bulk plasma Sy, ohmic heating in the
sheath Sy s, and stochastic heating in the sheath S ;. In
terms of these quantities §, can be expressed as follows:”

Se:Sohm.p/2+Sohm.S+SS(uc.s' (48)
Combining Egs. (4.3)—(4.8), we obtain the following equa-
tion for each sheath:

vV
Sabs=(Sohm.p/2+Sohm,:+Ss:oc.:) 1= E?JI__?T: . (4'9)

Equation (4.9) can then be used in Eq. (4.2), once for each
sheath. The basic parameters and variables for the plasma
discharge enter Eq. (4.2) through highly nonlinear equations
for Sohm,p: Sohm.s. and Sgac given (as functions of these
variables) in Refs. 2 and 5. The iterative process used (o
solve for the sheath thicknesses and sheath voltages, Ar ion
densities, and Ar ion velocities is documented in Ref. 2.
The output quantities of interest from the plasma model
are J, the ion current density, given by Eq. (4.4) and ¢, the
energy of the ions when they strike the electrode, given by

€..=0.62(\;/s,,) 7. (4.10)

The steady-state plasma model resulting from the set of
highly nonlinear equations described above was coded in
XMATH, a commercial package for systems and controls
simulation. The plasma model was refined and validated
against experimental measurements performed on an actual
rf diode sputtering chamber. Figure 3 shows that simulation
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results for the bias voltage between the electrodes, which is
the magnitude of the difference between the two sheath volt-
ages, as a function of pressure, are in close agreement with
experimental measurements performed using the NVE cham-
ber. A typical model simulation result from the plasma
model (shown in Fig. 4) indicates that increasing the input
power significantly increases ion current density (or ion
flux). An extensive set of important simulation results, in-
cluding the effect of power and electrode spacing on ion
current density and ion energy, are documented in Refs. 2
and 3. The outputs of the plasma discharge model, the ion
current density J and the mean ion impact energy &, , are the
inputs to the sputter model.

Pressure = 20 mTorr
Temperature = 300 K
Electiode Spacing = 3.8 cm

Fower (W)

FiG. 4. Effect of power on the ion current density (plasma model).
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V. SPUTTER MODEL

When energetic Ar ions bombard a copper target, some of
the atoms are sputtered (ejected) from the copper surface.
The sputter yield ¥ and the distribution of the energy &c, and
angle ac, of the sputtered Cu atoms, as a function of the
energy ¢; and incident angle 8 of the Ar ions striking the
target, are computed based on a molecular dynamics sputter
model that simulates Ar impacts with the Cu target.® (The
model also accounts for the effect of the texture of the target
surface on the outputs of interest.)

270~ 90) "
90—6y/

oo -[3]

where 6,,=50.0°, 6,=19.9°, \=3.23, a=3.7, a=360.0,
and 5=0.85.

Probability density functions for the energy eq, and angle
acy of the sputtered Cu atoms are given in Ref. 2. The Cu
atom energy distribution €, and angle distribution ac, are
two of the inputs to the transport model described in Sec. VI

0, 6> 5m(
Y(G",e): 9 A

m

V1. DSMC/BCT TRANSPORT MODEL

An atomistic scale DSMC model based on three-
dimensional BCT was developed for simulating the transport
of copper atoms inside the low-pressure argon chamber. The
BCT code tracks individual metal atoms through the back-
ground gas from the sputtering target (source) to deposition
substrate with the atom trajectories being determined by bi-
nary collisions. The code follows Cu atoms one at a time
from the sputtering target to the substrate or out of the mod-
eled volume. During transport modeling, Cu atom collisions
with individual ‘‘background’” Ar gas atoms are simulated at
intervals determined from mean free path calculations, with
each collision event being treated as an elastic, momentum
transferring event that changes the velocity vector of the Cu
atom. The model simulates a neutral, monoelemental, mon-
atomic background gas atom interacting with a neutral, mo-
noelemental, monatomic sputtered atom. The physical and
computational details of the DSMC/BCT model can be
found in Ref. 7. The key calculations of the model, briefly
described below, are (a) computation of the mean free path,
and (b) calculation of the Cu atom velocity vector following
a collision with the background gas atom.

The assumptions associated with the DSMC/BCT model

are:
M
(i)

the copper—argon interactions are purely elastic,

the directed momentum transfer cross section em-
ploys the purely repulsive universal potential to de-
scribe copper—argon interaction, and
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The ion energy ¢ is assumed o have the following Ray-
leigh distribution? with mean value &, equal to the ion en-
ergy computed in the plasma model

Plxy=xe " ", (5.1)
where x=¢,/¢;, is the ratio of the incident ion energy to the
computed mean ion energy. The sputter yield, Y(¢;.8), ie.,
the number of copper atoms sputtered by each argon ion, is
given by2

270~ 6, 62)
g<9m(m90_90) |
-

the background gas atom velocities can be described
using a Maxwell-Boltzmann distribution.

(iii)

The point at which a collision between the sputtered atom
and the background gas atom occurs can be determined from
a calculation of the atom's mean free path N which, for an
atom fraveling in a gas whose velocity distribution follows a
Maxwell-Boltzmann distribution, is given byg'9

RT
VIpN,oy,"

where R is the universal gas constant (8.3145 J/(mol K)), T is
the average carrier gas temperature along the Cu atom'’s path
of travel (K), p is the average carrier gas pressure (obtained
from the fluid model) along the Cu atom’s path of travel
(Pa), N, is Avogadro’s number (6.0221X 10% atoms/mol),
and g is the directed momentum transfer cross section for
the specific gas/sputtered atom combination.

Of the variables included in Eq. (6.1), the directed mo-
mentum cross section o, is the most challenging to
determine.'®'2 An important parameter in the determination
of o4 is x, the deflection angle for either atom (involved in a
binary collision) in the so-called ‘‘center-of-mass (CM)"’
refere7nce frame. The following approximation for oy was
used:

(6.1)

(6.2)

o4= W(bmu)z,

where b, is defined as the atomic separation at which a
Cu—Ar interaction generates an angular deflection y equal to
0.01 rad. Determination of b, alows o, and in turn \, the
mean free path, for any given collision event energy to be
calculated.’

The second major calculation of the BCT model involves
determination of the Cu atom velocity vector after collision
with an argon atom. (The velocity of an Ar atom at any point
in the chamber can be obtained from the fluid model.) The
velocity vectors of the two atoms prior to the collision event,
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FiG. 5. Deposition efficiency calculated from DSMC transport model.

the relative velocity of those atoms, the mass of the atoms
and the form of the interaction potential represent the critical
inputs to the well-known “‘collision’’ equation given in Ref.
I3 describing the velocity vector for the Cu atom after a
collision. The difficult part of solving this equation is the
determination of the unit vector ny, the direction of travel of
the Cu atom after the collision, which depends upon the in-
teraction potential used. The details of the determination of
ng are provided in Ref. 7.

One important result of sputter atom transport simulation
using the DSMC/BCT model is the deposition efficiency de-
fined as the fraction of the total number of atoms sputtered
from the target surface that actually reach the wafer surface.
Figure 5 shows that simulation results for different condi-
tions of pressure p, gas temperature 7, and electrode spacing
/, all lie on a single curve when the deposition efficiency is
plotted against a single parameter p//T. This result can be
explained as follows: the deposition efficiency decreases as
the number of collisions undergone by the sputter atom in-
creases. The number of collisions is proportional to /, the
electrode spacing, as well as to the density of the gas, which
in tum is proportional to p/T. Therefore, the number of col-
lisions is proportional to the product of p/T and /, the ab-
scissa of the graph shown in Fig. 5, and as pl/T increases,
the deposition efficiency decreases.

Two other important simulation results of the DSMC/
BCT model, documented in Ref. 3 are the radial distribution
of Cu atoms arriving at the wafer surface, which is a measure
of the uniformity of the thin-film deposited on the substrate,
and the distribution of energy of the sputter atoms reaching
the substrate at various pressures. It is useful to note that at
pressures above 10 mTorr, typical for diode sputtering, most
of the sputtered atoms reaching the wafer are thermalized.’
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VII. INTEGRATED FLOW/PLASMA/
SPUTTER/TRANSPORT MODEL

The individual models for gas flow, plasma discharge, Cu
sputtering, and DSMC based Cu atom transport were inte-
grated to create the detailed virtual integrated prototype
(VIP) depicted in Fig. 6, which shows how the various indi-
vidual models and their respective inputs and outputs are
interrelated. Also shown in Fig. 6 are the overall inputs,
overall outputs and useful intermediate results of the VIP. A
simplified steady-state model was obtained by approximating
the results of- the fluid, plasma, sputter, and DSMC models
with appropriate nonlinear curve fits. This approximate
model. coded in C, generates the required results in seconds,
therefore facilitating quick exploration of the process input—
output design space.

The approximate integrated model was refined and vali-
dated against experimental results obtained from the NVE
chamber. Figure 7 shows that the approximate model yields
results for the deposition rate as a function of power, which
are in good agreerhent with experiments. Simulated sensitiv-
ity results from the integrated model are shown in Fig. 8 in
which the deposition rate is plotted as a function of the main
input variables: power, gas pressure, gas temperature and
electrode spacing. The results in Fig. 8 show that increasing
the input power can significantly-increase the deposition rate.
Sensitivity results for the effect of the input variables on the
film thickness uniformity across the substrate are docu-
mented in Refs. 2 and 3.

VIIl. SET-POINT CONTROL TOLERANCES

One important application of the approximate integrated
[-0 model, described in this section, is in the determination
of the allowable tolerances on the process input variables in
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order to meer a specified manufacturing tolerance on film
thickness. For example, a critical layer in the GMR process
is the Cu thin film whose thickness must be 15 A with a
tolerance of 0.25 A. The nominal deposition rate is 190
A/min; therefore, a 15 A layer takes 4.74 s to deposit. The
processing time in order to be within the thickness tolerance
specifications must be 4.74+0.08s. Based on the steady-
state sensitivities obtained from the plots shown in Fig. 8, the
following tolerances (with respect to the nominal values
shown) in each input variable will result in a 0.25 A varia-
tion in film thickness in a nominal deposition time of 4.74 s:

power=175%3.50 W (2.0%),
pressure=20+0.28 mTorr (1.4%),
temperature=400x6.2 K (1.6%),
electrode spacing=3.81=0.060 cﬁ (1.6%).

o ol Pressure = 20 mTorr
wl .o*” Temperature = 300 K
B Electrode Spacing = 3.8 cm
B " "
50 100 150
Powar (W)
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The results of this sensitivity analysis reveal that very small
changes in the input process parameters can cause the film
thickness to exceed acceptable tolerance limits, Therefore,
extremely tight control of inputs such as pressure and power
is crucial to maintaining run-to-run repeatability.

IX. CONCLUSION

Reactor models for the principal physical processes in-
volved in rf diode sputtering have been developed and then
integrated into a detailed steady-state /-O model of the
GMR process from gas flow and plasma discharge through
sputtering and atom transport to deposition. An approximate
model derived from the detailed model was partially vali-
dated against experimental data, and then used for perfor-
mance sensitivity analysis of deposition rate and uniformity
with respect to input power, pressure, temperature, and elec-
trode spacing. The use of sensitivity analysis for predicting

FiG. 7. Experimental validation for deposition rate vs
power (incegrated quel).
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Fia. 8. -Sensitivity of deposition rate to the input process variables (integrated model).

control-loop tolerances has been demonstrated. A prelimi-
nary rapid VIP of the diode sputtering system has been de-
veloped based on the gas flow, plasma, sputtering, and atom
transport models. The approximate model and VIP can be
used for exploring the /-0 operational design space and for
feedback and run-to-run control of the process.

Recent and ongoing work in the development and use of
reactor models addresses the following issues: a ‘‘collision-
less”” plasma model for gas pressures below 10 mTorr, re-
finements to the DSMC model, thermal modeling of the
chamber to quantify the spatial temperature variations in the
vhamber, and run-to-run control of deposition rate and uni-
formity. These issues as well as a more detailed exposition of
the models and virtual prototypes described above will be the
subject of future papers.
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