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lonized metal physical vapor depositidVPVD) is a process in which sputtered metal atoms from

a magnetron target are ionized by a secondary plasma, accelerated into the substrate, and deposited
with moderately anisotropic fluxes. The momentum and energy transfer from the sputtered metal
atoms and ion-produced reflected neutrals to the background gas, sputter heating, produces
rarefaction which influences the operating characteristics of the discharge. To address these
processes, a model was developed to simulate the sputtering of metal atoms and their transport in
IMPVD reactors. The model accounts for the ion-energy-dependent yield and kinetic energy of the
sputtered and reflected atoms, and for sputter heating. The model was validated by comparing its
results to experimentally measured metal atom densities and the ionization fraction of the deposition
flux. Sputter heating as a function of auxiliary ionization and magnetron power in an inductively
coupled plasma IMPVD reactor for Al deposition was then investigated. Sputter heating produces
rarefaction of the buffer gas which results in a redistribution of Al species in the reactor compared
to the absence of sputter heating. Consequently, the ionization fraction of the depositing metal flux
decreases, while the magnitude of the flux increases. The minimum Ar density due to sputter heating
is regulated by heat transfer to the target. The electron density increases significantly with the
addition of a small amount of metal atoms to the plasma.2@0 American Institute of Physics.
[S0021-897€00)04410-9

I. INTRODUCTION have energies of hundreds of eV, and are reflected as neutral
atoms which also have kinetic energies of several eV. Power
The ionized metal physical vapor depositidMPVD)  transferred from the sputtered metal atoms and the reflected
process is being developed to deposit metals into trencheseutrals to gas atoms during collisions produces “sputter
and vias of high aspect ratio for interconnéctsand for  heating” and ultimately rarefaction of the gas. This gas heat-
deposition of seed layers and diffusion barridrsthe fabri-  ing and subsequent rarefaction have been observed in vari-
cation of integrated circuits. In IMPVD, physical sputtering, ous experiments. For example, in measurements in a magne-
usually from a magnetron cathode, produces a flux of metakon using a directional pressure probe, Hoffthéound that
atoms toward the substrate. A secondary plasma, typically aghe gas density decreased by as much as 10% at pressures of
inductively coupled plasméCP), is produced between the tens of mTorr and currents of 12 A, an effect attributed to
target and the substrate by a radio-frequefr€ydriven an-  sputter heating.
tenna. The plasma is usually sustained in an inert gas such as Rossnagélmeasured gas pressures as a function of mag-
Ar or Ne at moderate pressures of tens of mTorr to slowhetron power, cathode material, and type of buffer gases in a
down the sputtered atoms and ionize them prior to theiimagnetron reactor having a secondary ICP. His results indi-
reaching the substrate. Typical ionization fractions of thecated that the gas density in front of the magnetron was
metal are from tens of a percent to as large as 9@ bias  significantly reduced as the magnetron power increased. For
may be applied to the substrate to vertically accelerate thexample, the gas density decreased by 40% when the mag-
metal ions into the wafer. A combination of anisotropic netron power was increased from 0.5 to 2.0 kW at an Ar
metal atoms and isotropic neutral metal atoms results in compressure of 30 mTorr with 600 W ICP power and a Cu target.
formal deposition and prevents pinchoffvhen filling  The rarefaction saturated with magnetron current, and in-
trenches. creased with the sputter yield of the cathode and gas colli-
The kinetic energy of the sputtered metal atoms from thesjon cross section.
cathode is on the order of several electron volts, while the  Dicksonet al.”® measured electron temperature, electron
kinetic energy of the background gas atoms is less than 0.densities, metal deposition rates, and optical emission for Al
eV. In addition, the ions which are incident on the targetiMPVD. The electron temperature and line integrated elec-
tron density decreased as the magnetron current increased at
3Electronic mail: -lu@uiuc.edu Ar pressures of 10 and 30 mTorr and 200 W ICP power.
DElectronic mail: mjk@uiuc.edu Predicted electron densities from a global médafjreed
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well with the measured densities when the gas temperatungublications'**?> The HPEM is a modular simulation which
was increased from 350 to 890 K as the magnetron curreriteratively achieves a quasisteady state solution. The mod-
was increased from 0 to 1.2 A, suggesting that the decreasdes used here are the electromagnetic modiEMM), the
in electron density was correlated with sputter heating. Fronelectron energy transport modulEETM), and the fluid ki-
the deposition rates and emission intensities, Al and Al netics simulation(FKS). Inductively coupled electric and
densities were obtained for 400 W ICP and 240 W magnemagnetic fields are computed in the EMM. These fields are
tron at 30 mTorr A2 The Al density monotonically de- then used in EETM to solve the electron energy equation for
creased from 1§ cm 2 below the target to about ¥cm™2  the temperature of bulk electron and, using Monte Carlo
at 8 cm below the target, while the Aldensity was maxi- techniques, the trajectories and distribution functions of sec-
mum near the center of the reactor, and was on the order @indary electrons emitted from the cathode. The electron tem-
10%m 2 in the entire region between the target and theperatures and energy distributions are used to compute
substrate. source rates for electron impact processes and electron trans-
Using a Monte Carlo simulation, Turrfeinvestigated port coefficients. These rates and coefficients are then used in
the consequences of background gas, pressure, discharie FKS where continuity, momentum, and energy equations
voltage, current, and cathode—substrate separation on the ga® solved for all heavy particleg®eutrals and ions Pois-
temperature in a dc magnetron discharge. At constant preseon’s equation is solved for the plasma potential throughout
sures (7.5 and 30 mTojr and high discharge currents the reactor. Sheaths at the target and substrate are resolved
(0.2—20 A, the maximum gas temperature varied from 500using a semianalytic sheath motfefor both rf and dc
to 5000 K, and was proportional to the square root of thesheaths. The sputter transport and heating algorithms, de-
current. At constant pressure, the temperature increased liseribed below, are included in the FKS. Densities and elec-
early with the cathode—substrate separation since sputterédc fields are then transferred to the EMM and EETM, and
and reflected atoms are increasingly more likely to have colthe process is repeated until a converged solution is obtained.
lisions with the background gas atoms rather than with théfhe gas pressure was held constant at the specified value by
walls. The magnitude of heating depended strongly on thé¢hrottling the pump rate. The electron motion in radial and
cathode material. Higher sputter yields produced more sputxial directions is resolved within each rf period. The elec-
tered atoms and more sputter heating. tron motion in the azimuthal direction is not resolved in the
Serikov and Nanbl developed a particle-in-cell/Monte fluid modules, but is tracked in the Monte Carlo modules.
Carlo model for gas heating in a dc discharge for Al and CuThe electron energy and density shown here are averaged
targets at an Ar pressure of 42 mTorr. The predicted gasver several rf periods.
heating for the Cu target was larger than that for the Al target To address sputter heating, improvements were made to
because the sputter yield for Cu is twice that for Al. The gaghe sputtering and sputtered atom transport algorithms. lon-
temperature at the center of the plasma was 330 and 460 &nhergy-dependent yields of sputtered atoms are now obtained
for discharge voltages of 300 and 1500 V. The gas temperdrom a semiempirical relationship whose parameters are de-
ture was a sensitive function of the thermal accommodatioermined from experimental data* and which is valid for
coefficient for the reflected neutrals from the target. At amonatomic ion—target pairs. The sputter yield for ions of
target bias of—1500 V, the maximum gas temperature in- energyE; is*®
creased from 350 to 460 K when the accommodation coeffi-

cient was decreased from 1.0 to 0.75. . aQKsy(e) —— s
In this article, we present results from a modeling study 0'4‘US[1+O.35LJSse(e)] (1= VER/E)™

of sputter heating in an IMPVD reactor having an aluminum  Y(Ej)= E>E

target. The computational platform used in this study is the o

two-dimensional Hybrid Plasma Equipment Model 0, Ei<Em,

(HPEM).}**2 The consequences of magnetron power and (1)

ICP power on gas heating were investigated. It was foungyhere E,, is the threshold energy andis the reduced en-
that the Al species were redistributed in the reactor due to th@rgy a function of atomic numbers and mas&@and a are

gas rarefaction caused by sputter heating. As a result, theyirical parameters, and, is the surface binding energy in
ionization fraction of the depositing Al flux decreased, andgy/ 5 ands. are Lindhard’s reduced cross sectitiie for

. . . . = ~n e
the magnitude of the depositing flux increased, akin o 0perg|asiic(loss of energy to atomic recojland inelastigloss of
ating at a lower gas pressure. It was also found that th%nergy to electronsstopping. K is a factor to convert

electron density increased significantly with the addition of & jndhard’s elastic stopping cross sectisp to the reduced
small amount of metal atoms to the plasma. The model W"Lstopping cross sectios,. Eq,/U, and « are dependent on

b_e d_escrlbed in Sec. Il, followgd by a dlscusglon of vallda—the mass rati, /M, (t andi indicate target atom and inci-
tionin Sec. [l and sputtgr heating processes in Sec. IV. Oufent ion, respectively while Q depends only on the atomic
concluding remarks are in Sec. V. number of the target atom. The yield is proportional to the
elastic stopping cross section, and decreases as the surface
binding energy increases. The yield also decreases when the
momentum of the incoming ion is transferred to the elec-
The modeling platform used in this study is the HPEM tronic mode Ey, is proportional toJ and is about 30 eV for
which has been described in detail in previousAl. The parameters used here for the"A’l sputter pair

II. DESCRIPTION OF THE MODEL
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1.0 - - ' ' whereE, is the kinetic energy of the reflected neutrals, and
E+ is the kinetic energy of the reflected neutrals in thermal
s 08 1 equilibrium with the target at 350 K. Under typical operating
; conditions,a~0.95. Since the energy distribution of the re-
L 06y 1 flected neutrals is not monoenergetic, but also has a thermal
g oal | component, it was assumed that 90% of the incident Ar ions
2 ‘ are reflected with enerdy, and 10% are reflected thermally.
> ool i Based on results of molecular dynamics simulations, it was

assumed that 25% of the incident Al ions on the target are
reflected thermally as neutrals, whereas 75% of the incident
Al ions deposit(Approximately 90% of the incident ions are
Ar*.) The transport of the reflected neutrals in the back-
FIG. 1. Sputter yield for Af—Al pairs calculated from the semi-empirical ground gas is modeled in the same manner as the sputtered
formula. The yield increases linearly with incidentAenergy up to hun-  atoms.
dreds of eV. The transport of the sputtered and reflected atoms is
handled by a Monte Carlo simulation where they are repre-
sented by computational pseudoparticles. Each pseudopar-
were «=0.23, Q=1.1, and U,=3.4eV. The yield for ticle carries a “weighting” which is used to determine its
Ar*—Al pairs using these parameters is shown in Fig. 1. Td:(_)ntributions to momenta, energy, and_ density in collisions
first order, the yield increases linearly with the ion energy upWith bulk gas atoms. The weighting of tiéh sputtered atom
to hundreds of eV, producing a yield of 0.43 at 200 eV. IS

0 . . . .
0 100 200 300 400 500
Incident lon Energy (eV)

The kinetic energy of the emitted atoms is given by Th- Y[E;(r)]®(r)A(r)
ompson’s theory of atomic collision cascatfeéer incoming i= N(HV(r) ) (6)
ions of moderate energghundreds of ey, The normalized
cascade distribution 1§18 whereY is the energy-dependent yield of the tardg{r) is
U.\2 UE the incident ion energy at target location® is the flux of
2 ( 1+ _5) —53 for E<SAE;, ion and fast neutrals to the targéast neutrals and ions of
F(E)= AE;] (Ust+E) , (20 the same energy are considered equivalent with respect to
0 for E>AE; sputtering, N is the number of Monte Carlo particles re-

leased from that location, anél is the surface area of the
computational cell on the targét.is the volume of the com-
putational cell ar’ where the collision occurs.
The sputtered and reflected neutral atoms are emitted
from the target surface with angles having a cosine
E_ distribution?! Monte Carlo techniques are then used to fol-
fo F(E")dE =r, ©) low the trajectories of the emitted atoms. The mean free path
of the sputtered atom is determined using null collision
wherer is a random number in the intervid,1]. The energy  technique¥ to account for spatially dependent gas proper-

whereE is the kinetic energy of the sputtered atoNE; is
the maximum recoil energy, and =4M;M,/(M;+M,).
The random sampling dE from F(E) is performed by the
inverting the distribution,

of the sputtered atotiis then ties (density and compositionthat may occur as a conse-
UAE AT quence of both rarefaction and slowing of sputtered atoms.
= s . (4) Collisions with gas atoms exchange only translational energy
Us+AEi(1—1T) (electronic excitation is ignored

The Thompson distribution peaks at half the surface binding ~ Statistics are collected on the velocities of Monte Carlo
energy. Due to the high-energy tail of the distribution thepartlcles before and after collisions to determine the net mo-

average energy of the sputtered Al atoms is generally severgientum and thermal energy transfer to the gas. The rate of
eV. Under the operating conditions of interest, the sheatlfh@nge in momentum for the background gas afdemoted

thickness is small compared to the ion mean free path, anBy Subscripg) after the collision is

the dc sheath at the target is essentially collisionless. Hence, ¢ wm,

the kinetic energy of the incoming ion is equal to the sheath g7 (NgAVg) = T(VQ—VS), )
potential, which is computed in the semianalytical sheath g

model? wherevs is the velocity after the collisiony; is its velocity

The energies of the reflected Ar neutral atoms from Ar before the collisionm is the mass of the atoms, subscript
incident on surfaces were obtained framiv simulations as ~ denotes sputtered atoms, aWtis the appropriate weighting
a function of ion energy>?° The average energy of the re- for the sputtered atoms, defined in E6).. The change in the
flected Ar neutrals was curve fitted into a thermal accommobackground gas velocity is averaged over all collisions with
dation coefficienta as a function of incident ion energy, the sputtered atoms, and the contribution is added as a source
term to the momentum equation for the bulk fluid.
ar= Ei—E 7 (5) The conservation of both momentum and energy is prob-
Ei—Er lematic since scattering of the kinetically tracked sputtered
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atoms occurs in three dimensions whereas momentum anfeh\BLE I. Ar/Al chemistry.

energy are tr_ansferre_d to a backg_round_ gas which is repre- Rate cosfficient

sented by fluid equations in two dimensioimsz). The ran- Reactioft (cm s Reference
dom thermal energy transferred to the background gas is ob

tained by subtracting the directional kinetic energy from the Ziﬁ:ﬁ:&eswe E gg
total change in kinetic energy of the background gas atom ., o, A, (4p)+e b 23
after the collision. For example, consider collecting statistics e+ Ar—Arf+e+e b 24
on two collisions, with an increment in kinetic energy in the e+Ar*—Ar" +e+e b 25
positive and negative radial directions of 1 anda2bitrary etArt—Arte c 23
units). The total increment in kinetic energy is 3. However, 212::2: ng)é;fe E ;g
the directional kinetic energy which can be resolved in the o\ 5 aj(3a)+e b 26
momentum equation is only 1. The remaining energy is con- e+ Al Al (4p)+e b 26
sidered “random” and is handled as a contribution to the e+Al—Al"+e+e b 27
energy equation. etA Al Te b 28
The sputtered atoms that slow down to thermal speeds in:iﬁ:*:ﬁ: :” 2 32
the Monte Carlo simulation are recorded in a Green’s func- p«_ 7 3% 10° d
tion, which is then used as a source term in the fluid conti- aor* +Ar* S Art +Ar+e 5.0x10-10 d
nuity equations. The Green’s function is Al*+Al—Al+Al 1.0x 1012 d
Al*+AI* Al +A 1.0x10 12 d
) Y[E;(r)]A(r) L Al* +Ar—Al +Ar 1.0x10 2 d
G(r,r)=2 Novry o i), 8 Ar*+Al A +Ar+e 5.9x 10710 d
! Ar*+Al* Al +Ar+e 5.9x10° 10 d
where the sum is over all atoms sputtered from the target atA" +AI—Al"+Ar 10x108 d
locationr, and the sputtered atom slows to thermal speeds atﬁpiﬁ'r:/ﬂr;'fr i'gi 18,9 g
locationr{ . The contribution to the species densitatr’ is Art A SArEAr 1.0¢10°° d
then Al*+AlSAL+AL 1.0x10°° d
dn(r’) AlT+AI* S Al+AIT 1.0x10°° d
T 2 D(r)G(rj,r'), €) 3n the FKS, all excitations of Ar are lumped into rwhich is effectively
! Ar (4s), and all excitations of Al are lumped into Al which is effectively

where the sum is over all target locationsThe in-flight Al (45).
> g n . 9 bThe rate coefficients are calculated from electron energy distribution ob-
metal atoms, that is, those sputtered metal atoms with veloCitained in the EETM.

ties above thermal speed, are recorded in a separate GreefRste coefficient for superelastic collisions are obtained by detailed balance.
function. dEstimated.

The Ar/Al chemistry used in this study is shown in Table
I. The majority of the reactions belong to either electron—

impact reactions or charge—exchange reactions. dlie .
chemistry includes electron impact excitation of Ar from '€Sonant exchange between Ar and Al species. These Ar/Al

ground state to excited states and 4p (which are lumped N€avy body reaction rates are estimated based on Ar/Cu
into Ar*) and electron impact ionizatidfrom the Ar ground ~ N€avy body reaction raté$.There is enough similarity be-
state and Af). Thee/Al chemistry includes electron impact Ween the Ar/Al and the Ar/Cu chemistry to warrant such an
excitation of Al from the ground state to excited states 4 €Stimate. The charge—exchange reactions generate energetic

3p, 3d, and 4 (which are lumped into Al), superelastic neutrals, which significantly contribute to heating of the
collision to de-excite Al to the ground state, and electron PUffer gas.” Heavy particle cross sections for gas heating

impact ionization(from the Al ground state and A). Elec- ;:rom the elas|t|c CO”'ﬁ'OnS tl)(etween the sputtered andfre-
tron impact excitation cross sections for Al are not readilyflected neutrals and the background gas are computed from

available. Hence, the Al excitation cross sections are esti-€nnard-Jones radii.

mated from plane-wave Born approximation calculatitins.
The Al is quenched by collisions with Al, Al and Ar,
although its de-excitation is dominated by radiative relax-
ation. The Af reacts with AF¥ to produce Af, and with Al The HPEM IMPVD algorithms were validated by com-

or Al* to produce Al through Penning processes. Chargeparing computed results with experimental measurements
exchange reactions play an important role in generating fagtom Dickson and Hopwoofl A schematic of the ICP reac-
neutral fluxes to the target and ionizing Al atoms before theytor is shown in Fig. 2. The diameters of the target and the rf
reach the substrate. The reaction rates for charge exchangeluction coils are 7.5 and 15.0 cm, respectively. The upper
are large, approximately I8 cm 3s™. This value is some- turn of the two-turn coilseparation 2.5 ciris 4 cm from the
what an upper limit. The change in gas species density is legarget. The diameter of the substrate is 22 cm. The distance
than 10% for a 50% decrease in the charge—exchange redoetween the target and the substrate is 12 cm. The operating
tion rates. The charge—exchange reactions include resonatnditions are 400 W ICP power, 240 W magnetron power,
exchange among the Ar species or the Al species and noi30 mTorr Ar buffer gas, and 150 sccm gas flow. The ampli-

lll. VALIDATION
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22,0 , T , , , — through the cusp. Another local maximum of 4.1 eV occurs
Iron Core around the two ICP coils where most of the ICP power is
Magnet _ ' deposited because of the short skin depth.
165-| (Typical) : . , 7 The predicted Al densitieésum of thermalized Al and
g /4 f in-flight Al) are shown in Fig. ®). The Al density is 7.0
= 110l co Al Target Gas Inlet” | | X 10"t cm ™3 below the target where the source due to sput-
b= Coil —oO O . . .
2 (Typical) tering is large, then rapidly decreases toward the wafer due
T o o to thermalization and diffusion. The Al density is nearly con-
55 Substrate : - stant at 1&'cm2 from 2 to 7 cm above the wafer, between
\1 Gas Outlet the coils, and the center line. This region of constant Al
l | | | | | "Li, density results from coil sputtering, which significantly con-
0'016 12 8 4 0o a4 8 12 16 tributes to the Al density. The predicted Abnd Ar" densi-
Radius (cm) ties are shown in Figs.(® and 3d). Compared to the pre-

dicted Al density, the Al density peaks nearer the center of
FIG. 2. Schematic of the IMPVD reactor for validation of the model. The the reactor due to the loss of ions to the target and the sub-
reactor has a magnetron on top and an Al target and coils that are immerse(% L . .
in the plasma. Strate, and the major ionization source being near the caoils.
The Ar" density profile is similar to the Al density profile,

except for being about 10 times higher.

tude of the 13.56 MHz rf potential on the coils was specified ~ The predicted magnetron current and voltage are 0.94 A
to be 100 V. The secondary electron coefficient was specifie@nd 255 V, respectively, which agree well with experimental
to be 0.35. values of 1.0 A and 240 V. The predicted Al density is 1.1

The predicted electron temperature is shown in Figl.3 X< 10*‘cm™® at 8—10 cm below the target at a radius of 4 cm
The electron temperature is high throughout the reactotvhich agrees well with the experimental values of 1.0-1.5
about 4.0 eV, typical of an ICP plasma. The maximum elec-< 10**cm~2 obtained from deposition ratésThe predicted
tron temperature of 4.5 eV occurs below the magnetronionization ratio[ Al */(Al " +Al)].
caused by the emission of energetic secondary electrons from 10 cm below the target at a radius of 4 cm is 17% while
the magnetron target and joule heating due to current focuséfe experimental values are 10%-15%. The predicted ion

fraction of the metal flux to the wafél2 cm below target, at
20 E "
ﬁ Te (V) :Itizl AL (1011 cm3)
Has [

a radius of 4 crpis 74%, which agrees well with the experi-
mental value of 70%.

IV. SPUTTER HEATING

Given this validation, we turned our attention to the
more industrially relevant IMPVD reactor schematically
shown in Fig. 4a). The rf ICP power is supplied through
coils outside the plasma region using a Faraday sRteldhe
purpose of the Faraday shield is to prevent the blocking of
ICP power into the plasma due to metal deposition on the
reactor side wall. Details of the geometry of the Faraday
shield are not shown here. Computationally, the azimuthal
electric field is allowed to simply propagate through the Far-
aday shield. The advantages of the external coil are the
elimination of coil erosion due to sputtering and simplifica-
tion of the interpretation of the results. The diameters of the
target and the substrate are 22 and 21 cm, respectively. The
distance between the target and the substrate is 15 cm. The
base case operating conditions are 0.5 kW ICP power, 1.0

26 )7 kW magnetron power, 30 V rf at 13.56 MHz on the sub-
:____/0'9 strate, and 30 mTorr Ar.
! Ll @t i' °'1_ The static magnetic field properties are shown in Figs.
% s 0 B o 5 0 15 4b) and 4c). The field is 250 G below the target, midway
Radius (cm) Radius (cm) between the magnet poles. The field decays away from the

target, and is=10 G above the substrate. The magnetic field
FIG. 3. Predicted plasma properties for the case of model validation:  lines form a cusp below the target, confining electrons and
electron temperaturéh) Al density, (c) Al* density, andd) Ar* density. focusing ion fluxes into the targeThe peak rf magnetic

The electron temperature peaks below the magnetron. The Al dditsity . - . .
cluding both thermal and nonthermal Al atonaecreases from the target to field strength from the coil current is only 5-10 G, and so it

the substrate with there being a contribution to the density from sputteringl0€S Not appreciably affec_t eleCtron transport or confine-
of the coils. Both Al and Ar" densities peak at the center of the reactor. ment) The magnetron confinement is demonstrated by the
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= FIG. 5. Ar* fluxes(a) with and(b) without sputter heating for the base case.
0 5 10 15 0 5 10 15 The Ar* fluxes are at a maximum in the cusp of the magnetic field.
Radius (cm) Radius (cm)

FIG. 4. Reactor and magnetic field characteristics for the sputter heating ) ]
study:(a) schematic of an IMPVD reactor with external coils and a Faradaythe outlet. Sputter heating has the effect of quenching the

shield, (b) static magnetic field, ant) magnetic field vectors. Ar+ temperature and increasing the+Adensity_ Without
sputter heating there is a local maximum of "Adensity
below the target, which dissipates with sputter heating, an
Ar* fluxes, shown in Fig. 5, with and without sputter heat- effect discussed below.
ing. The Ar' flux accounts for 90% of the total flux. In both The Ar density(Al has only a 0.1% mole fractigrwith-
cases, the Ar flux to the target is a maximum  out sputter heating is a minimum 2 cm below the target
~10cm 2s 1160 mA/cnf)] in the cusp of the magnetic largely due to heating resulting from power transfer during
field. Outside the magnetron confinement region, thé Ar symmetric charge exchange as ions are accelerated towards
flux with sputter heating is larger than without sputter heatthe target. The gas temperature at that location, shown in Fig.
ing since the AF density is larger with sputter heating, as 8, is 820 K. With sputter heating, the minimum Ar density is
discussed below. For 1 kW magnetron power, the target voltdirectly below the target where sputtered and reflected atoms
age with and without sputter heating is 178 and 168 V, reslow down and is smaller by 30% compared to that without
spectively. In spite of the fact that the ion density in the bulksputter heating. The gas temperature is 1150 K below the
plasma increases, there is a small decrease in ion flux to tharget with sputter heating. In both cases, the minimum Ar
target with sputter heating, so more voltage is required talensity occurs below the target where the ion flux to the
maintain the same magnetron power with the lower ion curtarget is maximum. This is expected since more incident ions
rent. lead to more sputtering and more reflected neutrals, which
The Ar and Af* densities are shown in Fig. 6, with and results in more energy and momentum transfer and more gas
without sputter heating. The Al and Aldensities are shown rarefaction. The concentration of ion current due to the mag-
in Fig. 7. In both cases, the Ardensity peaks near the center netron effect also leads to more charge exchange heating.
of the reactor due to the large ionization source from the ICP  In the absence of sputter heating, the gas density below
coils. The A" temperature at the center of the plasma isthe target is higher, which leads to a shorter stopping dis-
1200 K with sputter heating and 2900 K without sputtertance for secondary electrons for ionization, a more severe
heating. Since the plasma is collisional and"As acceler- gradient for the electron temperatutsee below, and a
ated by the electric field approaching the target and the sutshorter mean free path for ions produced near the target. As
strate, the Af temperature is higiil—2 e\) near the target a result, there is a larger local maximum in the ion density
and the substrate. The Ardensity with sputter heating is below the target. With sputter heating, the gas is more rar-
~50% higher than without, except below the target and neaefied below the target, producing longer mean free paths and
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heating, andd) Ar* without sputter heating. The minimum Ar densities are eating, andd) without sputter heating. The ensities decrease from

below the target, and the maximum ‘Adensities are near the center of the [N farget o the substrate, and the maximurm @dénsities are several cm
plasma. below the target.

by the ion current to the target, which help to move thé Al

a more diffuse plasma. For incident ions of 180 eV, the av-density peak away from the target.
erage kinetic energies of the reflected neutrals and sputtered The electron temperature is shown in Fig. 9 with and
atoms are both about 8 eV. The yield of the'ArAl pair is  without sputter heating. In both cases, the maximum electron
about 0.4, compared to an effective yield of 0.9 for the re-temperature is below the target and next to the ICP coils, and
flected energetic neutrals. Hence, the reflected neutrals coneflects the local sources of heating. The maximum electron
tribute about two thirds of the gas heating. temperature is 3.8 eV with sputter heating, 1 eV lower than

The more important effect of sputter heating is the sig-the 4.8 eV without sputter heating. The electron temperature
nificant gas rarefaction throughout the reactor, not just belovalso decreases throughout the reactor with sputter heating,
the target. For example, the Al density is maximum belowconsistent with the experimental observations from Dickson
the target where sputtered Al atoms initially undergo colli-et al.”
sions with the buffer gas, and then decreases toward the sub- The Al flux to wafer is shown in Fig. 10 with and with-
strate (see Fig. 7. The maximum Al density with sputter out sputtering. The total depositing flux consists of" Al
heating is only one third that without heating, although itsAl*, thermal Al, and nonthermal Al. The source of thermal
gradient to the substrate is smaller. This reduction in the AAI atoms is the sputtered Al atoms which have slowed to
peak is due to the longer mean free path for slowing andwice the local temperature. Nonthermal Al refers to the un-
longer diffusion length with the additional rarefaction. Sincethermalized sputtered Al atoms. TAé* contribution is neg-
the magnetron power is constant, the sputtered atom fluxdigible because its density is depleted by rapid radiative re-
and the total Al inventory sputtered should be approximatelyjaxation, de-excitation, and ionization. Since the mean free
the same in both cases. This inventory of Al atoms is redispath for sputtered Al atoms is on the order of a centimeter,
tributed in the reactor by gas rarefaction, producing less semost of the sputtered atoms undergo many collisions and
vere gradients with sputter heating. The"Alensity without  therefore are thermalized when they reach the substrate.
sputter heating is maximum 3 cm below the target, comparetiience, the nonthermal Al contribution is also negligible.
to 5 cm below the target with sputter heating. This is largely ~ Since most sputtered Al atoms are thermalized several
a reflection of the shift in the Al density. In addition, the cm below the target, the thermalized Al atoms have ample
mean free path for Al ionization increases as the gas bespportunity to charge exchange with Armand to undergo
comes more rarefied while Albelow the target is depleted electron impact ionization. Consequently, the majority of the
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the base case. The Ar temperatures peak below the target where charpeating for the base case. The electron temperature peaks below the target

exchange and sputter heating are maximum.

depositing metal flux consists of Al The ionization fraction
of the depositing flux is 95% at the center and 89% at the
wafer edge without sputter heating, and 86% at the center
and 67% at the wafer edge with sputter heating. Since sputter
heating rarefies the background gas and increases the mean
free path for Al transport, the opportunity for ionization col-
lisions decreases for Al, and so the ionization fraction also
decreases. The effect is similar to operating at a lower pres-
sure, where it is observed that ionization fractions decrése.
The thermal Al and Al depositing flux with sputter heating

is eight and two times that without sputter heating. This dif-
ference is caused by the redistribution and slower decay of
the Al species toward the wafer due to gas rarefaction and by
there being fewer losses of backscattered Al atoms to the
target. The total depositing Al flux with sputter heating is 2.3
times that without sputter heating. Hence, including sputter
heating has the effect of decreasing the ionization fraction of
the depositing metal flux and increasing the magnitude of the
depositing metal flux under typical operating conditions.

The minimum and reactor-averaged Ar densities are
shown in Fig. 11 as a function of ICP and magnetron powers.
Without magnetron power, the minimum Ar density is about
4.3x10*cm™2 at 0.5 kW ICP, and the maximum gas tem-
perature is 690 Ksee Fig. 1(c)]. This is the “base heating”
(above an ambient wall temperature of 350 dlie only to

Al Flux to Wafer (1015 cm-2s-1)

Al Flux to Wafer (1015 ecm-2s-1) &

—
o

I With si)utter h(leating

!/Thermal Al

Without sputter heating

Total
¥

Thermal Al

2 4 6 8 10
Radius (cm)

and near the rf coils due to magnetron heating and the deposition of power
in the skin depth.

FIG. 10. Depositing Al flux to wafer&) with and(b) without sputtering for

ICP power. The minimum Ar density decrea_se_s by 43% Withihe base case. The ionization fraction of the depositing flux decreases with
0.5 kW ICP power as the magnetron power is increased fronsputter heating while the magnitude of the flux increases.
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cantly with the addition of metal species, and then saturates with increasing
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ture increases at higher power, the heat transfer from the hot

gas below the target to the target surféoeld at 350 K herg

also increases. This heat transfer somewhat limits the gas

temperature, and hence gas rarefaction, below the target.
The reactor-averaged Ar density also monotonically de-

creases with increasing magnetron power. However, since

the cold gas near the side walls is weighted more in volume

-
42}
Q
o

Ar Temperature (K)
2
(=]
(=)

500 ® 0.5kWICP and is closer to the ICP source, there is a larger effect of ICP
+ 10 power. The maximum Ar temperatufeorresponding to the
mi5

. . minimum Ar density and the reactor-averaged Ar tempera-
O] 0 05 1.0 1.5 20 ture (corresponding to the reactor-averaged Ar densiie
Magnetron Power (kW) shown in Fig. 11c). The maximum Ar temperature ranges
FIG. 11. Ar densities and temperatures with sputter heating as a function ofirom 700 to 1700 K, while the average Ar temperature
ICP and magnetron powefa) Minimum Ar density, (b) reactor-averaged ranges from 600 to 1250 K. Both Ar temperatures increase
Ar density, andc) maximum and reactor-averaged Ar temperatures. The Arwith increasing magnetron and ICP power. In general, in-
densitie_s de_zcreas(eand temperatures inc_reasmith increasing ICP power  creases in temperature due to ICP power result from charge—
(due primarily to charge—exchange heajingd magnetron powedue pri- - o .
marily to sputter heating exchange heating while increases in gas temperature due to
magnetron power result from sputter heating.
The reactor-averaged electron density is shown in Fig.
12 as a function of ICP and magnetron power. Average elec-
0.5 to 2.0 kW, which generally agrees with the 40% reductron densities are 210cm™3 for 0.5 kW ICP to 7
tion of Ar density observed by Rossnagel under similar op-x10*tcm™3 for 1.5 kW ICP. As with conventional ICP
erating conditions for a Cu targBtAt constant ICP power, tools, the electron density increases nearly linearly with
the minimum Ar density decreases monotonically with in-power®! The electron density increases significantly when
creasing magnetron power, which is expected because motiee magnetron power is increased from zero. The addition of
magnetron power results in more sputtering, more sputtemagnetron power produces sputtering, and hence introduces
heating, and more rarefaction. As the magnetron power intow-ionization potential Al atoms into the plasma. The metal
creases, densities are less sensitive to ICP power, partly batoms are more easily ionized by both electron impact and
cause the contribution to heating by ICP power becomes aRenning reactions wittAr*, which increase the electron
increasingly smaller fraction of the total. density. As the magnetron power continues to increase, gas
The minimum gas density and the peak gas temperatun@refaction due to sputter heating increases the mean free
occur right below the target. There are two effects whichpath for Al ionization, thus reducing the ionization fraction
tend to saturate the minimum gas densépd the maximum of Al atoms, as suggested by the depositing Al flux seen in
gas temperatujeas the magnetron power increases. The firsFig. 10@). This rarefaction tends to reduce the additional
is that, as the power increases and the gas rarefies, the meanization which one might otherwise obtain from the in-
free path for slowing of the sputtered atoms and reflectedreasing magnetron power. Note that for a magnetron power
neutrals increases, and slowing occurs in a larger volumeof 1.0 kW (with 0.5 kW ICPB, the power dissipated in ion
The power densityW/cm®) producing sputter heating there- acceleration is 740 W or 74% of the total, so the amount of
fore tends to saturate. The second is that, as the gas tempepmwer available for additional ionization is only 240 W.
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