Design issues in ionized metal physical vapor deposition of copper
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The filling of deep vias and trenches with metal for interconnect layers in microelectronic devices
requires anisotropic deposition techniques to avoid formation of voids. lonized metal physical vapor
deposition(IMPVD) is a process which is being developed to address this need. In IMPVD, a
magnetron sputter deposition source is augmented with a secondary plasma source with the goal of
ionizing a large fraction of the metal atoms. Application of a bias to the substrate results in an
anisotropic flux of metal ions for deposition. The ion flux also contributes to “sputter back” of
metal deposits on the lip of the via which could lead to void formation. In this article, we describe
and present results from a two-dimensional plasma model for IMPVD using a dc magnetron and an
inductively coupled auxiliary ionization source. The scaling of copper IMPVD is discussed as a
function of buffer gas pressure, sputter source, and source geometry. We show that the deposition
rate of metal on the substrate will be reduced as pressure increases due to the increase in diffusive
losses. We also show that the sputtering of the auxiliary coils can be a significant issue in IMPVD
systems, which must be addressed in tool design.1998 American Institute of Physics.
[S0021-89708)02701-7

I. INTRODUCTION the substrate can be either dc or radio frequefEy The
) ) ) ) ) ] secondary ionization source is an rf powered inductive coil

As microelectronic device dimensions continue t0jnmersed in the plasma. In neutral metal PVD, the buffer
shrink, the filling of vias between metalization layers durlnggas pressure is usually only a few mTorr with the intent of
fabrication of microelectronic devices increasingly requiresm“,ing metal atoms traverse the reactor from target to sub-
anisotropic deposition fluxes to prevent void formation. Onegiate having few, if any, collisions. In IMPVD, the buffer
technique that shows great promise in this regard is ionizeaaS pressure is somewhat higlerany mTorr to 10s mToyr
metal physical vapor depositidfMPVD). In this system, an it the intent of slowing the sputtered metal atoms in the
auxiliary plasma source is used in conjunction with a sputtefyfter gas and providing the opportunity for them to be ion-
deposition source. The goal is to ionize a significant fraction,eq. ynfortunately, this also increases the diffusion losses of
of the sputtered metal atoms prior to their depositing on theyeta| atoms to surfaces other than the substrate. Experimen-
substrate. By applying a bias to the substrate to accelerajg) scaling studies have shown that, for a constant sputtering
metal ions, an anisotropic deposition flux can be producedqie the fraction of the metal atoms which are ionized in-
The substrate bias serves the additional purpose of providingeases with increasing buffer gas pressure while the depo-
a sputter flux(either metal ions or buffer gas ionwhich  iiion rate decreasé@s.
competes with deposition, particularly on the lip of the via, In this article, we describe and present results from a
and serves to remove encroaching metal atom deposits Whig[y,o-dimensional model for a copper IMPVD system. We
could form voids. The IMPVD technique has been developed,o\y that the deposition rate of metal on the substrate will be
and demo4nstrated by Yamasl"ﬁfcaand Rossnagel and (eqyced as pressure increases due to the increase in diffusive
HOPWOO&_ for deposition of aluminum and copper. In ex- |osses. We also show that the sputtering of the auxiliary coils
periments by Rossnagel and Hopwood, the ionized fractiogap, pe 4 significant issue in IMPVD systems, which must be
of the aluminum metal atom flux to the substrate was as larggqgressed in a realistic tool design. The model is described in
as 90%. A zero-dimensional model of IMPVD has been degec |, followed by a discussion of our results for a magne-
veloped by Hopwood and Qian, and provides results whichqn sputter source with rf inductive coils in Sec. Il. Our
compare favorably with measurements. concluding remarks are in Sec. IV.

A schematic of a typical IMPVD system is shown in Fig.

1. The metal source is a dc magnetron. The bias applied to
Il. DESCRIPTION OF THE MODEL

dpresent address: Materials Research Corp., 2120 W. Guadalupe Rd., The modeling platform we used in this study was devel-
Gilbert, AZ 85233-2805; oped at the University of lllinois and is called the hybrid
electronic mail: Michael_Grapperhaus@notes.mrc.sony.com plasma equipment modéH-IPEM) The HPEM has been pre-
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other dimensions, unfortunately cannot be employed here.
+ . The gradient in the magnetic field is lar¢E0s kG/cm and

, I T electrons transition between being highly magnetized near
the sputter source to being weakly magnetized near the sub-
strate. There is a corresponding increase in their Larmor ra-
dius which violates the gyrokinetic approximation. To avoid
using a restrictively small time step in the EMCS, the time
stepping technique has been modified. Following the method
described in Birdsall and Langddfthe Lorentz equation is
rearranged by defining intermediate velocities, andv *:

Target

Piasma Region M

M+
‘H /Wafer
N —l' 0 \Substrate 16

Height (cm)

. =Blocking Radius (cm) E At

f@# sepecter Vt-At2=U ~ qml 2 1
qEL At

) D=V T g @

FIG. 1. Schematic of reactor modeled in this stuklydenotes metal atoms. WhereEJ_ is the component of the electric field perpendicu|ar
The magnetron consists of nested loops of magnetic cusps. to the magnetic fieldv~ and v + are the velocities before
and after the magnetic field rotation. Putting these expres-

system will be given here. The base two-dimensidoglin- sions into the finite difference Lorentz equation yields
drically symmetri¢ HPEM consists of an electromagnetic vt —vT g
module (EMM), an electron Monte Carlo simulation At 2m (vt+v7)XB 3)
(EMCY9), and a fluid kinetics simulatio@FKS). Inductively
coupled electric and magnetic fields are computed in thevhich can be solved using geometric considerations. This
EMM. Those fields are used in the EMCS to generate elecgives an explicit solution method for updating the implicit
tron energy distributions as a function of position and phaselorentz equation. This modification increases the allowable
The electron distribution is used to generate source rates faime step in the EMCS by a factor of approximately 20 over
electron impact processes and the electron transport coeff direct finite time differencing.
cients. These parameters are then used in the FKS where When using biases for either the target or substrate, sec-
momentum and continuity equations are solved for all heavpndary emission of electrons is an important and necessary
particles(neutrals and ions A drift diffusion formulation is  source of electrons. The secondary emission of electrons
used for electrons to enable an implicit solution of Poisson’drom all surfaces was therefore included in the EMCS. The
equation for the electric potential. A one-dimensional semiprocedure we followed is to launch electrons from the sur-
analytic sheath model is employed at the plasma-surfactace of an electrod€or other specified surfageat a rate
boundary to resolve sheaths which have a thickness less thaetermined by the local ion current to the surface and a sec-
the width of a computational cell in the meSH circuit  ondary electron emission coefficient. When using the semi-
model is employed to provide biasédc and rj on powered analytic sheath model, in which the sheath is thin compared
surfaces. The species densities and electrostatic fields prte electron mean free paths, electrons are assumed to traverse
duced by the FKS are transferred to the EMCS and thé¢he sheath collisionlessly. The electron pseudoparticles are
EMM. This procedure is iterated to a converged solution. therefore launched perpendicular to the surface with an en-
To address the unique conditions of IMPVD systems,ergy equal to the local sheath potential. When not using the
improvements to the HPEM have been made for neutral parsheath model, electrons are launched with a small energy
ticle, electron transport, and for defining static magnetic(typically 4 eV) and a Lambertian angular distribution. The
fields. The improvement in neutral particle transport is thetrajectories of the secondary electrons and their progeny are
addition of a neutral atom slowing down Monte Carlo simu-tracked using the same algorithms as in the EMCS for bulk
lation (NMCS) to account for the long mean free path trans-electrons(or an injected electron beah until they slow
port of hot atoms sputtered from the magnetron target. Theelow a specified energy, typically 3.6 €90% of initial
improvement in electron transport included resolving elec-energy, thereby joining the bulk electrons. The spatially de-
tron trajectories in regions of high magnetic fields and addpendent rate of electrons slowing into the bulk is then in-
ing secondary electron emission. cluded as a source term for electrons in the FKS. The elec-
In high magnetic field regions near the magnetron sourcé&ron energy distribution for the secondary electrons is
(B>1-3kG), the cyclotron frequency is large separately computed and used to generate source functions
(>3-10 GHz). Resolving the orbits of electrons around thefor electron impact excitation and ionization. These source
magnetic fields lines in the EMCS using a simple time stepfunctions are then used in the FKS.
ping routine requires that the time step be a small fraction of Metal atoms sputtered from the magnetron target have
the cyclotron period. Doing so leads to unacceptably largan initial energy of a few eV and have a mean free path as
computing time. The gyrokinetic approximation, where onlylong as a few cm. These characteristics make a fluid descrip-
the guiding center motion of the electron is followed for tion for their transport questionable. In addition, the dispar-
conditions where the Larmor radius is small compared taate energy distribution of the sputtered atoms compared to
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the bulk metal atoms requires that the influx of metal atomsentering the fluid. One can show that in virtually all plasmas
be represented as a separate group. Therefore, a kineti€ interest (pressures of 10-40 mTorr, electron densities
Monte Carlo approach, the NMCS, was used to track sput10t'-10 cm3), the probability that a sputtered atom un-
tered metal atoms from the surface until they either slowdergoes excitation or ionization prior to thermalizing is
down to thermal speeds or strike a surfg@@ssuming a unity small, and so these processes are ignored in the NMCS.
sticking coefficient This allows the kinetic effects of the Capabilities were also added to compute the static mag-
neutrals to be represented during the initial slowing of thenetic fields as employed in the magnetron sputter source.
sputtered neutrals, while allowing the use of the more effiMagnetrons are typically constructed from lines of perma-
cient fluid equations for the thermal diffusion process. nent magnets. These magnets were represented by “filling”
Sputtered atoms are assumed to be emitted from the sua specified material in the numerical mesh with arrays of
face of the target with a cosine angular distribution. Since wesmall current loopgcurrent density) oriented in the appro-
are not resolving the sputter erosion track, the magnetropriate direction to provide the desired orientation of the mag-
surface is assumed to be planar. The emitted atoms are giveetic field. The current loops then provided source terms in
an energy specified by Thompson’s [&wvhich, for incident  solving for vector potential A, which, by differentiation,
ions of several hundred eV, can be approximated with gielded the static magnetic fields,
simple cascade distribution,

1 .
2E, VX;VXA=J, B=VXA, (5)

P(E)= o 7e3 (4)
ES(1+Ey/E) where u is the local permeability. We solved for the vector

wherep(E) is the relative probability of emitting an atom of Potential as a boundary value problem using the method of
energyE andE, is the surface binding energy, which typi- Successive over relaxation by extending the numerical mesh
cally ranges from 1 to 4 eV? to dimensions twice that shown in Fig. 1, and settihkg 0

In the NMCS, Monte Carlo particles are launched fromon the boundaries.
each point along the magnetron target surface with energies When using drift-diffusion formulations in the FKS, dif-
and directions selected from these distributions. The trajedusivities and mobilities for all charged species were then
tories of the atoms are then tracked as they move through tH€solved into components parallel and perpendicular to the
plasma region and undergo collisions with the plasma speocal magnetic field. This was accomplished by defining ra-
cies. Only momentum transfer collisions with the back-dial and axial mobilities where, for example,
ground gas atoms are considered. Collisions are modeled as 1+(gB, /mw,,)?
hard sphere collisions in the center of mass reference frame. u,=ug W
The collision cross section is computed based on the m
Lennard—Jones radius of the atoms. For energetic neutralghere i, is the mobility for radial transporty, is the iso-
this results in forward peaked scattering. The trajectories argopic mobility, B, is the radial component of the magnetic
followed until they slow to thermal speeds, or until they field, B is total magnitude of the field, ang, is the momen-
strike a surface. The ending location of the particles is talliedum transfer collision frequency.
to generate a Green'’s functidb(r,r') designating the spa- Electron impact cross sections and ion mobilities for the
tial distribution of atoms slowing to thermal speeds at a lo-metal systems of interest are not well characterized. For ex-
cationr within the plasma volume originating from location ample, few electron impact cross sections are available for
r' on the target. Al and Ti, which are of particular interest in the semiconduc-

The sputtering rate at each location along the target isor industry. The knowledge base for Cu is fairly well char-
determined by the local ion flux to the surface. In addition,acterized because of past interest in copper vapor las&ts.
charge exchange reactions near the target surface produtle lack of a complete cross section set and gas phase rate
fast neutrals, which can also sputter target atoms. To accougbefficients for Al and Ti presents difficulty in modeling, and
for sputtering by fast neutrals, all charge exchange reactiontherefore we have modeled a Cu IMPVD system with the
of ions directed towards the surface which occurs in thantention of characterizing the general behavior of IMPVD
mesh cell adjacent to the target are assumed to generate hytstems.
neutrals which contribute to sputtering. This approximation = The complexity of the atomic structure of the Cu atom
was made based on the fact that these ions have alreadgquires some simplifications in order to reduce the magni-
traversed a large fraction of the presheath. Therefore, the fatiide of computations needed. Therefore, within the FKS, the
neutral flux produced by charge exchange is computed bgxcited states of copper are lumped into an effective excited
multiplying the incident ion flux times the neutral atom den-state denoted as ®u which has the characteristics of
sity, the charge exchange cross section, and the width of theéy ?Ds,]. The higher excited states were not explicitly
last cell. The total sputter rate is, then, the ion flux to thetracked within the FKS because of their relatively short ra-
surface plus the fast neutral flux times the sputter yield. Theliative decay tim¥ and their low rate of excitation com-
sputter yield is assumed to be constant across the target forpared to the ifDs,] level. This was done to eliminate the
given incident ion and material composition. The sputter rateecessity of tracking several excited states of Cu, while
which so computed is then convolved with the Green’s func-maintaining the important processes. Several runs were per-
tion for slowing down generated in the NMCS to determineformed with and without the higher excited states in the FKS
the spatially dependent source rates of sputtered atonand the results were essentially the same. Within the EMCS,

(6)
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TABLE . Ar/Cu chemistry.
Cu Ground State

102 T Rate coefficient
» Momentum Transfer Reactiof (cm®s™ Reference
& 101 | 2Pap /P12 N e+Ar—Ar+e b 19
E e+Ar—Ar[4s]+e b 20
E 400 e+Ar—Ar[4p]+e b 20
& e+Ar—Ar-+ete b 21
§ e+Ar[4s]—Arf+e+e b 22
5 101 et+ArtSArt+e b 23
e+Cu—Cu+e b 15
10°2 e+Cu—CU 2Dyl +e b 15
1 10 100 e+Cu—CU2Dy,]+e b 15
a) Energy (eV) e+Cu—CU?Py]+e b 15
e+Cu—CU%Py,]+e b 15
Cu Excited State e+ Cu—Cupseudostate- e b 15
101 , e+Cu—Cu'+e+e b 16
e+CU?Ds,]—CU 2Dyl +e b 15
& 100 lonization et CL[EDS/J_’CL[EPUQ te z 15
< e+ CU2Dgj]— CU 2P4p,] +e 15
5 e+ Cy ?Dsj,]— Cupseudostaie- e b 15
"§ 10-1 . e+CU?2Dg,]—Cu* +e+e b 15
® Ar* +Ar* —Art +Ar+e 5x10°10 24
2 Cu* +Cu—Cu+Cu 1x10 * ¢
5 102  — Hichor Level CU* +Cu* —Cu* +Cu 1x10 22 c
'gher Levels Ar*+Cu—Ar+Cu*+e 5x1071! ¢
10-3 ] Ar* +Cu* —Ar+Cu*+e 5x10 1! ¢
1 10 100 Arf+Cu—Ar+Cu+e 5x10°1° ¢
b) Energy (eV) Art+Cu*—Ar+Cu™+e 5x10°1° ¢
Cu*+Cu—Cu+Cu* 6x10710 ¢
Arf+Ar—Ar+Art 1x10°° ¢
FIG. 2. Cu electron impact cross sectiofs. Excitations from the ground
state.(b) Excitations from C[PDs,], our effective Ci. 4n the FKS, all excitations of Ar are lumped into Arwhich is effective
Ar[4s], and all excitations of Cu are lumped into Guwhich is effectively
CU*Ds,.

however, electron impact excitations from the ground statéRate coefficients are calculated from electron energy distribution obtained
(3S,,), to the metastable state$D(s,,2D3;), resonance Cgszrnfafgg_cs'
states (P, and ?Pg), and a pseudostate representing
higher levels; and from the metastable *CtDs,] to the
resonance state€P,, and?Ps;,) and pseudostate, are in-
cluded for the purposes of determining the electron enerrg#)
distribution functions. Cross sections are essentially the same . . . :
. L celeration) The intended purpose of the solenoid power is to

as those used in Ref. 15, except that the ionization cross: . o

. . ionize the sputtered metal atoms. The substrate is biased at
section from the ground state was from curve fits by—20V dc to accelerate ions toward the surface. Due to the
Carmant® based on published data of Sheibner, Hazi, an '

Henry'” and on unpublished raw data of Sheibner and iasing of the coilddescribed beloyy ions can obtain suffi-

Hazi!® The electron impact cross sections we used aré:'ent energy to sputter the coils, which we assume to be

shown in Fig. 2. Heavy body reaction rates were obtainedmaOIe of copper. Therefore, sputteri_n g of copper atoms oc-
from Ref. 15 and a summary of the Ar/Cu reactions used isUrs f_rom both th_e target and th_e coilSputtering from the
shown in Table I. COI.|S is computationally treated in the ‘same manner as sput-
tering from the target. A Green’s function is produced by the
NMCS for starting locations of sputtered atoms from the
surface of the coil. When combined with the computed ion
flux to the coils, we obtain the volumetric source of sputtered
The geometry we used in our simulations is shown incopper atom$.The Ar fill pressure is varied from 15 to 45
Fig. 1 and is based on the experiments of YamaShital of ~ mTorr. The sputter parameters we used wge 3.5 eV and
Rossnagel and Hopwodd. It consists of a 20-cm-diam dc a sputter yiele: 2.0.
magnetron sputter source with an applied voltage @60 V Since the coils are immersed directly in the plasma, they
on the target. Due to the limitations of our two-dimensionalfunction equivalently to electrodes in an reactive ion etching
simulation, only a circular magnet configuration can be mod<{RIE) system with respect to biasing of the plasma potential
eled. The circular sputter track is defined using cusp magnetnd heating the plasma, and so their electrical coupling to the
rings above the sputter target. The chamber height is 9 cm. Alasma must be considered. As a result, we resolve the rf
two turn solenoid, powered at 13.56 MHz, is immersed in thecycle in the FKS. The details of this coupling depend on the
plasma and deposits 1 kW of inductively coupled powier.  configuration of the driving circuitry of the coils, a topic
all instances, the term “power deposition” refers to the netwhich is beyond the scope of the present study. We have

ower deposited in the plasma through charged particle ac-

Ill. PLASMA BEHAVIOR IN AN IONIZED METAL
SPUTTER DEPOSITION REACTOR
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FIG. 4. Neutral copper propertie®) Source of sputtered atoms which have
slowed to thermal speed. Contours values a0 cm 3s™1. (b) Cu neu-

tral density, including both ground state and excited state atoms. Contours
values arex 10! cm~3. The Cu density peaks off axis due to coil sputter-

FIG. 3. Electron and Clion density for an IMPVD at 35 mTorr, with
—250 V on the sputter target, 1 kW inductive power, and0 V applied to
the substrate(a) Electron density. Contours values axel0' cm3. (b) \
Cu* ion density. Contours values are10°cm=3. The Cu density is "9
~25% of the total ion density.

deposition because the majority of the power goes into ion

acceleration across the sheath rather than electron excitation.
therefore simply specified the amplitude of the rf potentialContributions to the ionization source from secondary emis-
the coils to be 100 V(200 V peak-to-peak which we ac- sion are displaced into the bulk. The magnetron functions as
knowledge to be a lower limit, and that there be a singlean externally sustained discharge where ionization, and
blocking capacitor in series with power supply upon which ahence current to the target, is largely determined by the in-
dc bias is collected. Since the area rdtioil to wall) is very  ductive coil heating. At the operating pressure of 35 mTorr,
large, the dc bias typically is nearly the rf amplitude. the electron collisionality is much higher than at a few mTorr

The electron density and Cudensity are shown in Fig. where traditional sputter magnetrons operate. This collision-

3, for 35 mTorr Ar fill pressure. The electron density has aality somewhat compromises the trapping of electrons in the
peak value of 1.410% cm 3, which is somewhat higher closed track of the magnetron and produces a diffusive
than that obtained in a similar size and powered inductivelycharged density profile, rather than a well confined source
coupled etching reactors, and is likely due to the low ioniza-beneath the sputter target. Some scalloping of the electron
tion potential of Cu(7.49 e\). Although the primary ioniza- density in the cusps of the magnetron can be seen. THe Cu
tion source for the electrons is near the coils where the indensity has a peak value of X30' cm™3, approximately
ductive power deposition peaks, the large aspect ratio an#5% of the total ion density, and has a profile centered on
lack of volumetric sources of electron logsuch as attach- axis, following the electron density.
ment or dissociative recombinatipmeads to the electron The source of sputtered Cu atoms and the total Cu neu-
density peaking on axigln all instances, the term “source” tral atom density are shown in Fig. 4. The Cu atom sputter
refers to the volume production of particular species exsource is the rate at which atoms sputtered from the surface
pressed as particles/ém.) The source of ions due to elec- slow down into the thermal group, making the transition
tron impact ionization near the coils is610'° cm 3s ! for  from kinetic transport to fluid transport. The sputter source is
a power deposition of 1300 W from capacitive and inductivepeaked near the radial edge of the plasma zone, a conse-
coupling of the coils. The ionization source near the magneguence of the high rate of sputtering from the coils. The peak
tron is 5X 10" cm 3s7?! for an applied magnetron power value of the source of sputtered Cu atoms is 1.5
deposition of 1700 W. The ionization source near the magx 10'® cm 3s™%. This high rate of sputtering from the coils
netron is smaller inspite of the higher magnetron powels sustained by the large amount of power deposition near the
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vicinity of the rf coils. This produces a high ion flux back
onto the surface of the coils which, combined with the large With sputtering from the coils
sheath potential, produces sputtering. The total Cu neutr: 5

density, which includes ground state and excited state C [ i ;:0
atoms, is shown in Fig.(®). The peak value for the neutral T a4l J80
Cu is 2.0< 10" cm™3 and is peaked off axis below the mag- o Total Cu Flux 170 3
nets. The off axis peak is caused by the high sputtering rat 05 3 g
from the coils as well as by the off axis sputtering source % =
from the target. Due to the fact that the lowest excited state g 2t 8
of Cu are metastable yet have a large excitation rate due1 i Cut Flux e
their low threshold energyl.4 eV), a large fraction of the 1p oCuflux o
Cu atoms are excited, in this case approximately 25%. acCu Flux 10
The importance of sputtering of the coil as a source of Ty 2z 3 4 5 6 7 8 9 10
metal atoms has recently been confirmed in experiments b a) Radius (cm)
Wang et al?® In these experiments, a Cu dc magnetron
source was used in an IMPVD reactor having aluminum Without sputtering from the coils
coils. Optical emission from excited Cu and Al states indi- 8¢ 7 100
cated comparable densities of each metal. Surface analysis ~ ~ 7 :—\
the resulting film showed that, depending on conditions, ‘3 6 - -
comparable fractions of aluminum and copper were ob- & ! /Pe“’e“‘ lonized §
tained. It has also been reported that the uniformity of meta @ N 2
atom deposition is a function of inductive power deposition, 2 Cu* Flux §
an effect attributed to coil sputterirf§. 53 5
The fluxes of Cu species to the wafer surface for 35 2 __Lc_“f'“’;
mTorr Ar fill pressure are shown in Fig(& while including 1 —{Unfhe"“a'iled Cu
sputtering from the coil and assuming that all Cu speciet o L~Cu Flux : : 0
have a unity sticking coefficient. The unthermalized flux is o 1t 2z 3 4 ,5 6 7 8 9 1
b) Radius (cm)

the flux of sputtered atoms which have traversed the reactc
from the target to the substrate without undergoing sufficient
collisions to slow to thermal speeds. The unthermalized fluxIG. 5. Cu deposition flux to the substrate and fraction of the flux which is
is strongly peaked at the outer edge of the wafer because tshized. The neutral qu'x consists of contribution; from Cg ground state,
the high rate of sputtering from the nearby coils and the offc¥ » and the unthermalized spuiter flum) Fluxes with sputtering from the
R . coils. (b) Fluxes without sputtering from the coils. Coil sputtering produces
axis circular sputter track on the target. The thermalized Cup, off axis maximum in the Cu atom flux.
neutral flux has much less variation although it is slightly
peaked at=7.5 cm from the axis. The more uniform thermal
Cu flux compared to the unthermalized flux is due to thejs not electrically shorted by depositing metal atdrhs.
diffusivity of Cu atoms in the plasma. The ion flux is rela- The same conditions were simulated with the exception
tively uniform at small radii, but tapers off at larger radius. that we specified that there be no sputtering from the coils.
From experience with designing conventional ICP plasmarhe electron density and Cudensities for this case are
sources, one can recoup some of this uniformity by a comshown in Fig. 6. The Cl density has a peak value of 1.1
bination of operating with a somewhat squatter aspect ratiox 10'* cm 3, which is significantly smaller and more
whose value is a sensitive function of pressure, and btrongly peaked on axis than in the case with coil sputtering.
changing the position of the rf coils. The flux of the™is  This trend is due to a decrease in neutral copper density,
relatively uniform across the wafer and approximately 13%especially near the coils. The electron density has a peak
of the total. The total deposition flux of Cu is the sum of thevalue of 1.2 10*2 cm3, slightly smaller than that when in-
fluxes of all neutral(thermal and hogtand ionized Cu spe- cluding coil sputtering, however it is more spatially uniform
cies. The total flux increases at larger radius because of thdue to a more uniform ionization rate. Although Cu is more
unthermalized neutral component, although the flux of theeasily ionized than Ar, it also has a larger rate of momentum
other components are decreasing. transfer and a larger rate of inelastic energy loss. Therefore,
The fraction of the Cu flux to the wafer which is ionized an increase in copper density, in this case caused by includ-
is ~50% near the center of the wafer. It decreases at largang sputtering from the coils, results in more cooling of elec-
radii due to the increase in the unthermalized component dfons by collisions with copper atoms. This results in the
the neutral flux produced by the proximity of the coils. To electron temperature being more peaked near the heating
prevent this trend, one must either minimize sputtering fronsource at the coils.
the coil, place the coils sufficiently far from the wafer that The copper sputter source and neutral density are shown
the sputtered atom flux has opportunity to thermalize and bé Fig. 7 for the case where no sputtering is allowed from the
ionized prior to striking the substrate, or place the coils outcoils. The sputter source has a peak value of 55
side the chamber. The coils can be placed outside the chanx10* cm™3s™! which is smaller than the case where sput-
ber by using an appropriately designed Faraday shield whictering is allowed from the coilgThe total sputter rate for a
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FIG. 7. Cu sputter source and density without sputtering from the cajls.
FIG. 6. Electron and Ciion density without sputtering from the coil) Source of sputtered atoms which have slowed to thermal speeds. Contours

Electron density. Contours values arel0t cm 3. (b) Cu® ion density. ~ Values arex 1915 cm3s7L. (b) Cu neutral density, including both ground
Contours values are 101 cm-2. state and excited state atoms. Contours values<aré'! cm 3. The ab-
sence of copper sputtering rom the coils results in an on axis maximum in
Cu density.

fixed sputter yield, which has been assumed in this modekllowed, which in turn leads to a slightly higher percent of
depends only on the total flux of ions to the surface. In thehe flux which is ionized~60% on axis. This results from
case where sputtering from the coils is allowed, the contrithere being less cooling of the electrons in the plasma when
butions from the coils actually exceeds the contributionsghe Cu density is low. The unthermalized flux in this case is
from the targe). The peak in the sputter source is locatedonly a small fraction of the total flux to the surface, which
below the magnetron target, although it is not located diindicates that the combination of reactor height and pressure
rectly beneath the magnets. This condition results from théor this case provides for sufficient thermalization of the
relatively uniform sputter source from the target, combinedsputtered atoms in the plasma volume, provided that the
with the short mean free path of the neutrals in a cylindricalsputter target is the primary source of copper in the system.
geometry, leading to a source peaked on axis. Since our The variations of the Cu ionized fraction and total depo-
simulation is only two-dimensional, the magnetron tracks aresition flux to the wafer with fill pressure and target voltage
at best nested circular loops. Sputtering is therefore directlare shown in Fig. 8. To offset the influence of sputtering
proportional to the ion flux incident onto the target. In manyfrom the coils, values are averaged over the inner 4 cm ra-
commercial magnetrons, the “racetrack” cuts across radiidius of the wafer, as shown by the vertical line in Fig. 5. As
thereby “mixing” incident ion fluxes from different radii. the pressure increases, the mean free path of the atoms de-
The total neutral Cu density in the plasma has a peak valuereases. The fraction of sputtered atoms which slow down
of 4.6x10' cm 3. The Cu density for this case is signifi- into the plasma increases, allowing more of them to be ion-
cantly lower and more sharply peaked on axis than wheilized before reaching the wafer. The ionized fraction of the
sputtering from the coils is allowed, thereby emphasizing thdlux to the wafer increases from=29% at 15 mTorr to
importance of considering this source of metal atoms in re~47% at 45 mTorr. At the same time, increasing pressure
actor design. has the effect of dispersing the atoms due to diffusion, which
The deposition fluxes as a function of radius are showrresults in a lower deposition rate, since more of the sputtered
in Fig. 5(b) when no sputtering is allowed from the coils. As atoms are lost to other surfaces in the reactor. The deposition
expected, all incident fluxes fall off at larger radius, sinceflux decreases from=5.5x 10 cm™2s™! (3900 A/min) at
there is no secondary source of sputtered Cu from the coild5 mTorr to ~1.5x10% cm 2s™! (1100 A/min) at 45
The overall deposition flux without sputtering from the coils mTorr. This implies a trade off between ionized flux fraction
is significantly lower than when sputtering from the coils isand deposition rate, which for this geometry and operating
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é —\T—'/‘ {a0 8 The other neutral fluxes are also smaller resulting in a total
3 2 Percent lonized 130 3 deposition flux which is smaller, and somewhat more uni-
s 1t 120 form. Since the coils have been moved closer to the top of
[ o ' 110 the reactor, diffusion losses of sputtered Cu atoms are larger.
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FIG. 8. Cu deposition flux and fraction of the flux which is ionizalas a V- CONCLUDING REMARKS
function of pressure antb) as a function of dc voltage on the target. In- A two-dimensional model for ionized metal physical va-
creasing pressure reduces the Cu flux but increases the fraction ionized. por deposition has been developed, and has been applied to
the investigation and design of deposition devices for Cu
deposition. For a modified magnetron sputter source, pres-
conditions would be between 25 and 35 mTorr. This resulsure plays an important part in determining the transport of
agrees qualitatively with the ionized Al experiments of Rosssputtered atoms. At low pressure, the sputtered atoms
nagel and Hopwoo#® Experiments by Yamashita with a 5 traverse the reactor with few collisions before reaching the
cm gap between the target and the substrate, at 10 mTorr anghfer, while at higher pressure, the transport becomes diffu-
800 W dc target power produced a deposition rate of 11 208ive, which allows for ionization for the metal atoms. How-
A/min for Cu depositiort. ever, the increase in pressure creates a diffusive loss mecha-
The variations of Cu deposition flux and the ionized flux nism for atoms to the walls, which reduces the deposition
fraction with target voltage is shown in Fig(i8. In these rate. Sputtering from the coils is seen to be a significant
cases, the sputter yield was assumed to remain constant, seurce of metal atoms. Sputtering from the coils is produced
that the main effect of increasing the target voltage is tdby the high plasma density generated near the coils from
increase the rate of plasma generation near the magnetromductive heating followed by ion acceleration into the coils.
surface due to secondary electron emission. The depositiorhis source of metal atoms must also be considered when
flux does not change appreciably between 100 and the  optimizing the uniformity of the deposition flux to the sub-
— 250V cases, which implies that at this operating point thestrate. Sputtering from the coils may limit the lifetime of the
ion flux to the target is roughly the same between the twaoils, however the total erosion rate will ultimately be deter-
cases. As the voltage is increased850 V, the deposition mined by the difference between deposition onto the coils
rate experiences a small increase due to a slightly larger rand sputtering. These results emphasize the need for careful
of ionization by secondary electrons leading to larger rates ofhoice of coil location, coil material, and circuit parameters
Cu sputtering, although the ionized flux fraction remainsto optimize operation.

near 50%.
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