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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 before depositing onto the substrate. The
sputtered metal atoms and neutralized ions reflected from the target have higher kinetic energies
than the buffer gas and so are not in thermal equilibrium. These nonthé@nfiight) species can
dominate the total metal species density at low pressur&smTorr. As a result, electron impact

of the inflight species may significantly contribute to excitation and ionization. To investigate these
processes, a model was developed to include the inflight electron impact exciti&lén of
sputtered species during IMPVD. Results for Cu IMPVD indicate that the predictédi€nsity at

low pressurg2 mTorp significantly increased when IEIE was taken into account. As the pressure
increases, the rate of thermalization increases and the importance of IEIE decreasz®)1 ©
American Institute of Physics[DOI: 10.1063/1.1333026

I. INTRODUCTION distance between the target and the substrate, the densities of
the nonthermalinflight) species can be larger than those of

lonized metal physical vapor depositidiMPVD) is be-  thermal species. Under such conditions, electron impact ex-
ing developed to deposit metal seed layers and diffusion bakitation and ionization of the inflight species become impor-
riers into trenches and vias of high aspect ratio for microtant. This mechanism may be particularly important in ion-
electronics fabrication= A typical IMPVD system consists ized hollow cathode magnetron sputtering devices, which
of a magnetron cathode for physical sputtering of metal attypically operate below 10 mTorr.
oms and a secondary inductively coupled plagih@P) be- In this paper, we present results from an investigation of
tween the target and the substrate. The plasma is usualtfte electron impact excitation of inflight species during Cu
sustained in an inert gas such as Ar at moderate pressuresiMPVD. The computational platforms used in this study are
10’s mTorr to slow the sputtered atoms and ionize them priothe two-dimensional Hybrid Plasma Equipment Model
to their reaching the substrate. Typical ionization fractions of HPEM) (Refs. 6,7 and the Monte Carlo Feature Profile
the metal are 10’s of percent to as large as 908radio  Model (MCFPM).® The HPEM has been previously vali-
frequency(rf) or dc bias may be applied to the substrate todated for the IMPVD conditions of intereStThe effect of
vertically accelerate the metal ions into the wafer. The cominflight electron impact excitatiodlEIE) was numerically
bination of anisotropic metal ions and isotropic neutral metainvestigated as a function of pressure from 2 to 40 mTorr by
atoms results in conformal deposition which preventsincorporating IEIE algorithms into the HPEM. We note that
pinch-offt when filling trenches. IEIE is an integrated part of the plasma physics in an experi-

The kinetic energy of the sputtered metal atoms from thenent and cannot be “toggled” on and off. In numerical stud-
cathode is several eV while the temperature of the backies such as this, however, the model can be run with and
ground gas atoms is less than 0.1 eV. The ions which araithout the IEIE algorithms to determine the physical sig-
incident onto the target have energies of 100’s eV and araificance of IEIE. It was found that at low pressufre2
reflected as neutral atoms which also have kinetic energies @fiTorr) IEIE can increase the predicted Culensity by as
several eV. These high energy neutr@puttered atoms and much as a factor of 2, and that the effect of IEIE diminishes
reflected neutralized iohsequilibrate with the background with increasing pressure as the rate of thermalization of the
gas through elastic collisions. Power transferred from thesflight species increases. The consequence of IEIE can be
energetic neutrals to gas atoms during collisions produceseen in the profiles of microtrenches filled using IMPVD.
“sputter heating” and ultimately rarefaction of the dhs.
When the reactor pressure is low enough that the mean fre
path of sputtered and reflected neutrals is comparable to IHE DESCRIPTION OF THE MODEL

The HPEM has been previously described in détail.
aElectronic mail: j-lu@uiuc.edu The HPEM is a modular simulator which iteratively achieves
DElectronic mail: mjk@uiuc.edu a quasisteady state solution. The modules used here are the
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electromagnetic moduléeEMM), the electron energy trans- 26.0 | ' I ] ] ] I

port module (EETM), and the fluid kinetics simulation W iron L]

(FKS). Inductively coupled electromagnetic fields and mag- ('\Tﬂfrf’ing) Core

netostatic fields are computed in EMM. These fields are then 1954 | N

used in EETM to solve the electron energy equation for the cu Ta,gek/i Gas lnletf
temperature of bulk electrons. Using Monte Carlo tech-
niques, the trajectories of secondary electrons emitted from
the cathode are followed and their electron energy distribu-
tions are obtained. The electron temperatures and energy dis-
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the plasma potential throughout the reactor. The sputter

transport algorithms are included in the FKS. Densities andfIG. 1. Schematic of an IMPVD reactor with external coils and a Faraday
electric fields are then transferred to the EMM and EETMshield.

and the process is repeated until a converged solution is ob-

tained. The gas pressure was held constant at the specified

value by throttling the pump rate. The electron transport insource terms are generated at the location of ionization and
radial and axial directions is resolved within each rf period.incorporated into the fluid continuity equations. Due to the
The electron motion in the azimuthal direction is not re-strong electrostatic forces in the plasma, the ions rapidly
solved in the fluid modules, but is tracked in the Monte Carloequilibrate with the bulk ions. The trajectories of the inflight
modules. The species densities shown here are averaged oveetal atoms are recorded to obtain the inflight species den-
several rf periods. sities.

The transport of the sputtered and reflected atoms is To assess the consequences of IEIE on profile evolution
modeled by Monte Carlo techniques and is described in deof trenches filled with metal using IMPVD, the MCFPM was
tail in a previous publicatioh.Only the electron impact ex- used. The MCFPM was first developed to simulate etch pro-
citation of nonthermal species will be described in detailfiles using the flux distributions produced by HPENThe
here. Using a cascade distribution for the energy of sputterelCFPM resolves the trench region on the wafer using a
atoms, pseudoparticles are emitted from the target and theiectilinear mesh, with typical mesh spacing of 100 cells for
trajectories are integrated using Monte Carlo methods. Thé.0 um length. One solid cell represents the width of several
mean free path of the energetic neutrals is determined usingundred atoms. Each cell is assigned a material identity,
null collision techniques to account for spatially dependentwhich may change during the simulation. Gas phase species
gas propertiesdensity and compositigrresulting from, for  are represented by pseudoparticles. The solid materials are
example, gas heating and changes in composition due tepresented by computational cells. Pseudoparticles are
slowing down of energetic neutrals. A probability array is launched from random locations above the trench, with en-
constructed for collisions between the energetic neutral anéirgy and angles sampled from the flux distributions produced
other species, including electrons. A random number is gerPy the HPEM. The trajectories of these particles are tracked
erated to determine the collision partner. When the collisioruntil they hit the solid material. Depending on the gas—solid
partner is an electron, a second probability array is conreaction mechanism, either etching or deposition occurs, and
structed based on the local electron temperature to determirige identity of the computational cell is changed accordingly.
the electron impact reaction that occurs and the product. The
effective probabilityp; for ith reaction is based on the rate

coefficientk; for electron impact IIl. INFLIGHT ELECTRON IMPACT EXCITATION

ki(Te) The IMPVD reactor used in this investigation is shown
pi= B (1 in Fig. 1. The reactor has a conventional magnetron at the
th top and a substrate 15 cm below the Cu target. The diameters
wherevy, is the random thermal speed of the electron. Thesef the target and substrate are 22 and 21 cm, respectively.
probabilities are added and normalized to 1. A random numThe rf inductive power is supplied by a four-turn coil outside
ber is generated to determine which reaction occurs. Sincef the plasma through a Faraday shiél@omputationally,
the momentum transferred to the gas atom during an electrathe azimuthal electric field is allowed to simply propagate
impact is small, the pseudoparticle retains its original velocthrough the Faraday shield. The operating conditions are 0.5
ity following electron elastic and excitation collisions, and kW ICP power, 1.0 kW magnetron power, and 2—40 mTorr
the particle is tracked until it thermalizes or strikes a surfaceAr. For example, at 20 mTorr, the peak electron density is
The rates of thermalization of neutral species are recordef.3x 10'* cm™3, target voltage is 253 V, and electron tem-
into source terms for incorporation into the fluid continuity perature is 3.2—3.8 eV. HPEM predictions with and without
equations. For electron impact collisions producing ions, theEIE were compared to quantify the effect of inflight pro-
pseudoparticles are removed from the sputter calculation. looesses.
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FIG. 2. Predicted Cu species with IEIE at 2 mTda. Inflight Cl° density,

) . S FIG. 3. Predicted Cu species with IEIE at 40 mTda). Inflight C.® den-
(St:))égzgmaarlecigfﬁgeﬂfty’ andc) thermal Cd density. The majority of the Cu sity, (b) thermal C{ density, andc) thermal Céi density. The majority of

the Cu species are thermalized.

The temperature of the Ar buffer gas at 2 mTorr is about
1000 K due to heating from the ICP and the magnetrompredicted Cu species densities with IEIE at 2 mTorr are
power. Under these conditions, the mean free path foshown in Fig. 2. The inflight Cu ground state dendite-
Cu—Ar elastic collisions is 20 cm which is commensuratenoted by Cl) peaks at 4.8 10'* cm™2 below the target, and
with the reactor dimensions. The majority of the sputtereddecreases to:810'° cm 2 above the wafer. This decrease is
Cu atoms therefore undergo few collisions before reachingn part due to thermalizing collisions and in part due to the
the substrate. As a consequence, the dominant Cu speciesditerging trajectories of the sputtered Cu atoms originating
2 mTorr should be the inflight Cu atoms. For example, thefrom the narrow sputter track beneath the cusp of the mag-
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FIG. 4. Predicted Clidensities as a function of pressure with and without FIG. 5. Predicted ionization fractions of the Cu flux to wafer at a radius of
IEIE. (8) Maximum and reactor-averaged values dhylfractional differ- 5 cm with and without IEIE(a) lonization fractions andb) fractional dif-
ences. The differences are large at low press(#&0 mTory. ference. The differences are large at low press@e20 mTorj.

net. The thermal Clidensity is about an order of magnitude

less than the inflight Cldensity, ranging from 1.1 to 7.0

% 10'° cm™3. The thermal Cti [nominally the C(’D) statd transition from inflight to thermal as the inflight €atoms

ranges from 2.2 to 8:810'° cm ™3 between the target and the undergo collisions. The Cu density, ranging from 2.3

substrate and is large near the cusp of the magnet where tot&l10'? cm 3 to 2.3x 10'* cm™2 (above the wafér exceeds

excitation rates peak. The inflight Eudlensity is about 2 the C{ due to the low rate of quenching and low mobility of

times the sum of the thermal €and Cd densities. The Cu* at the higher pressure.

inflight Cu* density(not shown ranges from 1.810° cm 3 The predicted Ctli density is significantly affected by

to 2.0x 10 cm ™3, 2—3 orders of magnitude smaller than the IEIE. For example, the maximum and the reactor averaged

inflight CU° density. Besides contributions for direct ioniza- Cu® densities are shown in Fig(a&, with and without IEIE.

tion of inflight Cu atoms, multistep ionization is also impor- The Cu" densities with IEIE are larger than those without

tant. The average Cudensity with IEIE is 4.6 10'° cm™3, IEIE, for both the maximum and the reactor averaged densi-

3 times that without IEIE. Since Cus metastable and has a ties. The difference is largest at the lowest pressure of 2

lower ionization potential than Cu, approximately 15% of mTorr, and decreases as pressure increases. Note that for

total ionization comes from electron impact of Cu these cases the magnetron and ICP power are held constant,
As the pressure increases, the density of inflight speciethereby “fixing” the ion density. Although the Cudensity

decreases due to the shorter mean free path and more rapithy vary, the total ion density does not as the more numer-

thermalization. At high enough pressures20 mTorp, the  ous Ar" ions (Ar*][Cu*]~3.0 at 20 mTory change their

Cu species are largely thermalized. For example, the predensity to compensate. The fractional difference for thé Cu

dicted Cu species densities at 40 mTorr are shown in Fig. 3ensity with and without IEIE is shown in Fig.(l8). The

The inflight C density ranges from 1X010'? cm 2 below  fractional difference is defined agQu’]-[Cu’Jp)/[Cu*],,

the target to 5.8 10° cm > above the wafer, indicating al- where[Cu'] is the density with IEIE, andCu'], is the

most total thermalization. The inflight Cudensities, not density without IEIE. At the same pressure, the fractional

shown here, are on the order of®1@m 3, much lower than differences are essentially the same for the maximum and the

the inflight Cf density. The thermal Cldensity ranges from average values. The fractional difference, 1.8 at 2 mTorr,

1.5x10* cm™2 below the target to 3010'° cm 2 above  monotonically decreases with pressure and is 0.1 at 40

the wafer, becoming increasingly larger than the inflight Cu mTorr. This indicates that IEIE is the dominant source of

density from the target to wafer. The ratio of thermal toionization for Cu at low pressure and is not negligitl€©%

inflight CL° increases from target to substrate, reflecting theeven at the relatively high pressure of 40 mTorr.
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With IEIE tens of mTorr range. Larger ionization fractions tend to pro-

duce more conformal depositions due to both more direct
filing (metal ions in the depositing flux have a narrower
angular distribution than neutraland sputtering of deposits
at the top edges of the trench which would otherwise overlap
to produce “keyhole” voids. At 20 mTorr the ionization
fraction is sufficiently low that, for these process conditions,
a void is produce. When including IEIE, a smaller void is
produced because the Cu flux with IEIE has a larger ioniza-
tion fraction (43%) than that without IEIE(33%). Under
similar conditions, experimental observatithsuggest that
the large void without IEIE is likely to occur at a lower
pressure of 5 mTorr since the ionization fraction is lower.
The small void at 20 mTorr predicted with IEIE is more
consistent with experimental observations.

The majority(>90%) of the incident ion flux to the tar-
get is Ar'. These AP reflect from the target as fast Ar
neutrals with an average energy of 6 E\Hence, there is a
significant amount of inflight Ar species in the plasma in
addition to the inflight Cu species. However, the"Atensi-
ties with and without IEIE are essentially the same at all
pressures. The fixed target power of 1 kW is the major con-
trolling factor for Ar*, which makes up the majority of the
ion flux. The constant magnetron power maintains an essen-
tially constant Af density independent of IEIE.

Without IEIE

IV. CONCLUDING REMARKS

600 nm | In conclusion, inflight electron impact excitatigHeIE)

contributes significantly to the density of metal ion species

FIG. 6. Predicted trench profiles for Cu deposition with and without IEIE at@Nd the ionization fraction of the depositing metal flux at low

20 mTorr. The increased Cu ionization fraction with IEIE reduces the size oland moderate pressures. At the high plasma densities of

the void due to an increase in the ionization fraction of the incident metal|\jPV/D systems, even inflight atoms which have short ther-

fon flux. malization distancéor transit time can be ionized or ex-
cited. The density of the buffer gas ions is controlled by the
magnetron power, and is relatively independent of IEIE.
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