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Conventional magnetron sputter deposition with a rf inductively coupled pla@@R) has
demonstrated that ionized metal fluxes can be effectively utilized to fill trenches and vias with high
aspect ratios. The ICP is created with a seven (W@ wavelength water cooled coil located
between the magnetron cathode and the substrate. A large fraction of the metal atoms sputtered from
the magnetron cathode are ionized by the ICP. These ions are accelerated across the sheath toward
the substrate and deposited at normal incidence, by placing a negative bias on the substrate. A
gridded energy analyzer configured with a quartz crystal microbalance is located in the center of the
substrate plane to determine the ion and neutral deposition rates. While keeping the magnetron
power, rf coil, target to substrate distance, pressure and diagnostic location constant, the ionization
fraction was measured for two metal targets: Cu and Ti using three different working gases: Kr, Ar
and Ne. Variations in target materials and working gases are shown to have an effect on ionization
and deposition rates. The ionization rate is a sensitive function of the metal’s ionization potential.
The electron energy distribution in the plasma is affected by the sputtered metal and the working
gases’ ionization potential. @000 American Vacuum Sociefs0734-210(100)00603-5

[. INTRODUCTION coupled plasmdICP) coil between the substrate and target

aa}nd running at a higher pressuiz5s—70 mTory than colli-

Semiconductor metallization techniques such as physic -6 .
. o " . mated PVD*° In order to increase the electron temperature
and chemical vapor deposition have been utilized in the com- . : : . .
. : ; o S and density a rf power is applied to the coil. The ICP caoll
mercial production of integrated circuits. As circuit dimen-

. . . . increases the ionization rate of the metal atoms which corre-
sions shrink and aspect ratios increase, these techniques are : . S .
srPonds to an increase in the ionization fraction of the metal
u

no Iongerldesirable_because of poor step coverage ano! VOifiix to the substrate. Previous experiments have used this
formation. Qqnventlonal magnetrpln sputtering, a phys.'calmethod to characterize partially ionized aluminum
vapor deposition(PVD) process, utilizes metal atoms which depositior® In that experiment a three turn coil was used to

are sputtered from a wide-area cathode. The angular distri- .

. . . : . .~ generate a rf plasma between the sputtering target and the
bution of the ejected atoms is roughly a cosine distributio o S .

: . ; substrate. Deposition rates and ionization fractions were ob-
that is further broadened by gas phase scattering. Since thefe

N : . ained under several varying conditions. The conclusion of
sputtered atoms are primarily neutral their trajectory canno . - . .

g - he experiment indicated that the added ICP coil provided
be controlled by electric fields. Therefore to utilize magne-

tron sputtering for high aspect ratio features there are twglasma throughout a larger volume as well as raising the

; ; . " electron temperature and density, which lead to increased
possible solutions. One is based on the deposition of the """ . . .

. . : - - Ionization of the sputtered metal flux. In this article we dem-
neutral species which would involve directional filtering of

the sputtered fluxi.e., collimated sputtering’ while the sec- pn;trate I'PVD. W'th adc plana_r magnetron and report on Fhe
. S ionized deposition as a function of metal and gas species.
ond is based on in-flight ionization of the sputtered or evapo- . : . i
. . : Through the analysis of comparing materials and gas species
rated flux with subsequent acceleration of the metal ions to ; . ; )
. we can learn more about the basic mechanisms involved in
the sample by means of a substrate poteftial. S .
N L i o ionized deposition.
The in-flight ionization of atoms is known as ionized
physical vapor depositioll-PVD). There are two inherent
advantages to this technique over the conventional or coliill- EXPERIMENT
mated sputtering. First, all depositing ions arrive at normal A dc planar magnetron sputtering tool, with a 33-cm-diam
incidence, which leads to directional deposition of the flux.rotating magnet and target, was used. A cross section of the
Second, the depositing ions have an increased energy, whidihamber geometry, the ICP coil and the diagnostics are
allows resputtering and reflection of the depositing flux leadshown in Fig. 1. A seven turrs wavelength, water-cooled
ing to better sidewall conformality. In addition, this kinetic copper coil was powered by a 1.5 kW({f3.56 MH2 power
energy of the ions can be controlled at will simply by adjust-supply matched with a variable input capacité00—-1200
ing the relative potential difference between the plasma ang@gF) to maximize the coupling between the rf and dc plasma.
the sample. The matching network consisted of three capacitors in paral-
[-PVD has been demonstrated by introducing inductivelylel. One capacitor was fixed at 600 pF, the second capacitor
was variablg0—600 pF and the third capacitor was variable
dElectronic mail: monica@starfire.ne.uiuc.edu (0—150 ph. These capacitors were in series with the seven-
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turn coil and were used extensively to minimize the reflectegpower of 900 W, throw distance of 15.5 cm, gas pressure of
power from the coil. The coil was placed between the targeB5 mTorr, and the diagnostic was located in the center of the
and the substrate with a diameter of 31 cm?2 cm. To  substrate. Different targets and gases produce differing mag-
minimize the self-sputtering of the coil, the total length of netic currents and voltages due to a number of factors. The
the unwound coil was equal towavelength of the rf. Then current—voltage relationship in a magnetron appears to be
the center of the seven turn coil was grounded to allow ongtrongly dependent on the ion induced secondary electron
end of the coil to be powered while the other end floats. Thismission coefficient§) and partially dependent on the dy-
allows the net dc voltage on the coil to be zero. The diagnamics of the sputtered cathode atoms and the background
nostic used to measure the total and the neutral depositiojas. They is important for the following reason. As the
rate of the metal flux consists of a quartz crystal microbal\,c,y[age increasesy rises leading to more electrons acceler-
ance(QCM) embedded under a three grid energy analyzegteq into the plasma. This causes more ionizations and there-
(GEA). The GEA consists of two adjustable biased grids angore more sputtering and more electron emisdiofihe

one nonadjustable. The nonadjustable top grid is placed ovey,rent—voltage relationship in a magnetron is also partially
the opening of the casing and is biased with the substrate gnendent on the rarefaction of the gas density near the cath-
—30 V. The middle and bottom grids are located inside theyye region. This occurs when the large fluxes of energetic
casing and are separated with a Teflon disk of 04 mm sputtered atoms collide with the neutral gas and transfers

thickness. The inner and outer diameter of the Teflon disk i% . . .
nergy. Since the pressure is constant the gas density de-
23*1 and 32-1 mm, respectively. These grids are adjusted 9 P g Y

: . creases. The reduction in gas density results in a lower rate
+30 V to obtain the neutral and total deposition rates. Whe g Y

the two arids are biased 230 V the total deposition rate bt ionizing collisions, thus the current on the cathode de-
ne two grids las position T creases and the voltage increases to maintain a constant mag-
(ions + neutralg can be measured by the QCM, while the

" . . .. netron power:1°
neutral deposition rate is determined when the bottom grid is To calculate the net metal influx, the VETRIM3D code

biased+30 V. A LabVIEW program was utilized to produce as used to determine the sputtering yields for the copper

a real-time plot of the deposition versus time using the QCMW

data. The slope of this plot is the total deposition rate Wher‘;de titanium targetS. VFTRIM3D is based on the transport

the grids are biased-30 V and it is the neutral deposition ofions in matter(TRl!\/I) code,_vv_h|ch “t_"'z_es a Mpnte Carlo
rate when the bottom grid is biase0 V. The difference of model to simulate binary collisions Wlthm.a §O|Id. It tracks .
these rates divided by the total deposition rate provides th$e (:Iasca(:{[(ra] of a;oms g(lanerated b% an |nC|(t:iﬁntttﬁtom unt|lt
ionization fraction. These diagnostics have been used in priof <Y 'aVe the surface or lose enough energy that they canno

experiments and have been described in greater detail in prg_scape. VFTRIM3D extends _the TRIM concept to tregt
vious articled. rough surfaces that are prescribed by a fractal model, with

the fractal dimension varied to best match the roughness of
the actual experimental surface. The sputtering yields ob-
IIl. RESULTS AND DISCUSSION tained by VFTRIM3D at the experimentally determined volt-
The total source, the neutral and ion fractions, and theges are shown in Fig. 2 with the symbtht each respective

ionization fraction of the metal as a function of the working point. These experimentally determined yields are in agree-
gas were determined by a diagnostic which consisted of aent with published literatur¥.

GEA and a QCM. The values were determined at the follow- The total source rate into the chamber, shown in Fig. 2,
ing constant parameters: magnetron power of 4 KW, rfwas obtained by taking the product of the sputtering yield

J. Vac. Sci. Technol. A, Vol. 18, No. 3, May /Jun 2000



799 Allain et al.: Characterization of magnetron-sputtered partially ionized deposition 799

4.00E420 TasLE |. Mean free paths of Cu and Ti in noble gases at 35 mTorr obtained

. V= 364 Volls V= 357 Voits V = 474 Volts from a sllghtly mo_dlfled form qf the momentum tran_sfer cross _sec_tlon,
Y=136 Y=155 Y=2.30 where the differential cross sectian, was calculated using a combination
1=11.2 Amps 1=10.15 Amps I=8.5Amps

(see Ref. 1% of Lennard-Jonegsee Ref. 1p and Ziegler—Biersack—
Littmark Universal potential¢see Ref. 15
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o v E o ® e 0 ™ e reach the bottom of a 1:1 via; therefore we can also analyze
what percent of the total number of atoms are neutrals by
taking the neutral deposition and dividing it by the total. The

Fic. 2. Total source rate into the chamber vs metal source rate measured Byatg in Fig. 3 have been normalized by the total amount of
Lhoﬁng'agms"c@co and GEA at 4 kW. Error bars are shown at every o, mq bt into the plasma from Fig. 2. It shows that at most
0.2% of the metal put into the plasma make it down to the
bottom of the via as atoms, while the remainder of the atoms

and the ion current that strikes the target. The ion current thadre scattered to the sidewalls of the chamber or back to the
strikes the target and the voltage shown in this figure werdarget. A simple geometric diffusion model accounting for
measured by the magnetron power supply which was set at@xponential attenuation based on a diffusion mean free path
constant power of 4 kW. Copper has a higher metal sourc¥erifies the magnitude. This is why low pressures are typi-
rate than titanium because it has a higher sputtering yieldzally used for deposition processes.
The yield is related to the momentum transfer from energetic The effect of scattering is clearly evident in Fig. 3. As the
particles to target surface atoms. The sputtered atoms mugtass of the working gas increases, the scattering increases,
also overcome the surface binding energy of the targets. TH&erefore the fraction of neutrals retaining a downward ve-
bulk Debye temperature was used to obtain the surface bindocity, sufficient to reach the bottom of the via, decreases
ing energies of copper and titanium to be 3.52 and 4.89 e\substantially. The metal experiences the least amount of scat-
respectively:®> The lower the surface binding energy, the tering with neon compared to argon and krypton because it is
lower the energy needed to sputter the material. Thereforthe lightest working gas. The target to substrate distance is
copper, having the lower surface binding energy, has an evetp.5 ¢cm while the mean free path of the gas atoms at a
higher metal source rate into the chamber than titanium agressure of 35 mTorr is only a few millimeters, as shown in
the same magnetron power level. Table I
Figure 3 shows the fraction of metal that reaches the bot- The mean free paths quoted are for momentum transfer,
tom of a 1:1 via as neutral atoms. These data take into adgvhere the cross section used is a slightly modified form of
count the transmission of the three grids located in the GEAthe momentum transfer cross section commonly found in
Therefore the data represent the fraction of the metal thdextbooks
would reach the bottom of a 1:1 via as neutral atoms, in the
absence of the three grids. The diagnostics, which were ex- o,=
plained previously, determine the total number of atoms that
where o, is the differential scattering cross section in the
center of mass frame. Calculating, in the center of mass
frame with the prefactor containing the masses of the gas and
metal atoms is necessary in order to integrate the actual mo-
mentum transferred in a collision. The standard definition of
ooots cu o, carried out in the lab frame without the prefactor is only
correct in the limit of very light impacting particles on heavy
0001 targets (i.e., electrons on atoms The differential cross
section o, was calculated using a combinattfn of
Lennard-Jonés and Ziegler—Biersack—Littmark “Univer-
sal” potentials'®
o AP e ®® W w9 Figure 4 shows the fraction of metal that reaches the bot-
(Ne) (A (Kr) . . .
Atomic Weight of Working Gas tom of a 1:1 via as ions. These data were also obtained by
the GEA and the QCM and the transmission of the grids

Fic. 3. Fraction of metal that reaches the bottom of a 1:1 via as neutr ;
atoms provided by the GEA and QCM vs the fractional neutral source. Daﬁa’vere also taken into account. These data have been normal

have been normalized by the total amount of atoms sputtered into th!:zed_tO the _tOtal number of atoms put into the plasma. The
plasma. Error bars are shown at every point. fraction of ions that reach the bottom of the 1:1 via are a
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Fic. 4. Fraction of metal that reaches the bottom of a 1:1 via as ions pro- Atomic Weight of Working Gas

vided by the GEA and QCM vs the fractional ion source. The data have

been normalized by the total amount of atoms sputtered into the plasmaic. 5. lonization fraction of metal at the bottom of a 1:1 via. Data have

Error bars are shown at every point. been normalized by the total amount of atoms put into the plasma. Error
bars are shown at every point.

function of electron temperature and the ionization potential
of the gas as well as the material of the target. The ionizatiomet effect is a decrease in the denominator of the ionization

potential is related to the amount of energy required to creatgaction thus increasing the value of the ionization fraction.
one additional electron along with an ion from an inelastic

collision between an electron and an atom. The working gas
with the higher ionization potential requires more energy tolV. CONCLUSION

be ionized and will therefore produce a higher electron tem-  ~np5racterization of ionized physical deposition as a func-
perature of the plasma. This effect was verified with an anagg, of metal and gas species has allowed an investigation
lytic model, which showed that the electron temperature fofi,q the basic mechanisms of this process. Although conven-
the neon working gas should be higher than that of argon ang,n4 magnetron sputter deposition with a rf inductively
krypton* This higher electron temperature will enable the cqypled plasmdICP) has demonstrated that ionized metal
energetic electrons to ionize more gas atoms thus increasifgyes can be effectively utilized to fill trenches and via with
the sputtering of thg target resulting in more metal eqter_lng1i9h aspect ratios’*8understanding the basic physics is im-
the plasma. The higher electron temperature also ionize€Syrtant in choosing the most effective ingredients for the
more of the metal atoms thus leading to an increased i0Berspective application at hand. The copper target with neon
fraction. This explains why the ion source decreases Witlyas should be used in order to fill trenches with high aspect
decreasing working gas ionization potentiae., decrease in  4tios pecause the ionization potential is higher for neon
electron temperaturgsThere are more ionizations in Neon \yhich yields a higher electron temperature, hence having the
[ionization potentiallP=21.56 eVj] than Ar(IP=15.76 Y greatest impact on the number of metal atoms that are turned
and Kr (IP=13.99 eV. On the other hand, a lower metal i jons in the plasma. The scattering is also significantly

ionization potential of the target material yields a higher|osg due to the weight of neon versus argon and krypton.
fraction of ions in the plasma. Accordingly Fig. 4 shows that

for a Ti target(IP=6.82 eV} with any working gas, the ion
source is larger than the Cu targéP=7.72 e\j) with the =~ ACKNOWLEDGMENTS
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