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Characterization of magnetron-sputtered partially ionized
aluminum deposition
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A rotating magnet dc planar magnetron with a 33-cm diameter aluminum target is coupled with a
secondary plasma source to ionize the sputtered metal neutral flux to control the angular distribution
of the flux arriving at the surface of the substrate. For this purpose, a radio-frequBrmasma is

created between the sputtering target and substrate by a three-turn coil located in the vacuum
chamber. The rf plasma increases the electron temperature and density, which results in significant
ionization of the neutral metal flux from the sputtering target. By applying a small negative bias to
the substrate, metal ions are drawn to the substrate at normal incidence. A gridded energy analyzer
and a quartz crystal microbalan¢®@CM) were used to determine the ion and neutral deposition
rates. From this, the ionization fraction of the flux incident onto the QCM is determinedl993
American Vacuum Societ)S0734-210(98)02602-5

[. INTRODUCTION the plasma properties as measured by a quartz crystal mi-
crobalance(QCM), a gridded energy analyzéGEA), and

The dc magnetron sputtering is used extensively to det angmuir probes. Conventional PVD operation is at 1-5
posit films that serve as interconnects in integrated circuitgnTorr, with metal ionization percentages in the single digits.
(ICs). In this physical vapor depositidi?VD) process, metal  This low ionization is due to decreased electron density, less
atoms are sputtered from a dc-biased target with ejectiogffective Penning ionization, and nearly collisionless trans-
energies of a few eV The angular distribution of the ejected port of aluminum at low argon pressuredhe operation
atoms is roughly a cosine distribution, and is further broadpressure range with the ICP coil for ionized PVD is 15-35
ened by gas phase scattering, yielding insufficient bottonmTorr, and the ionization fraction of the metal flux that
coverage and voids during filling of high aspect rati®)  reaches the bottom of an1:1 aspect ratio via is over 80%.
features’ As device geometries are reduced to sub-QuB5
and contact and via aspect ratios increase-fy semicon- Il EXPERIMENT
ductor IC manufacturers are looking for alternatives to The sputtering tool used is a rotating magnet dc planar
physical collimation techniquésind chemical vapor deposi- magnetron with a 33-cm diameter aluminum target. The
tion technologie4. The problems associated with conven- chamber is cryopumped and has a base pressure of
tional sputtering sources can be overcome by ionizing thd-0x10~° Torr. A cross section of the chamber geometry,
metal flux and applying a bias on the substrate to acceleraf@e diagnostic components, and the ICP coil are shown in
the metal ions through the plasma sheath to the substrafdd- 1. A three-turn aluminum water-cooled coil powered by
surface. Since the sheath thickness is smaller than the meanL.5 kW rf(13.56 MH2 power supply matched with a vari-
free path and the electric field in the sheath is normal to th@ble input capacitof600—-1200 pFand end-of-coil ground-
substrate, a narrow angular distribution is achieved. lonized"d capacitor(600—-800 pk is used.
PVD enables the electrostatic collimation of materials for IC ~ The diagnostic, described in detail elsewhtis used to
applications without the inherent problems of physical colli-measure the ionization fraction and the deposition rate of the
mators(e.g., lower deposition rates, collimator clogging, uni- metal flux, and consists of a QCM embedded under a three-
formity changes, particulate formation, poor bottom-cornerdrid GEA shown in Fig. 2. The term “ionization fraction” is
step coverage, and h|gh effective é())st used to describe the fraction of the metal flux reaChing the

|Onized PVD has been demonstrated by introducing arbottom Of the diagnostic. S|m|lar embodiments Of thIS diag'
inductively coupled plasméCP) coil between the substrate nostic have been previously discussed for helicon and ECR
and targef=® Applying rf power (typically at 13.56 MHzto  etching!*™**and in ionized PVD'* applications. Comple-
the coil increases the electron temperature and density. THEentary measurements were also obtained using a Langmuir
net result is an increase in the ionization rate of the metaprobe to determine the electron temperature and density at
atoms with a corresponding increase in the ionization fracdifferent pressures and different magnetron powers. These
tion of the flux to the substrate. data are shown in Table | and the time-resolved probe tech-

In this article we demonstrate ionized PVD and report onhiques are outlined in Refs. 15 and 16 for rf plasmas.
The deposition rate is monitored by the QCM and is cali-

3Electronic mail: doug@starfire.ne.uiuc.edu brated with film thickness profilometer measurements on
YElectronic mail: appliedtechnologies@compuserve.com glass substrates. This is necessary to account for the trans-
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TasLE |. Langmuir probe electron temperature and density measurements at

TARGET varying magnetron powers and pressui@sat 800 W ICP power
o
O 1cP COIL Pressure Magnetron T n
Cq—170 ———p e e
8 o o DIA7 (mTorn power (KW) (eV) (cm™3)
2 o 25 2.0 2.70.5 2.6£0.3x 10"
oh 219 g 25 2.9-0.3 2.40.2x 10"
TTmmmmmmmmmmmmmsssssssssmmmmmeeoees 3 3.0 2.1+0.2 2.1+0.2x 101
: i 35 2.0 2.6-0.5 3.1+0.3x 10"
25 1.8£0.2 3.2£0.3x 10"
! 35 SENSOR| '
SUBSTRATE
< 406 > In the capacitive mode the forward and reflected power both

increase as the rf power is increased, but as the transition to
inductive mode begins, the reflected power drops as the for-
Fic. 1. A cross-section schematic of the sputtering chamber. The dottefvard power is further increased. This continues until the
outline shows the location of the substrate in its raised position. The sensggower supply current peaks, usually around a power of 1200
contains the gridded energy analyzer and quartz crystal microbalance, ag/. The efficiency of the coupling is much higher when in
seen in Fig. 2. the inductive mode. It should be noted that there will always
be some capacitive coupling to the plasma from grounded
:chamber walls. The term inductive mode is used to imply

parency of the grids and the difference in the vertical posi- o : )
tion of the substrate plane and the QCM. that most of the rf power is input to the system inductively,

The ionization fraction is calculated from the totadn  PUt by no means to all of the power. _
and neutral and neutral deposition rates, thus two measure- Data are taken with the target-to-substrate throw distance

ments with distinct grid settings are required. To measure th8t 10-2 ¢cm and at 14.2 cm. The substrate is raised to see the
aluminum total deposition, all three grids are biased-80 effect of different throw distances on the deposition rate and

V. The substrate is also biased -a80 V. To measure the ohization fraction. Langmuir probe data are only available

aluminum neutral deposition the retarding grid is set at 30 With the lowered substrate. The dotted outline in Fig. 1
(above the plasma potential of 10—15.This consistently shows the location of the substrate and diagnostics in the
screened out the vast majority of the ions. The ionizatiod 2iS€d position. _ _
fraction is the difference between the total and neutral depo- '€ ionization fraction that reaches flat portions of the
sition rates divided by the total deposition rate. substrate is smaller than that which reaches the QCM since
In operations, the plasma goes through a transition fronqeutral atoms that hit the inside walls of the diagnostic are
capacitively coupled to inductively coupled. At high pres- part of the flux in the substrate plane. This geometric effect
sures (25 mTory this is observed by a sharp increase inand the calibration is discussed in Ref. 10. Note that the
glow intensity as expected.Below 25 mTorr the change is ionization fractions at the bottom of a cylindrical via would
not as abrupt, but a gradual increase in intensity is noted. Ap€ the same as those measured here if the via had the same

all pressures the transition to the inductively coupled mode i@SPECt ratio as our diagnosiit.8:1) since the geometric ef-

noticeable by observing the reflected power on the rf supplyf€ct would be the same.

MEASUREMENTS IN mm

lll. RESULTS AND DISCUSSION

Figure 3 shows the deposition rate and ionization fraction
at three different magnetron powei®.0, 2.5, and 3.0 kW
and three different pressur€k5, 25, and 35 mTojrfor the
lowered target-to-substrate distance of 14.2 cm. The rf power
is held constant at 800 W. As one would expect, higher
magnetron power leads to a higher deposition rate because
01 ek more neutral atoms are sputtered from the magnetron into the
plasma. Higher pressures lead to a lower deposition rate be-
cause more atoms are scattered to the walls of the chamber.
A competing effect of pressure is seen from the ionization

Al CASING

SHUTTER

TEFLON
DISCS
1.6 thick

3 fraction data. The increased scattering at higher pressures
\/ v leads to a higher ionization fraction since the residence time
< 4 > of a sputtered atom in the rf plasma is longer.
MEASUREMENTS IN mm Figure 4 again shows the deposition rate and ionization
Fic. 2. A cross-section schematic of the gridded energy analyzer and quarff@ction as a function of power and pressure for the raised
crystal microbalance diagnostic. target-to-substrate distance of 10.2 cm. The effects of pres-

JVST A - Vacuum, Surfaces, and Films

Downloaded 25 Dec 2012 to 192.17.144.42. Redistribution subject to AVS license or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions



626 Hayden et al.: Magnetron sputtered partially ionized Al deposition 626

=—F— Deposition Rate

= I Ionization Fraction -
g
2000 - 1.0 8
] I <
1800 35 mTorr \;
g R R e - 0.8 )
£ 1400 ~ Saton) B 5
< - s 2
< 1200 L 0.6 & 2
£ 1000 g &
& | e e e2 E
§ 800 15 mTorrf- ().4 5 g
g 600 | 25 mTorr I ) Z

A 4004 ¥ - 0.2

200 35 mTorr | Magnetron Power (kW)
Substrate lowered ——15mTorrup  ——25mTorrup  =o=35 mTorr up
0 i T i 0.0 --¢-- 15 mTorr down - - 25 mTorr down = o= 35 mTorr down
2.0 2.5 3.0
Magnetron Power (kW) Fic. 5. Neutral deposition rate vs magnetron power for 800 W ICP power at

different substrate heights. Error bars are shown for every point.
Fic. 3. Deposition rate and ionization fraction vs magnetron power for 800
W ICP power at different pressures with substrate in lowered position. Rep-
resentative error bars are shown. The large error in the ionization fraction e}t . . "
35 mTorr is due to a low deposition rate when the ions are screened out. owered such that the number of part'CIes becomlng ionized
is driven by the source term of the sputtered particles.
When the substrate is raised, Fig. 6 shows that the ion

sure are identical, except a slightly lower or equal depositiofl€Position rate is higher at higher pressures. A longer neutral
rate is actually seen for the highest pow8r0 kW) at the re5|den_ce _tlm_e in the_z rf plasma becomes the dominant effect
higher pressures of 25 and 35 mTorr. on the ionization. With the target and substrate close, many
Figures 5 and 6 explain this phenomenon. In Fig. 5 thfeWer particles are actually scattered to the walls. The effect
deposition rate due to neutral atoms is only shown for botff magnetron power on the deposition rate of ions generally
substrate positions and all three pressures and powers. It bEicreéases the source term and the rates increase. At the high-
haves in a very understandable fashion. Lower pressur&St Power however, such an overwhelming flux of metal is
higher power, and a shorter target-to-substrate distance lea@gded to the plasma that it cools. This is supported by Lang-
to more neutral deposition. Figure 6 shows the depositiofnuir probe data showing the electron temperatur'e drop at the
rate due only to ions for both substrate positions and all threBigher magnetron powe(dable ). Therefore the ion depo-
pressures and powers. At the lower substrate position the iofition rates are lower for all three pressures at the highest
deposition rate mimics that of the neutrals-lower pressur®ower even though the neutral atom deposition rate in-
and higher power lead to more ion deposition. There is £€ases. This explains the drop in ionization fraction seen in

sufficient ionization volume of plasma when the substrate id19. 4. ] N ] )
The ion deposition at 15 mTorr does not increase with a

shorter target-to-substrate distance as shown in Fig. 6 like it

—F— Deposition Rate
= I :Ionization Fraction
2000 — - 1.0 1600 —
1800 .
~ 16001, - = = - 0.8 g
£ —_ £
g 14004 _ - - - 9 <
= - - o E ;,
it/ 1200 25mTorr ~ & 0.6 & =1
: s 2
Ez 1000 = g
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2 600 -7 el B a2
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200
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j T j ' Magnetron Power (kW)
2.0 2.5 3.0

——15mTorrup ——25mTorrup  =o=35 mTorr up

Magnetron f’ower kW)
g --o-- 15 mTorr down - a- 25 mTorr down = o= 35 mTorr down

Fic. 4. Deposition rate and ionization fraction vs magnetron power for 800
W ICP power at different pressures with the substrate in raised positionFic. 6. lon deposition rate vs magnetron power for 800 W ICP power at
Representative error bars are shown. different substrate heights. Error bars are shown for every point.
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