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Effects of target polycrystalline structure and surface gas coverage
on magnetron /- V characteristics

A. Leybovich and T. Kuniya
Tosoh SMD, Inc., Grove City, Ohio, 43123

P. C. Smith, M. B. Hendricks, and D. N. Ruzic
University of Illinois, Urbana, Iilinois 61801

(Received 6 October 1993; accepted 14 January 1994)

The effects of Al target surface grain structure and surface gas coverage on sputtering magnetron
[~V characteristics have been investigated to reveal the net effect of variations in the ion-induced
electron emission yield (IIEEY) on /-V characteristics, One (110) single-crystal and three
polycrystalline Al-1 wt % Cu targets with the similar {110) crystallographic orientations and grain
sizes of .25, 0.93, and 5.5 mm were studied. The partial pressures were monitored before, during,
and after sputtering. The direct IIEEY was measured under 600-900 eV Ar" and He* beam
bombardment as a function of grain size and gas coverage at specimen temperatures of 19 and
74 °C. The IIEEY measurements demonstrated that both the surface grain structure and the gas
coverage affect the electron emission. The direct IIEEY was highest in the small grain size and
lowest in the large grain size specimens. An increase in specimen temperature raised the emission
yield due to increased chemisorption of residual gas species. In contrast magnetron -V
characteristics suggested the highest IIEEY for medium grain size target. This difference is
explained by the combined effect of residual gas adsorption and plasma sheath distortion around

surface relief which results in TIEEY increase.

I. INTRODUCTION

The current-voltage (I-V) characteristics of sputtering
magnetrons play an important role in sputtering plasma char-
acterization. Deposition parameters, process stability, and
production reproducibility depend on these /—V characteris-
tics. For example, the deposition rate is generally an increas-
ing function of the discharge current, while the bias voltage
affects resputtering by influencing the reflected particie den-
sity and distribution.’? The magnetron plasma, like all types
of d¢ glow discharge plasmas, is sustained by a number of
elemental ionization and excitation processes. The ionization
by electrons ejected from the cathode surface during ion
bombardment is a fundamental parameter greatly influencing
the self-sustaining nature of the magnetron plasma.>*
Namely, the electron emission from the target surface affects
the discharge I~V characteristics.

In this article, we report on a series of experiments de-
signed to reveal the effects of target surface gas adsorption
on the target emission characteristics. Gas adsorption is stud-
ied as a function of target surface grain structure and tem-
perature. The ultimate aim of this study is to determine the
nature of /- V curve deviations that are at times observed for
targets with similar composition, crystallographic texture,
and sputter profile. Sometimes, routine sputtering of identical
targets in the same sputtering system exhibits unexpected
variations in the J—V characteristics. Therefore, the under-
standing of the phenomena responsible these I-V curve
variations may allow us to improve the consistency of sput-
tering processes.

The /- V characteristics of dc sputtering magnetrons have
been studied by 2 number of authors.’~” Rossnagel™® showed
that the target species can affect the bias voltage by a local
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gas rarefaction in front of the target. He explained the ob-
served phenomenon by the thermalization of sputtered atoms
during their interaction with gas particles.

Effects of target crystallographic structure and surface
grain relief on sputtering magnetron /- V characteristics was
studied by Leybovich et al.” It was shown that similar targets
may exhibit /- V characteristic deviations due to differences
in crystallographic structure or in target surface grain relief,
The crystallographic structure affects the I-V curves by vir-
tue of the discrepancy in the ion induced electron emission
yield (IIEEY) from different crystallographic planes, while
the surface grain relief affects the /—-V characteristics via
secondary electron losses due to their scattering and intercep-
tion. The present work is a continuation of this study and
concerns the effect of aluminum polycrystalline target gas
adsorption on /- V characteristics and the IIEEY.

Although the IIEEY from gas-covered metallic surfaces
has been studied for various materials (Ta, Pt, W, Ni) and
pure adsorbed gases (H,, N,, O,, C0O),F1° these studies can-
not explain the /- V curve deviations observed for aluminum
polycrystalline targets. Aluminum (110) single-crystal and
polycerystalline targets with similar crystallographic orienta-
tions and grain sizes of 0.25, .95, and 5.5 mm were exam-
ined.

l. EXPERIMENT

The experimental setup used in this study includes two
techniques; /- V curve measurements during the magnetron
sputtering of actual targets, and ultrahigh vacoum (UHV)
HEEY measurements of specimens made from the target ma-
terial. The surface exposure conditions in both experiments
were comparably maintained.

©1984 American Vacuum Society 1618
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Fic. 1. The experimental apparatus for the IIEEY measurements. System
configuration: TC=thermocouple and CV =convectron.

A. Sputtering

Four sputtering targets 5-cm diameterX(.3-cm thickness
were used in this experiment: one pure aluminum (99.999%)
single-crystal target with (110) crystallographic orientation
and three 99.999% purity Al~1 wt % Cu targets with similar
(110) preferred crystallographic orientations and grain sizes
of (.25, 0.95, and 5.5 mm. The polycrystalline targets were
fabricated and examined as described earlier.” Four rectangu-
lar specimens 19 mm longX6.3 mm wide made from the
target matertal were also used for direct IIEEY measure-
ments.

The targets were installed into a dc magnetron sputtering
system with an unbakeable processing chamber described by
Wickersham ef al.'! Each target was mechanically clamped
to a backing plate of a sputtering source with a magnetic
field of 320 G, induced 3 mm above and {5 mm from the
source center.” Each target was examined at base pressures of
1.0X107* Pa.

Gas adsorption in this experiment was determined from
measured residual gas partial pressures. The residual gas
analyzer (RGA) was connected to the sputtering system
through a 45-cm-long and 3-cm-diam flexible metallic hose.
The base pressure of differentiaily pumped RGA was main-
tained at less than 1X107° Pa. All the analyzed spectra were
normalized to the RGA base pressure. The spectra were
monitored before, during, and after sputtering. Each target
was sputter conditioned at 0.3 A for 15 mins prior to record-
ing the /- V data. Then the system was continuously pumped
for 30 mins. High-purity argon at 0.8 Pa was used as the
sputtering gas.

B. HEEY measuremenis

The HEEY measurements were carried out with the appa-
ratus described by Smith.!? Schematically the apparatus is
shown in Fig. 1. It consists of two differentially pumped
chambers. The ion gun chamber was pumped by a diffusion
pump equipped with a liquid-nitrogen cryotrap, while the
UHYV section was pumped by turbomolecular and cryopumps
working together. The UHV section base pressure was
arcund 7X 1077 Pa.

A noble gas based Colutron source was used to produce
the ions. The ions were extracted, accelerated, and focused
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into a crossed electrostatic and magnetic field velocity filer.
Due to the relatively high pressure in the ion gun (about
1X107° Pa), the fast neutrals produced by the charge transfer
process are filtered by a 5° bend in the system through which
the ion beam was electrostatically bent. Before striking the
specimen, the ions were decelerated to the desired energy in
the range of 600-900 eV and focused into a less than 0.2-
mm-diam beam. The ion beam was rastered over the speci-
men surface in a 1.5X1.5-mm square pattern to obtain uni-
form exposure. The ion beam energy range was chosen based
on three criteria. First, the beam energy range should overlap
the ion energies at magnetron sputtering for major industrial
applications (conical or planar targets). Second, the energy
range should include the expected kinetic emission energy
thresheld. And third, the ion energy should minimize the
effect of space charge on the beam geometrical distoriion.
The UHV gas medium was monitored using an RGA directly
connected to the UHV chamber.

The specimen assembily is presented in Fig. 2. The assem-
bly simultaneously served to hold specimens and to collect
incoming ion and emitted electron currents at room or el-
evated temperatures. The assembly consists of three coaxial
eiectrically insulated cylinders. Thermocouples are mounted
in close proximity te the specimens which are fixed on the
inner cylinder. The potentials of all the cylinders are chosen
to be identical to create a field-free region around the speci-
men that prevents the ion beam distortion. The two outer

&— | Type Thermocouples

Vel {on Beam

\\e'

Heating Disk

L: Inner Cylinder

n d Tefion Spacers
M: Middle Cylinder Samgples

O: Outer Collimating Cylinder
P: Probe
F: Faraday Cup

& Thermocouples

Fic. 2. Specimen assembly.
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cylinders have coaxial holes for the ion beam to pass
through. The incident ion beam passes through a hole in the
outer most cylinder where any stray ions are collected, then
proceeds through a bole in the middle cylinder without inter-
action and strikes the specimen. Cusrent coliected by the
inner cylinder includes two components; the current of in-
coming primary ions and the current of emitted electrons.
The emitted electrons are collected by the middle cylinder.
The number of electrons lost back through the entrance hole
is taken into account at data analysis. All the currents are
measured with the Keithly 416 picoammeter connected to
the cylinders. The [IEEY is determined as a ratio between the
electron current coliected by the middle cylinder and the pri-
mary ion current calculated as the difference between the
inner and middle cylinder currents.

It may be argued that the IIEEY data determined by this
technique are not applicable for magnetron sputtering appli-
cations, When the residual gas fluxes on exposed surfaces in
magnetron sputtering (1-10X10'® em™%s™!) are compared
with the UHV HEEY measurements (1X10'2 ecm™257!), the
observed flux difference of 4-5 orders of magnitude may be
considered to be a significant difference in the exposure lev-
els. However, in this experiment, similar exposure conditions
were maintained by selecting the same flux ratios for all the
species bombarding the surface in sputtering as in HEEY
measurements (residual to process gases and ions to residual
gas of 107> and 107°, respectively).

ill. SPUTTERING EXPERIMENT RESULTS AND
DISCUSSION

The 7-V characteristics for single-crystal and polycrystal-
line targets are shown in Fig. 3. As seen, the (110) single-
crystal target exhibits the highest bias voltage when com-
pared with polycrystalline targets. The effect of grain size on
{~V characteristics is not simple. The voltage is higher for
large and slightly lower for medium grain size targets when
compared with the small grain size target. Since the crystal-
lographic structure of all the targets is similar, the observed
I-V curve variations may be associated with certain dissimi-
larities in surface gas coverage or in surface grain relief.

The gas adsorption on solids is a function of gas pressure,
temperature, and exposure time."* The residual gas species is
known have a certain thermodynamic privilege for adsorp-
tion (chemisorption) in the sputtering medium in spite of
their relatively low partial pressures.'* Therefore, the partial
pressure monitoring for gas species before, during, and after
sputtering will give us a certain knowledge of adsorption
kinetics. The. typical RGA data collected in scanning mode
are shown in Table 1. Since different bypass valves were used
to maintain the RGA operational pressure, the RGA data
were normalized to the sputtering chamber pressure (Table
II). This makes the data comparable for all test conditions.

As seen in Table II, the major peaks before sputtering are
water traces (mass numbers 17, 18, and 1) although the
N,/CO peak is also noticeable {mass number 28). During
sputtering the partial pressures of water traces are elevated
and are still seen against the strong argon peaks with mass
numbers 20, 36, 39, 40 (36, 39-—argon isotopes). Immedi-
ately after sputtering the RGA spectrum is changed dramati-
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Fic. 3. Effect of grain size on IV characteristics of Al-1 wt % Cu targets
{argon pressure 0.8 Pa).

cally. The molecular hydrogen peak (mass number 2) be-
comes predominate. After a while the spectrum restores its
initial structure although all the peaks are lower in magnitude
(Table I}

TaBLe [ The typical RGA spectra {eight major peaks) collected in scanning
mode: (a} before sputtering, (b) sputtering, (¢} 30 min after sputtering, and
{d) 90 min after sputtering.

Common Common
Mass Torr gases Mass Torr gases
(a) )

18 0.9x1077 Water 40 1.5X107° Argon
17 24x1078 Water 20 24x1077 Argon
28 1.3x1078 N,/CO 18 1.5x1078 Water

1 1.2x1078 1 08x1078
44 49x1077 Co, 36 55%x107°

2 3.0%107° Hydrogen 28 4.0x10™ N,/CO
16 2.1%107° Oxygen 39 3.7%x1077
32 2.0x107° Oxygen 7 36%x107° Water

) ( @)

2 0.9%1077 Hydrogen 18 45x%1077 Water
18 45x1078 Water 17 09x1077 Water

1 33x107° 28 1.5x1077 N,/CO
28 1.3%1078 N,/CO 2 07x1078 Hydrogen
17 33x107° Water 1 06x10°%
44 33x107° Co, 44 1.8x107° co,
16 1.9%x107° Oxygen 16 09%x107° Oxygen
29 12x107° 32 07x19°° Oxygen
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TarE 1. Residual gas partial pressure dynamics at magnetron sputtering.

Partial pressure (Pa)

After sputtering

Before During
sputtering sputtering 30 min 90 min
Mass
Specics number (x10% {(x10°%  Change® (X107  Change (X105  Change
Water 17, 18 19 33 +17 2.7 -0.8 2.7 —0.8
Hydrogen 2,1 24 24 +101 7.5 +2.1 0.7 —-14
N/ICO 28 2.0 0.9 +46 0.7 —-0.6 0.4 +0.8

“Change given in multiples of the partial pressure before sputtering.

An explanation for the residual gas partial pressure
changes can be found using the published data for the gas
adsorption by aluminum.'® Not all the background species
are adsorbed on aleminum identically. The H,0, CO, O, spe-
cies are able to be adsorbed only on pure aluminum (as well
as on pure copper and their alioys), while the H,, N,, CO,
species are not adsorbed. In contrast, the oxidized aluminum
surface adsorbs all the background gas species including H,,
N,, CO,.13 Comparison of these data with the data in Table
I makes it possible 1o visualize (via the partial pressures
dynamics) the changes in the sputter surface state that finally
affect the -V curves and the HEEY behavior. As seen in
Table I the H, and H peaks with mass numbers 2 and 1
{where H is a water dissociation peak) increase dramatically
(101 times) when sputtering occurs. When sputtering is
stopped, the peaks smoothly decrease with time. The signifi-
cant change in hydrogen pressurc confirms the idea that the
original oxide initially adsorbing the H, and H species is
removed from the sputter surface during sputtering and the
surface becomes pure. The H, and H species are no longer
adsorbed by either target surface or by deposited aluminum
films. This results in the hydrogen accumulation in the gas-
eous phase. The low hydrogen cryopumping causes the ob-
served increase in the hydrogen partial pressure (Table I).
When sputtering is over, an intensive chemisorption occurs.
This process then evolves into the time-progressive oxidation
with aluminum oxide layer growth. This oxide effectively
pumps the hydrogen as well as other background species that
causes the final vacuum improvement. Several types of
chemical bonds with different bonding energies are known
for the chemisorption of H,O species on aluminum oxide
which are susceptible to form sufficiently thick stock of wa-
ter layers.”” Although, some residual gas species are not ad-
sorbed at sputtering, the chemisorption of others goes on. As
seen in Table II, although the partial pressure of hydrogen
jumped more than 100 times during sputtering the pressure
of other water species (mass numbers 17, 18) has increased
only 17 times. Even taking into account the difference in the
molecular cryopumping of the hydrogen and water species

For polycrystalline targets this adsorbed layer does not
uniformly cover the target surface but concentrates in the
form of spots around certain crystallographic defects, or on
grain boundaries with stronger bonds between adsorbed par-
ticles and the surface. In fact, if we compare the F~V char-
acteristics (Fig. 3) we will see that the targets, depending on
their grain size, exhibit different /- V curve behavior. The
single-crystal target having a sputter surface without grain
boundaries, has the highest bias voltage when compared with
polycrystalline targets. The grain boundaries decrease the
bias veltage, though the effect of grain size on 7—V charac-
teristics is not consistent. The target voltage is higher for
large and slightly higher for small grain size targets when
compared with the medium grain size target. We explain the
behavior of the /- V curves by the combined effect of re-
sidual gas adsorption and surface grain relief on the resulting
[IEEY. This effect is more fully considered in the following
section.

V. lEEY MEASUREMENT RESULTS AND
DISCUSSION

The aluminum single-crystal IIEEY versus ion energy is
presented in Table IHI. As seen, the IEEY increases only
slightly when energy is increased. The small slope of the
roughly linear curve confirms the potential type of emission
in this particular ion energy range.'® However, the magnitude
of IEEY are in some contrast with the data presented by
Carlston er al.,'” where the IIEEY from the (110) aluminum
single crystal at threshold energies (0.9-1 keV) is apprecia-
bly higher {0.1) than we measured. This discrepancy may be
explained by the effect of surface gas adsorption in Carl-
ston’s experiments. A small amount of water vapor intro-
duced into UHV chamber of our apparatus and increased its

TaBLE II. Effect of Ar™ energy and water adsorption on the IIEEY (target
temperature 19 °C.)

this evidence allows us to suppose that some oxygen, includ- lon energy (eV) IEEY
ing chemisorbed phases, are permanently present on the pure 600 0.048+0.003
aluminum surface. These phases cause surface structural re- 700 0.047+0.003

arrangement with thin dipole layer formation. In contrast to Zgo ("V“}: OXM“)[ N 0.1290.011
the high probability of electron scattering in a metal, the 302 (Carlston et al. Ref. 17) 8‘55%0005
scattering in these nonconducting tayers is far lower than that g 0.057+0.006

which results in an increased electron escape probability.

JYST A - Vacuum, Surfaces, and Films
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TaBLE V. Effect of target grain size (GS) and temperature on the TEEY
under 700-¢V He® bombardment.

Specimen 19°C 74 °C
Al-1 wt % Cu (GS 0.25 mm) 0.39%0.03 0.48x0.06
Al-1 wt % Cu (GS 0.95 mm) 0.25£0.02 0.36+0.06
Al-1 wt % Cu (GS 5.50 mm) 0.18x0.01 0.23£0.02

partial pressure from 5X1077 to 5X107° Pa causes the
DEEY to increase to a value nearer the magnitude reported
by Carlston et al.'”

The effect of the grain size was studied at temperatures of
19 and 74 °C under the 700-eV He™ ions bombardment.
Light He" ions were chosen to increase the IIEEY magni-
tude. This allow us to increase the measurement accuracy.16
The temperature of 74 °C was selected to study the IIEEY at
actual target sputtering temperatures. The IIEEY as a func-
tion of grain size and temperature is presented in Table IV.
The temperature effect on the IIEEY is consistent. For all
grain sizes (GS), the HIEEY increases when the temperature
is raised. An explanation may be found in a close analysis of
RGA data taken at the IIEEY measurements. At 74 °C the
hydrogen peak is higher than at 19 °C. This suggests that
elevated temperatures increase the irreversible reactivity of
water dissociation by the formation of water chemisorbed
layers. Since the hydrogen does not react with the pure aln-
minum surface, its partial pressure increases.

The IIEEY continuously increases when the target grain
size is changed from large (5 mm) to small (0.25 mm). The
small grain size specimen exhibits the greatest IIEEY when
compared with the medium and large grain size specimens.
However, if we compare the IIEEY data (Table IV} and the
I~V characteristics (Fig. 3) a certain difference in trend may
be observed. As seen in Fig. 3, the IIEEY from the medium
grain size target at sputtering is not appreciably less than the
IIEEY from the small grain size target as may be expected
from direct LIEEY measurements. In fact the IIEEY from this
target is even slightly higher. This difference is explained by
the interaction of two competing effects. On one hand an
increase in the area of surface grain relief increases the
IIEEY due to the residual gas adsorption, on the other hand
the surface grain relief decreases the HEEY due to secondary
electron scattering and interception. In the vacuum the ad-
sorption is the only factor affecting the change in the IIEEY,
there may be no change in the IEEY due to change in elec-
tron scattering without change in the applied to the sample
electrical field. In this case the adsorption effect is largest in
the small grain size sample having largest grain boundary
area. In the magnetron plasma however it is possible to de-
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crease secondary electron scattering due to plasma penetra-
tion into the grain relief cavities.” When the sheath thickness
matches up with the surface grain relief in size, sheath bend-
ing arcund the relief makes it possible to extend a rather
strong electric field into the cavities. This results in the col-
lection of more electrons. This effect is the dominant factor
in the case of large grain surface immersed into the plasma.
However, the optimal combined effect of these two phenom-
ena which results in increase of the IIEEY and decrease in
bias voltage occurs for intermediate grain size reliefs.

V. CONCLUSIONS

The target surface grain size and surface gas coverage
affect the sputtering /—-V characteristics of polycrystalline
aluminum targets. We have shown that the I-V characteris-
tics are sensitive to the IHEEY. For specified sputtering pa-
rameters (target crystallographic structure and profile as well
as argon pressure and discharge current) the residual gas
pressure and grain size associated with target surface tem-
perature are the key parameters affecting the reproducibility
of I-V characteristics.
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