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Effects of ion-induced electron emission on magnetron plasma instabilities

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

A. Leybovich and J. E. Poole
TOSOH SMD, Inc., Grove City, Ohio 43123

(Received 15 November 1993; accepted 15 April 1994)

Some magnetron sputtering systems experience rapid oscillations in the current and voltage of the
plasma discharge after several hours when equipped with certain targets. These oscillations often
lead to the plasma becoming extinguished, a condition known as “flame-out.”” This article details
the study of two 90% W-10% Ti magnetron targets which differed in density. The higher density
targets sometimes experienced flame-out after approximately 3 h of sputtering. The less dense
material could be sputtered for the entire 15 h life of the target. Scanning electron microscopy
pictures and atomic composition depth profiles were obtained using Auger electron spectroscopy. In
addition, a Colutron-based ion source with a high vacuum system was used to measure ion-induced
secondary electron emission coefficients as a function of energy, ion specie, and gas coverage.
Analysis of the sample from the group that suffers flame-out showed large regions of pure titanium
in the interior of the sample and higher levels of oxygen contamination. These oxide regions act as
insulators in the material which cause the secondary electron emission to decrease, the plasma
current to drop and the voltage to rise. The less dense targets had a surface topography which helped
overcome these decreases is electron emission. Experiments showed that an increase in the voltage
with respect to the surface significantly increased electron emission, for the less dense targets,

counteracting any drops in plasma current.

i. INTRODUCTION

Magnetron sputtering devices are used to deposit thin
films in a broad range of applications. A plasma discharge is
started between the target and substrate by biasing a high
negative voltage to the target, while the substrate and the rest
of the chamber remain grounded. It is sustained by ion-
induced electrons emitted from the target cathode.' This ar-
ticle details the differences in magnetron performance of two
types of 90% W-10% Ti magnetron targets. Though specific,
the insights gained can be applied to a variety of target-
produced magnetron instabilities. Two different density tar-
gets, which differed mainly in micro structure, were exam-
ined. The less dense target (A) was manufactured from
tungsten and titanium powders of 20-200 pum size. It was
sintered at 1200 °C with no applied pressure. The other tar-
get (B) was made from similar size powders, but was sin-
tered at a lower temperature, 800 °C, with applied pressure
of 300 MPa. The densities of the two materials differed: 11.1
g/em® for A and 14.4 g/em® for B. Under this process the
maximum theoretical density is 14.52 g/cm®. Target A had a
porosity level of 38% compared to the maximum theoretical
density of the material, 17.9 g/em®. Target B had a porosity
level of 20%.

When the target of lower density (A) was used for sput-
tering, particulate emission was noticed. After several hours
of sputtering, particles of at least 10 pm size were detected
on the substrates at a concentration of 1.5 particles/cm®. Tar-
get B was characterized by significantly lower particulate
formation rate, 0.07~0.17 particles/cm? of the same size as
A. The problem of particulate formation has been studied by
Wickersham et al.?

A problem associated with the use of W-Ti targets is a
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phenomenon known as ““flame-out.” It is marked by a sud-
den decrease in discharge current, accompanied by a concur-
rent rise in the voltage, which occurs erraticaily. Eventually,
the current decrease and voltage increase become so signifi-
cant, that the magnetron power supply cannot maintain the
plasma. Occasionally, the discharge may relight, especially if
the system pressure is increased, and sputtering will con-
tinue. If the situation reoccurs after reignition, the target can-
not be used. Sometimes, a target that has experienced flame-
out in one sputtering system will function normally in a
different system. The round targets are 50 mm in diameter
and 3 mm thick. They were determined to be of high purity
by glow discharge mass spectroscopy (600-700 ppm O,,
less than 200 ppm C). Of the two targets tested, target A, the
lower density one, did not suffer flame-out problems. The
target could be sputtered for its entire lifetime (15 h) without
problems. The higher density target (B) did suffer from
flame-out, with a typical use of only 3 b before flame-out
occurred. The sputtering tests were performed using a system
described earlier.’

Two techniques were used to determine a possible expla-
nation for the phenomenon: Auger electron spectroscopy
(AES) and ion-induced electron emission measurements.
Scanning AES was used to obtain scanning electron micros-
copy (SEM) pictures and elemental composition of the sur-
faces in question. In addition, the ion-induced secondary
electron emission coefficients of the two targets were exam-
ined.

il. AUGER ELECTRON SPECTROSCOPY

An Auger electron spectrometer in the Center for Mi-
croanalysis of Materials at the University of Illinois was used
to image and analyze the atomic composition of three re-
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Fi. 1. Porous sample in heavily sputtered region. The indicated regions
were analyzed using depth profile.

gions of each sample. AES uses the detection of emitted
Auger electrons induced with an incident electron beam. The
energy of an Aunger electron is characteristic of the atom it
came from. This allows for atomic composition of an area to
be analyzed.* By scanning the electron beam over the surface
of a sample, an image can be produced. The first area to be
examined was in the most heavily sputtered region of the
samples. Another area on the sample that had not been sub-
jected to such a high flux, but had been sputtered, was looked
at. The third area analyzed was the back of each sample,
which is indicative of the unsputtered target surface before
being polished.

Au area was cxamined using absorbed current images at
magnifications of 200 and 2000 times to learn the different
features of each surface. After areas of interest were pin-
pointed, an atomic composition analysis was performed. As
expected, the surface had been contaminated with oxygen
and carbon by normal exposure to the atmosphere. Using a 3
keV argon ion beam, the surface was cleaned and then sput-
tered away (o provide a depth profile of the sample. During
the profiles, a layer of less than 50 nm was removed, an
atomic composition analysis was done, and the process re-
peated until the concentration of each of the components of
an alloy did not change by more than 10%. Final profile
depths ranged from 350 to 1600 nm.

In the heavily sputtered region, at & magnification of 2600
times, the differences in surface features between the two
samples can be easily seen. The sample which did not expe-
rience flame-out (A) is very porous. {Fig. 1) The surface is
made up of many similar cones each approximately 5 pm
wide. In contrast, the surface of the target more prone to
flame-out (B), is nultifaceted. (Fig. 2) Its smooth surface has
dark regions interspersed in a material of lighter color of two
different grain sizes. A dark color is indicative of a low
electron-induced secondary electron emission coefficient.

An initial analysis of the three areas outlined in Fig. 1 was
performed. The top and side of a cone were examined, along
with the deep part of a valley. After a slight argon sputter, the
top of the cone was found to have the following composi-
tion: 36+£5% W and 4.0=1.5% Ti. The rest of the surface
was oxygen {12+29%) and carbon (4826%) contaminants.

JYST A - Yacuum, Surfaces, and Films
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Fia. 2. Flame-out sample in heavily sputtered region. The two areas outlined
were analyzed using a depth analysis.

The side of the cone did not differ by very much. It was
found to be 21 £3% W and 10+2% Ti. The remainder was
carbon (48=8%) and oxygen (21£3%). The initial compo-
sition of the valley was identical o that of the top of the
cone.

The results of a depth analysis to 1200 nm were identical
at both the top of the cone and on the side (Table 1): 74+6%
W oand 7£3% Ti (WTi ratio of 10.6). There appears to be
little compositional variation between topological features in
this region. A similar analysis to 350 nm was done on target
B in the regions outlined in Fig. 2. The very dark colored
region was found to be rich in titanium characterized by a
W:Ti ratio of 0.09. The two lighter colored regions were
found to have compositions similar to each other. The W:Ti
ratio found in these areas of approximately 7 is closer to the
desired composition of the alloy. (Table I) This heavily sput-
tered region of the surface appears to be much less homoge-
neous than the same area on target A.

When the two targets were examined in lightly sputtered
arcas, the same features scen in the heavily sputtered regions
were found in the samples again. The image of target A, the
porous sample, had lightly colored grains on the surface. The
atomic composition of the material was found to be 75+5%
W and 8+3% Ti, a W.T1 ratio of 9.4, close to the desired
overall mixture. The composition of the alloy is very similar
in both sputtered regions. This indicates that sputtering of all
materials proceeds at an even rate when the porous sample is
used in the magnetron. A dark region of sample B was pro-
filed to a depth of 1600 nm. i was found to be 55+3% W
and 28 £3% Ti, a W:Ti raiio of 2.0. This is still enriched in
titanium, but less than was seen in the heavily sputiered re-
gion.

The appearance of the back of the samples differed
greatly from the front of the samples due to machining and to
the absence of sputtering. Machining removed the peaks of
target A, the porous sample. The result is a flat surface with
pits of size up to 100 zm in diameter (Fig. 3). A similar flat
surface is seen on the back of target B. This sample has no
depressions, due to its high density (Fig. 4). Three areas on
the back of target A were analyzed after a two minute spuiter
clean; a dark flat region, a light-colered flat region and an
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TABLE 1. Atomic concentration analysis in the heavily sputtered region of the samples.

Area Percent Percent W.Ti Percent Percent

examined tungsten titanium ratio oxygen carbon
Target A®
(porous)
Side of cone-1 36%*+5% 3%*+1% 12.0 12%+2% 50% =+ 5%
(before)
Side of cone-1 75%*5% 7% +3% 10.7 7% *+3% 12%%3%
{after)
Top of cone-2 21%*3% 10%+2% 21 21%*3% 48% 6%
(before)
Top of cone-2 73%+5% 7% *3% 104 T%*3% 11%+3%
{after)
Target B®
(flame-out)
Dark area-1 17% 3% 14%+2% 1.2 23%*£3% 46% *=T%
(before)
Dark area-1 7% *+1% 80%*5% 0.09 8% +2% 6% 2%
(after)
Large grains-2 45% 5% 4% *1% 11.36 13%+2% 38% 5%
(before)
Large grains-2 73%*+8% 10%+2% 7.3 9%+ 2% 11% 2%
(after)
Small grains-3 43% 4% 3%x1% 14.3 17%*3% 38% 5%
{before)
Small grains-3 71%=T% 10% 2% 7.1 8% £2% 13% 2%
(after)

*The after analysis of target A is at 1200 nm.
®The after analysis of target B is at 350 nm.

area in a depression. Table II displays these results. The ra-
tios of tungsten to titanium found in the dark area and inside
the depression are less than 1.5, in the light area it is greater
than 10, compared to the desired W:Ti ratio of 9.

The back of sample B was also examined. The two areas
outlined in Fig. 4, a dark region and a light region, were
analyzed before and after a two minute argon clean. Before
the surface was cleaned, the dark region contained no tung-
sten and was almost 75% carbon. The light region did con-
tain some tungsten, but still had a high carbon content, 57%.
(Table IT) After the surface had been cleaned, carbon levels
had dropped significantly. The carbon present after cleaning
made up 11% of the dark region and was not found in the

light region. Still, no tungsten was found in the dark area.
The tungsten content of the light area shot up to 89% giving
a W:Ti ratio of 22.3.

Target A, the porous sample, is more homogeneous than
target B on the back of the samples. In the case of flame-out
(target B), the dark region was found to be almost pure tita-
nium, no tungsten at all. Although areas rich in titanium and
areas rich in tungsten were found on the unsputtered back of
the porous alloy, it appears that all elements are sputtering at
equal rates. There seems to be no change in the composition
of the alloy as sputtering progresses. The proportions of the
two elements are near the intended levels, and the target is
sputtering evenly. The other alicy is not as homogeneous.

F1G. 3. The unsputtered back of the porous sample. The areas analyzed with
depth profile are too spread out to be pictured here.

J. Vac. Sci. Technol. A, Vol. 12, No. 4, Jul/Aug 1994

FiG. 4. Flame-out sample on the back of the target. The two areas outlined
were analyzed using depth analysis.
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TabBLE 1I. Atomic concentration analysis from the back of the samples.

Area Percent Percent W.Ti Percent Percent
examined tungsten titanium ratio oxygen carbon
Target A?
{porous)
Dark area 14%*3% 42%+8% 0.3 36% 6% 9% 2%
Light area T3%*7% T%+1% 104 10%* 2% 10% 2%
Depression 26%*+4% 24%+4% il 16%+3% 34% 6%
Target B®
(flame-out)
Dark area 17% +2% H%*2% 72%*+8%
{before)
Dark arca 79%+7% U %*2% 11%*2%
{after)
Light area 0% *x1% 11%%2% 0.9 21%*3% 57%+8%
{before)
Light area 89% 6% 4%+1% 223 T%*+1%
(after)

*The composition of target A was analyzed after a cleaning sputter.
STurget B was analyzed before and after a 2 min sputter with an argon ion beam.

Mixing of the materiai is usually better, but inter diffusion
between components is not as complete due 1o the lower
temperature of sintering. Nucleation sites develop in the ma-
terial that lead to high concentrations of titanium. Regions of
almost pure titanium are found on the back of the sample,
surrounded by material of higher than desired tungsten con-
tent and a small amount of titanium.

The most important difference discovered during the AES
study is the depth at which carbon and oxygen fall to negli-
gible levels. This difference in contaminant level can be ob-
served by comparing the depth analyses of the two samples
in the lightly sputtered regions. Figure 5 is the composition
analysis of target A to a depth of 575 nm. At the first point
recorded after the initial analysis (20 nm), the percentage of

the material that is carbon has already dropped to its final
level. For contrast, the analysis of a dark area of target B is
pictured in Fig. 6. This profile goes much deeper, 1600 nm.
The contamination of carbon and oxygen extend much far-
ther into the material. Oxygen dies away in 200 nm, while
the carbon is present in elevated quantities to a depih of
approximately 400 nm. This same phenomenon was seen in
all profiles. The contamination level dropped immediately in
target A, but remained to a greater depth in the other sample.

Under certain sputter conditions, when the residual gas
flux to the sputter surface is not negligibly small compared to
the argon and ion fluxes, plasma activated surface oxidation
may occur. This oxidation is accompanied by diffusion of
residual gas species into the target material because of the

AES PROFILE V/F  5/27/92 El=0i RES 4 ARER { SPUTIER TINE=34.00 WIN.

FILE: puzicd? W 40X TE 4 8274-48-1
SCALE FACTOR= ©.100 & e/s, OFFSET= 0.000 k ¢/s

BY=10.00kY BI=0.0000uA

P 3 +

woT T ~ * +
a0 ]
80T T
76t
60 F
= 1
¥ 591
< E

. " aren #2 - Graln Surtace
Edge of Sputtersd Region

L3

e feomordimeon
LS e S e Mt B

S W WY W WK NS WO O WU DOT W ¥
%

L e S M S ZENN Shi Mot S annk ahine 4

DEFTH.  nenometers

FiG. 5. Depth analysis, to 575 nm, of a dark area in the lightly spuitered region of target A (porous target).
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FiG. 6. Depth analysis, to 1600 nm, of a dark area in the Yightly sputtered region of target B (more prone to flame-out problems).

difference in concentration of these species between the sur-
face and the interior of the target. The extent of oxidation is
affected by the topography of the surface. Because target A
has a rougher surface than target B, the level of oxidation per
unit surface area observed is expected to be lower in target
A. This relation was seen in the AES studies. These oxides
act as insulators reducing electron mobility. When electrons
are emitted from a grain with an oxide layer, it is difficult for
other electrons to move into that area to replace those that
are lost. This decreased electron mobility reduces the overall
electron emission of the surface.

. ION-INDUCED SECONDARY ELECTRON
EMISSION

Because application of a high voltage to maintain the
plasma in a magnetron is undesirable, the ion-induced sec-
ondary electron emission coefficient, y, of a magnetron tar-
get becomes an important parameter. High voltage leads to
high energy ions, which create very energetic particles that
sputter the substrate surface instead of being deposited on
that surface. To avoid this problem, the electron emission
must be high, so the target can contribute sufficient electrons
to sustain the plasma at low ion cnergies. In this study, the
ion-induced secondary electron emission was examined for
both samples under various conditions. A comparison be-
tween the two samples was made using both 700 eV helium
ions and 700 eV argon ions. The back of each sample, where
no sputtering had occurred, was compared to regions on the
front, that had been sputtered. This experimental set-up
maintains an cqual potential on both the target and on the
collection cylinder.

In addition, an attempt to simulate the effect of the mag-
netron plasma sheath was made by placing a positive bias of
93 V on the cylinder used to collect electrons. Inside a mag-
petron, the plasma sheath, a potential gradient usually less

J. Vac. Sci. Technol. A, Vol. 12, No, 4, Jul/Aug 1994

than one mm thick, 1s able 1o wrap around the larger scale
surface features of the sputtering target. This potential accel-
erates electrons into the plasma and may increase emission.

"In addition, field emission at sharp surface protrusions also

contributes to higher electron emission. By using a positive
potential bias on the collection cylinder, a greater percentage
of the electrons that are actually emitted by the target surface
are pulled away from the target, theoretically allowing a
more accurate reflection of the emission characteristics of the
target in a magopetron.

The helium and argon ions are produced in a Colutron,
plasma-based, ion gun. The ions are extracted with a Einzel
lens at energies ranging from 700 to 1000 eV. The ions then
travel through a series of lenses and filters on their way to the
target assembly. An EXB filter is used to mass select the
desired ion specie. The beam is then steered through a 5°
bend by electrostatic plates to strip any unwanted neutrals. A
set of horizontal and vertical raster plates is the next stage of
the path. The raster plates can sweep the beam in a square
pattern minimizing any inconsistencies in the beam cross
section. The last set of lenses is used to decelerate the beam
to the desired energy and focus once more. This is done as
close to the target as possible to minimize any spreading of
the beam that occurred during the trip to the main vacuum
chamber.

The target assembly is a system of threc stainless steel
coaxial cylinders, surrounded by a screen mesh that ensures
the beam enters a field free region. The three cylinders each
have specific functions in the data acquisition process. They
are separated from each other by Teflon spacers and are in-
dividually connected to switches that allow their signals to
be observed on several pieces of equipment. A hole, of di-
ameter 2.54 mm, in the outer cylinder is used to collimate
and focus the beam. By adjusting the voltages on the focus-
ing lenses to minimize the amount of current on the outer
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cylinder, a small beam of 0.2-0.4 mm can be produced. The
middle cylinder has a hole in line with that on the outer
cyiinder. This cylinder is used to collect the electrons emitted
from a sample when the ions strike the surface. The inner
cylinder holds the mounted targets. There are two sites for
samples that have these holes over them. Two other locations
have long slits that can hold two samples. These slits allow
changing from one sample to the other by a simple transia-
tion of the target assembly, not the ion beam.’

The ion-induced secondary electron emission coefficient
v is the ratio of the number of electrons emitted /, fo the
number of incident ions /,

{,

=7 (1)
The current measured on the inner cylinder is due to both
incident ions and departing electrons.

I=1+1,. 2

There is a percentage of the electrons emitted that will be
lost through the hole in the middle cylinder for the ion beam.
The real electron current is then higher than the current de-
tected by the middle cylinder M. The correction factor, which
is always greater than one, can be calculated and is given the
symbol g.

I,=gM. (3

Substituting these in Eq. (1) gives the following expression
for v

_ &M 4

The value of g is dependent on the set up of the experiment,
in particular, the bias on the collection cylinder.

The preceding analysis does not address the effect of re-
flected neutrals; ions that have been neutralized by contact
with the target surface and reflected. This phenomenon can
have a large impact on vy at low bias voliages. Some reflected
nentrals strike the collection cylinder and cause electron
emission. The electrons that leave the cylinder result in a less
negative signal from the collection cylinder. The electrons
strike the target cylinder and lower its positive signal. When
a high positive bias is placed on the collection cylinder, this
effect is not a problem. All electrons emitted by the collec-
tion cylinder due to the reflected neutrals are forced to return
to the collection cylinder, cancelling the positive charge
caused by their emission.

In the case where no bias is applied to the collection cyl-
inder, both target and collection cylinder are at the same
potential, the calculation of g is straight forward. The elec-
trons are emitted in a cosine distribution with respect to the
surface m)rm.al,6 and the fraction of clectrons that escape
through the hole for the ion beam, esc, is easily calculated.’
From this, g =1/(1 —esc) can be determined. With a bias on
the coliection cylinder, two questions must be answered: (1)
wiil electrons that used to escape now be collected? and (2)
will electrons that were collected now escape?

In order to answer those questions, the trajectories of
emitted electrons was calculated. It was assumed that a con-
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Fic. 7. The effect of the electric field on emitted electrons.

stant electric field parailel to the target E, was maintained
(Fig. 7). The approximation of two parallel plates for the
collection cylinder and target was found to be good by com-
paring this situation with the true set up of a flat target and a
curved collection plate. The radius of curvature is large com-
pared to the distance between the target and collection cyl-
inder. Thus, the curvature is insignificant.

The motion in the y direction is governed by the following
equation:

y=volcos O)t+3a,1%, 3

where vy is the initial velocity of the electron when it leaves
the surface, 6 is the angle (measured from the surface nor-
mial) at which the electron leaves the surface, and a, is the
acceleration of the electron in the y direction due to £, the
electric field. The initial velocity of the electrons was calcu-
lated from the assumption that all electrons leave the surface
with an energy of 2 eV. Motion in the x direction is as fol-
lows:

x=uvofsin #)¢. (6)

Since y, the distance between the target and the collection
cylinder, is known, the displacement of an electron, in the x
direction, from its point of exit from the surface, can be
determined by combining Egs. (5) and {6). With this infor-
mation, the apparent angle of exit can be calculated. For
example, an electron that leaves the surface at 20° passes the
plane of the collection cylinder at an apparent angle of 3°.
The electric field bends the flight of the electron toward the
surface normal.

Near the hole, the electric field is not parallel to the target
surface. There is a bend in the field due to the edges of the
hole. The component of the electric field perpendicular to the
target surface in this region had a negligible effect on few
electrons compared with the effect of .Eyt. Therefore, the an-
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swer to the first question is no; very few electrons that had
escaped when the whole assembly was at the same potential
are collected when the bias is put in place.
To determine the fraction of electrons escaping collection,
a new distribution of electrons based on the apparent angle
of cmission, ¢ was calculated from Egs. (5) and (6)
vo(sin @)r

X
tan p=-— =-—— —. (7
Y vplcos Qi+ sat

Assuming that 7, the time required to reach the collection
cylinder, is constant for all electrons, 4, the original angle of
exit, can be expressed as a function of ¢, the apparent angle
of exit

6=9(p)

) 204 cos b= Vavg—alt*+aii? cos® ¢

=2 arctan p - ) .
(sin @) —2vpta,t)

(8)

The samples tested here were mounted on slit positions, For
this case, the following expression is the formula for esc, the
fraction of electrons that escape through the hole in the
middle cylinder and are not collected.

esc=Ua dx {mm(w: A\‘cos[ H((f’)]dl/’}

e o

( f: dx fo" cos] 9(¢)]d¢>), ©)

where w is the width of the slit, the length ab is the width of
the beam hitting the surface, and ¢’ is the value of ¢ where
#is 90°.

When no bias was applied, the fraction of electrons that
escape, esc, was 24% for target A, and 23% for target B.
More electrons escape when target A is tested because it is
thicker. Thus, its surface is closer to the collection cylinder,
so the solid angle subtended by the hole is larger. When a
+93 V bias was placed on the collection cylinder, esc was
89% for target A and 88% for target B. The answer to the
second question, then, is yes—many electrons now escape
that used to be coilected. The geometrical correction factor,
g, defined as 1/(1—esc), accounts for these escaping elec-
trons in Egs. (3) and (4).

The calculations of g were checked by measuring the
number of electrons collected as a function of bias voltage
for a gallium-arsenide target. A gallium-arsenide target was
used because its flat surface would eliminate vartations due
to field emissions of surface peaks that are present in other
materials. As the voltage on the collection cylinder is in-
creased the calculated g factor also increases since more
clectrons escape through the hole in the collection cylinder.
This calculated g factor {shown numerically below cach data
point in Fig. 8) is then used to calculate a y from the data. I
the calculations are correct a constant value of y as a func-
tion of collection voitage should result.

Figure 8 indeed does show an approximately constant
value of 0.2 after at least 30 V are applied. The difference
between the value of y at no bias and the value of y at higher
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voltages is due to the effect of reflected neutrals. Some ions
strike the target and reflect as neutral atoms. Upon striking
the collection surface they can cause electrons to be emitted.
Arise in the voltage of the collection cylinder with respect to
the target returns these electrons to the collection cylinder
thereby increasing the measured value of .

The sources of error in a value for the electron emission
coefficient include the geometric correction factor, and errors
in the values of current read on the ammeter. These errors are
machining errors, zeroing error, reading ervor, signal varia-
tion, and inherent meter error. When all of these sources are
considered, an error of 5%-15% was calculated for each
value of vy for the case where no bias is applied to the col-
lection cylinder.”

For the case of a bias applied to the collection cylinder,
other sources of error arise: the true bias applied to the col-
lection cylinder, the average time required for each electron
to reach the plane of the collection cylinder, and the average
energy of the emitted electrons. The uncertainty in the aver-
age energy of the electrons is the overwhelming source of
error in the value of g. The calculation performed for this
analysis considered the energy of the emitted electrons to be
2.0 ¢V. When calculations using 1.8 and 2.2 eV were done,
the value of the geometrical correction factor, g, ranged from
5.3 to 13.3. Because the true energy of the electrons emitted
is not known, the absolute magnitude of y cannot be deter-
mined with much certainty. Since the energy spectra of the
emitted electrons will be the same for both samples, the rela-
tive magnitude of y for the two will be unaffected by the
variation in g.

A typical data run consisted of putting the beam on target
in the desired location. At regular intervals of one or two
minutes, the current on the inner cylinder was read. Then, the
current on the middle cylinder was recorded. The current on
the inner cylinder was recorded again, to determine varia-

tions in the beam intensity. From this, a graph of vy as a

function of time was obtained.

Immediately after exposure to the ion beam, the value of
v decreases rapidly. This change in y corresponds to a
change in the layer of adsorbed gases on the surface of the
sample, as the ion beam removes some of this adsorbed gas.
Data is taken until there is variation of less than 1% in the
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TasLe I, 700 eV He™ induced electron emission coefficients.

Ares examined Target A Target B

0.085:+0.008
0.084 =0.008

0.162%0.018
0.146::0.017

Heavily sputtered region
Lightly sputtered region

value of y for at least 3 min. The stable readings are used to
compite an average value of . This is used as the electron
emission coefficient of the particular saraple at that particular
location.

As was mentioned, the sputtered regions and the back of
each sample were examined. In addition to targets A and B,
another target, BI, from group B was mounted in the target
assembly. This target had been polished, but had not been
sputtered. This was a sample that had been tested previously,
and was used here to determine reproducibility of measure-
ments and to allow comparisons with other 90%W-10%Ti
samples.

The two different sputtered regions on each turget, exam-
ined during the AES tests, were tested with 700 eV helium
ions with no bias voltage placed on the collection cylinder.
Helium was used to enable easy comparison to other targets,
No difference was seen between the heavily sputtered and
fightly sputtered regions on a sample. The values of ¥ from
helium ions for target A {porous) were consistently lower
than those for target B when target and collection cylinders
were at the same potential (Table i), These values of y
should not be considered as absolute values, since the origi-
nal analysis did not involve the effect of reflected neutrais.
When this is taken into account, the valoes of y will be
higher. However, the values quoted here, relative to one an-
other, are stiil valuable. The difference between the two
samples is explained by considering the surface characteris-
tics of the two samples. The porous sample, having more
peaks and vaileys, does not allow as large a percentage of the
emitted elecirons to escape and be collected. More electrons
are obstructed due to the surface features. Since the fraction
of emitted electrons that are collected M is lower, the result-
ing value of vy is falsely low; the numerator of the expression
for v is gM. Both of these targets had values of vy that were
lower than the value for the polished target B1 which was
0.19970.016. This was expected since the surface of this
sample was more smooth, allowing more electrons to escape
the surface and be collected.

The same tests were run on the samples using 700 eV
argon ions. During these tests the spuitered surface of both
targets was compared with the back of each sample. In ad-
dition to these experiments, where the coliection cylinder
and target are at the same potential, tests were performed

TaBLE IV. 700 eV Ar” induced electron emission coefficients.

Target B
Area examined Target A (porous) {more smooth)
Sputtered, 10 Vo 6.005+0.001 0.01820.002
Sputtered, Vy.oq =93 V 0.218+0.074 0.242£0.090
Unsputtered/unpolished 0.050+0.004 0.0642:0.004

JVYST A - Vacuum, Surfaces, and Films

with the collection cylinder at +93 V with respect to the
target to mimic more closely the conditions in a magnetron
by pulling more clectrons from the surface of the target
{Table IV). Again, the unbiased cases do not consider the
effect of reflected neufrals.

When no potential is applied, vy for target B is approxi-
mately three times higher than the value of y for the porous
sample in the sputtercd areas. The same phenomenon was
seen when helium was used. It is due to the difference in
surface topography between the two targets. When the bias
was applied to the collection cylinder, the calculated values
of v for the two samples increased to the same level at
21.8%*7.4% for target A and 24.2%*9.0% for target B.
The emission of target A did not remain at 30% of the emis-
sion of target B. The absence of any difference between the
two, in this case, is again explained by the surface character-
istics of ecach target. The porous sample emits more electrons
per incident ion. However, during the first experiment, few
electrons are able to escape the peaks of the surface when
they enter the field free region just above the surface. When
the whole target assembly is at the same potential, collection
of more of the clectrons emitied is possible from target B
than is possible from target A. The more dense, less porous
material of target B has fewer surface features to obstruct the
electrons’ paths. When the bias was applied to the collection
cylinder, electrons are effectively pulled away from the sur-
face. In the magnetron, the plasma sheath is thinner than the
distance between the tatget and the collection cylinder, and
has a larger total gradient across it, further enhancing elec-
tron collection by the plasma. This effect of the surface fea-
tures of a target on the clectron emission to the plasma was
studied by Leybovich er al.®

IV. CONCLUSIONS AND DISCUSSION

AES and direct measurement of the ion-induced second-
ary electron emission of the samples in various regions allow
us to explain the cause of the flame-out problem. AES re-
vealed a porous surface on the face of target A. The compo-
sition of this target appeared to be fairly homogeneous; the
tungsten and fitanium are well mixed. The targets from group
B (more prone to flarme-out) did not have the same topogra-
phy. These samples are more dense, and have a smoother
surface. The composition of this target was less homoge-
neous. Large deposits of almost pure titanium were found
imbedded in material rich in tungsten.

Another feature of target B, discovered using AES, was
the greater depth to which contaminants are able to penetrate
the surface. In all depth analyses of target A, carbon and
oxygen levels were at noise level at ali depths except the
surface. With the first sputter clean, these elements disap-
peared. In contrast, carbon and oxygen existed at substantial
levels much farther into the material of target B. This high
contamination level has lead to larger regions of oxide that
act as insulators, reducing the mobility of electrons and in
turn the electron emission of the surface.

The emission characteristics were alse examined. When
the target and the collection cylinder are at the same poten-
tial, the fraction of emitted electrons collected from target B
was higher than the fraction collected from target A. This led
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to a higher value of vy for the flame-out sample. This differ-
ence in the fraction collected is due to the difference in the
surface features: the porous sample (target A) has more
cones and valleys. Therefore, a significant portion of the
electrons are captured by the surface and never collected
when no bias is applied to the collection cylinder. When the
collection cylinder was biased positively 93 V with respect to
the target, a greater number of the emitted electrons are cap-
tured, reducing the effect of the differences in the surface
topography.

In the environment of a magnetron, a stronger electric
field is present, which allows the electrons emitted to be
pulled into the plasma and help sustain it. Under the high
potential, the secondary electron emission coefficient of
sample A would be higher than the emission coefficient of
sample B after some sputtering has occurred. Therefore, the
flame-out phenomenon can be explained in the following
manner. Initially, the secondary electron emission coefficient
of target B is enough to sustain the plasma. As sputtering
proceeds, the exposure to residual gas species causes oxide
growth. At a certain thickness, the oxide can act as an insu-
lator, causing electron mobility to decrease and vy to fall
When the electron emission drops, the plasma potential in-
creases to compensate. The increased potential induces an
elevated electric field in the oxide layer. This may cause an
electrical breakdown destroying part of the oxide. y will in-
crease and the plasma can be restored. However, further ex-
posure to residual gas may cause oxide recovery and vy drops
again. In cases where flame-out does occur, the oxides are
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not destroyed and the electron emission coefficient drops so
low that the plasma cannot be maintained and is extin-
guished. When the plasma recovers from the osciliations to
sputter normally, enough electrons have reached the surface
to return electron emission to higher values. In the case of
target A, field emission from peaks covered by oxide is able
to generate hot electrons that get through the oxide and
flame-out does not occur. In addition, the porous structure of
target A allows even more emission as the potential in-
creases, thus self-correcting any tendency toward an /-V
oscillation.
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