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Low-energy Ar * ion induced angularly resolved Al (100) and Al (110)
sputtering measurements

P. C. Smith® and D. N. Ruzic”
Department of Nuclear, Plasma, and Radiological Engineering, University of lllinois at Urbana-Campaign,
Urbana, lllinois 61801

(Received 2 April 1999; accepted 23 July 1999

An apparatus and analysis method to obtain both the angular distribution of sputtered atoms and the
total sputtering yield for materials of interest to physical vapor depos{f&D) has been created.

Total yield is determined by collecting the sputtered material on a quartz crystal osqiEE®)
microbalance. The sputtered material is also collected on a pyrolytic graphite withess plate. By
mapping the concentrations of the sputtered material on this plate, both polar and azimuthal angular
distributions of the sputtered material can be determined. Utilizing this setup, data have been
obtained for(200-500 eV Ar* normally incident on polycrystalline aluminum sputtering targets
with strong (100) and (110 crystallographic orientations. The overall yields of these samples
compare well to the available data as well as empirical formulas. Crystallographic effects in the
angular distributions are clearly seen. Thé18i0) sample shows 12% enhanced sputtering along the
(110 direction at all energies. €999 American Vacuum Sociefs0734-210(99)02606-4

[. INTRODUCTION The closest research in the literature is studies of the crys-
tallographic effects in secondary ion mass spectroscopy
In the design of most plasma vapor depositiBVD) sys-  (S|mS). For example, the Al distribution from lithium-
tems, the metal flux from the target is assumed to be emittegoped Al111) and AK100) surfaces due to 4 keV Arwas
in a cosine angular distribution. Tool manufacturers every; qied and maxima along tHa10 direction were clearly

specify that target manufacturers must produce cosine—bserveds Okada studied §I, N*, and N€ in the energy
emitting targets. A PVD tool based on a target with a peake(?ange of 50—200 eV inciden,t on,(qﬂO) and A(111).7 Un-

flux profile could be beneficial for filling high aspect ratio fortunately, only angles of incidence of 45° and 60° were

features or reducing the clogging of collimators, but the onsidered and data were taken only at a single azimuthal
magnitude and existence of such a profile has to be detef- . Y g'e azim
angle. Although some evidence of enhanced sputtering in the

mined before such a tool would be designed. A . ;
Effects due to crystal orientation in real world sputtering (110 direction is suggested, the data are inconclusive. A

devices have long been debated due to the difficulty in meastudy was conducted by Szymczak on (&) (also fcg
suring their effects. That there are crystal effects is clearWith He", Ne’, and X&' ions with energies ranging from
Wehner observed in 1955 that sputtered particles fromd00 to 270 ke\2 In the case of 400 and 15 keV Xéons,
single-crystal targetéAg, Cu, Ni, Fe, Ge, and Wdue to Hg ~ €nhanced sputtering along tkel10 direction is obvious in

ion impact E<400 eV) exhibited maxima along the close- both cases. The lower energy case shows features due to
packed direction$? These maxima have since becomeenhanced sputtering along tt00 direction as well, though
known as “Wehner spots.” Since this discovery, numerousthese features are of a lower magnitude than those corre-
measurements over five orders of magnitude of projectilesponding to the close-packéd10) direction. These SIMS
energy have clearly established this effect as a general effegtudies do not directly observe the sputtered particles. lon-
of the irradiation of a crystalline solitiThe question then is ijzation efficiency can also exhibit crystallographic effects
whether the crystalline effects observed in these experimentgith single crystal targets. Additionally, the surfaces in-
can be extended to real sputtering devices. The surface of\gyyed in those studies were highly polished samples and do
sputtering target is made rough under the ion bombardmengqt reflect conditions in a sputtering device.

and computer simulations indicate that a large frac{@d— This Ar on Al work was motivated by a research rela-
959 of the sputtered particles originate in the top layer. tionship with TOSOH SMD, so it is not surprising that the

Conversely as Betz has noted: “The fact that these structurer%()St closely related papers are articles published by TOSOH

(Wehner spotsare observed at_h|gh fluences proves that atresearchers. In 1987 Wickersham conducted a study of Al
least for metals the regular lattice structure of the target ref-”m uniformities® Utilizing conical taraets with various
covers fast enough before the next particle hits near to the ' 9 9

T . . . :
previous impact point.? The question then is to what extent crystallographic orientations, a 10% improvement in the film

the bulk crystallinity can affect the sputtering process on dniformity was demonstrated by simulation and experiment.
rough surface? In 1995 Bailey conducted a series of experiments o @0)

and A110 samples® A magnetron with rotating 50 mm
aCurrent address: INTEL Corp., Hillsboro, OR. target samples was pperated and the sputtered flux was col-
YElectronic mail: druzic@uiuc.edu lected on a mylar film over polar angles of 0°-65°. The

3443  J. Vac. Sci. Technol. A 17 (6), Nov/Dec 1999 0734-2101/99/17 (6)/3443/6/$15.00 ©1999 American Vacuum Society 3443

Downloaded 13 Dec 2012 to 130.126.32.13. Redistribution subject to AVS license or copyright; see http://avspublications.org/jvsta/about/rights_and_permissions



3444 P. C. Smith and D. N. Ruzic: Low-energy Ar * ion induced Al (100) and Al (110) 3444

nary scotch tape to the surface, a new layer can easily be
Pyrolytic Graphite cl_eaved when the tap_e is rer_noved. A_uger analysis of_the
Sputter Collector witness plates after this cleaving but without any deposited
{remgvible) films showed them to be remarkably free of contaminants.
No other elemental lines are in evidence on the scan. This
includes the often difficult to avoid oxygen line. The second
reason for choosing pyrolytic graphite is that the Auger line
of carbon(275 e\) is very distinct from the G510 e\) and
Al Sample Al (68 eV) lines that were of interest in this study. After the
target has been sputtered, the witness plate is removed from
Fic. 1. Detail of sputter data collection apparatus” Armally incidenton  the vacuum and transferred to a PHI 660 Auger Spectrom-
Al. eter. The surface concentrations of Al are then determined to
obtain angular distribution data.
Determining an exact angular distribution of sputtered

Ar+ Ton Beam

Quartz Oscillator
Deposition Monitor

angular distribution was then inferred from optical transmis- torial f | lector is i ible. Schul d
sion measurements on the mylar film. material from a planar collector is impossible. Schulz an

In this experiment, we analyzed samples from actual Al_Slzmar’r show that the spread in the polar ejection angle

1%Si-0.5%Cu TOSOH SMD sputtering targets highly or- c!ose to a specific orientation Fiiref:tioeb, make_s it impos-
dered in the(100) or (110) direction demonstrate and quan- sible t'o measur@, unless a cyl!ndrlcal or sph_erlcal collector
tify the effect of crystallographic orientation on the angularplate is used. However, the azimuthal angle is not affected. If

distribution of the sputtered material. The apparatus an@ge emission pattern has fourfold symmetry, spots at those

method allows forin situ sputter cleaning of the aluminum llj_r gngles W'Irllsml bse_ seen vvlhether tne collgctor 'z ?1 planeh,
samples with an Ar plasma prior to the determination of cylinder, or sphere. Since a planar collector Is used here, the

their angular-resolved sputtering yield. The absolute yield ageportgd_ polar_ ej_ectnf)n angrlle is only ac(;;_curate i therz v]:/as ﬂo
well as the polar and azimuthal angular-resolved yield of the?Préad In emission from the target. Given a spread for the

sputtered flux can be determined as a function of ion energﬂ!reaed compogent, the reported polar -angle may be too
and angle of incidence for 10 eV to 1 keV ions. igh by up to 15°. The reported relationship of the azimuthal

peaks is valid.

Also shown in Fig. 1 is the arrangement of the quartz
Il. EXPERIMENTAL APPARATUS crystal oscillator. Although both the witness plate and the

An ion beam is generated in a Colutron plasma based ioguartz crystal oscillator are mounted on the manipulator, the
source'*?1t is then accelerated and focused at an energy ofneasurements are not simultaneous. The witness plate mea-
700 eV by a three-element cylindrical electrostatic lens. Theurement is made and is immediately followed by the quartz
proper charge to mass ratio is then selected as the beagpystal oscillator. It is difficult to determine the total sputter-
transits anEXB filter. The focused and species-selecteding yield from the witness plate data alone due to difficulties
beam passes next into the ultrahigh vacutthV) chamber.  in modeling the surface film as well as issues of reflection
The electrostatic repulsive force between the ions in theand resputtering. Fortunately, these effects affect the witness
beam acts to spread the beam and decrease its intensity. Tplate nearly uniformly so that the areal densities obtained can
beam is transported at an energy of 700 eV so that the vebe accurately compared to one another to obtain relative an-
locity of the ions is fairly high as they transit the systemgular data. A quartz crystal oscillator microbalance was in-
from source to target and the time of this interaction is mini-corporated into the apparatus to allow for an independent
mized (10 m9. The deceleration of the beam to the desiredmeasure of the total sputtering yield. The value obtained
energy and final focus is therefore performed as close to thffom this microbalance is then used to scale the distribution
target as possible. The deceleration is accomplished by fafom the witness plate so that when integrated, it gives the
five-element cylindrical electrostatic lens that was modelecproper total yield:®
with the SIMION 3D" program. After transiting the decel-
erator, an electrostatic filter removes the neutral component
from the beam immediately prior to the beam striking thelll. DATA ANALYSIS
target by j(_)gging the fon path onto a parallel but unob-A_ Areal density of sputtered material on the witness
structed trajectory. lane

A schematic of the data collection apparatus is shown in
Fig. 1. The target is fixed. Once the beam is focused, it will The differential of intensity from a pure sample of mate-
continue to strike the same grain of the target during thdial A (like the carbon of the witness plateould be®
entire experiment. The witness plate is a grade ZYH pyro- X
lytic graphite monochromator manufactured by Advanced dly=«"SyNa exr( TN cosd)
Ceramics Corporation and is a 12 mm by 12 mm square. A
Pyrolytic graphite was chosen as collector for two reasonswheredl, is the intensity of Auger electron spectroscopy
First, being highly planar, the graphite readily formed ex-(AES) peak of materiaA from elemendV, ' is a constant
tremely flat surfaces. By carefully applying a piece of ordi-dependent upon the detection efficiency and x-ray flux,

)dV, (1)

J. Vac. Sci. Technol. A, Vol. 17, No. 6, Nov/Dec 1999
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properties of the instrument alon8, is a constant depen- TasLe |. Total yield measurements for the Aon Al system.
dent upon the Auger production efficiency and electron mean

. . . Ener Al100 Al(110
free paths, properties of materiAl alone, N4 is the atom o
density of materialA, x is the distance below surface at 288 ex g-iiig-ggg 8-2;%2-832
; P B e . . . .
wh|ch_the Auger electron originatesy is the_ mean free path 400 oV 0.645-0.097 0.753.0.113
of emitted electron of energy corresponding to the peak as- 5 oy 0.743-0.111 0.826-0.123

sociated with elemera traveling through materigs [in Eq.
(1), B=A], and ¢ is the angle of the electron detector with
respect to the surface normah=0° for our experiment.

In areas where the deposited Al layer is several monolay
ers, we must account for the shielding of the signal originat- Several computer simulation runs were performed with
ing in the underlying layefmaterialA) by the deposited film the code VFTRIM 3D to serve as a basis for comparison.
(materialB). Adding this shielding term, and noting that the This is a binary collision code using an amorphous bulk and

B. Expected areal density from VFTRIM 3D

cosine term is one, the equation becomes a fractal surface. A thorough discussion of this code can be
X ¢ found in Ref. 17. Additional information is available in Ref.

dla=«'SiNg ex;{ — —A) ex;{ ——B> dv, ) 18. The results of these runs provided the energy and angular
Na Aa distribution of the sputtered Al particles, their sticking coef-

wheret is the thickness of the materil layer. We sedV  ficient to C as well as an estimate of the reflection of the

=dA dxand integrate though the volume of the sample. neutralized Ar ion flux and its effect in resputtering the de-
posited Al film. They are provided in the results section.

0 X t
'a L < SaNa ex;{ Aﬁ) exr{ RQ)AA dx. ® C. Calculation of the total yield from the QCO
Since the area illuminated by the electron be@®) will be The ion current to the target is integrated and the thick-
the same for all Auger electrons produced we can abAdrb ness change on the QCO is observed. That thickness is con-
into « such that«=k'AA. Integrating we obtain verted to “numbers of Al atoms,” by assuming the material
t on the QCO is AJO;. This composition is confirmed by
| A= KSANA?\Q EXF{ — _A> . (4) deliberate addition of oxygen to the UHV chamber after ex-
Ag posure and observing no weight increase. The solid angle

Rather than determining absolute measurements of the me&Hbtended by the QCO is calculated and corrections due to
free paths and the other material dependent parameters, sigh cosine emission(2) sticking coefficient, and3) resput-
nals from each element are compared and related to a staffring of Al from fast reflected Ar are all taken into account

dard material. These material specific parameters than até find the total sputtering yield. Complete details can be
contained in the sensitivity factor${=Sy\4). found in an earlier paper using this technique to measure the
sputtering of Be by O°

t

[Aa=kSpNpeXp ——% |- 5
AT p( \g ® v resuLTs

For the signal from materiaB, the one deposited near the  The total sputtering yield for the Aron Al experiments
surface of the witness plate, the derivative is similar but weare shown in Table | and plotted in Fig. 2. Also shown on

integratex from O tot rather than O to infinity. For this case, this figure are the results of previous investigafdrs, and

Eq. (5) become empirical formula due to Bohdanskg,and results from the
¢ VFTRIM 3D code.
lg=kSsNg 1—eXF{ __B) ) (6) Figure 3 shows a surface plot for the case of 500 eV.Ar
Ng The surface plots give a good representation of the grid lay-
A ratio of these equations is then taken. out of 'ghe collection plate. The vertical a>'<is shows the con-
A centration of Al on the plate and two horizontal axes repre-
In SaNa  exp(—t/Ag) (7 sent the position on the plate. Each data point then is a value

Is SeNg [1—exp(—t/AD)] representing the amount of material at an intersection of the
grid as predicted bya) VFTRIM 3D and determined byb)

The intensitiesl , and 15, are measured. All of the other . .
terms in this equation can be readily looked up allowi experiment. These same data are presented in Figsand
q Y P n9 4(b) in the form of a contour plot. The contour plot is a

the thickness of the deposited layer, to be calculated. This . ) . N
L convenient way to note perturbations in the distribution. Ar-
equation is transcendental and as such has no closed form . I
. . . S eas where the contour lines are close together indicate areas
solution, but it can be solved numerically for the individual

data points using an iterative algorithm. Onicés known, where the distribution changes rapidly. There is no correla-

this value is converted into an areal dengity by the fol- t|o_n betwein thezllcontour Ispacmg and the spacing of the data
lowing: points on the collection plate.

If the VFTRIM data in the surface plot are scaled to give
ng=tNg. (8) the same vyield as the experimental data, the only difference

JVST A - Vacuum, Surfaces, and Films
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1.1 T T T T T T T T T
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a0
£
5
2 05f .
= *
w2
04 ++= VFTRIM 3D h
—— Al(100)
03k - Al(110) 4 . 500 ¢V Arton Al
©°9 | aegreid, Wehner[27]
i ° 2 Weijsenfeld [26]
02 °** empirical equation (28]
: M 0.5
0.1 h
0 . Il 1 1 Il 1 1 1

1
100 150 200 250 300 350 400 450 500 550 600
Energy (eV)

Fic. 2. Total yield measurements for the’on Al system and comparisons 0.5
to other work.

b) ! 0.5 C(;)n 0.5 1
between the plots would be in the shape of the distribution.
By subtracting this scaled VFTRIM plot from the experi-
mental data and showing the results on a contour plot, the 1 500V Arton Al (minus VETRIMD
difference plot is obtaine@Fig. 4(c)]. While peaks are evi-
dent in the distribution, they are most easily identified in this | ‘

plot. Note that the two peaks are 90° away from each other ir
the azimuthal direction and are centered at polar angles @ , >
45°, -9
Figure 5 shows the distribution of the sputtered flux ver-
sus the polar angle at azimuthal positions where a deviatiol -0
from a cosine-like emission was noted. These plots contair
data at the azimuthal angle corresponding to the emissiol |
direction and points within a few degrees of this angle. If o o8

there was no polar ejection angle spread in the enhanced o _
Fic. 4. Distribution of sputtered material from 500 eV ‘Aon Al(100), (a)
VFTRIM 3D, (b) experimental(c) experimental minus VFTRIM-3D.

500 eV Ar+ on Al (VFTRIM) 500 eV Ar+ on Al (experimental)

15101 —

Fic. 3. Distribution of sputtered material from 500 eV *Aon Al(100)
(surface plox, () VFTRIM 3D, (b) experimental.

J. Vac. Sci. Technol. A, Vol. 17, No. 6, Nov/Dec 1999

emission portion of the spectra, this plot suggests that the
enhanced sputtering is occurring at the 45° polar angle posi-
tion (110. Since the magnitude of the spread is unknown,
the actual polar ejection angle could be smaller.

To quantify the magnitude of the directional sputtering
the following ratio was taken:

NllO_ N
n=—n— ©

wheren is the fraction of additional sputtered material due to
preferential sputtering in th€10 direction,N4,is the total
amount sputtered in the@ 10 direction andN is the amount
normally sputtered in th€l10) direction without crystal ef-
fects. Even if the specific polar angle is incorregt,still
gives a measure of the enhanced sputtering magnitude.
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410 T T o3

T T 91

T T T T

T T 1 T I T
200 ¢V Ar+ on AL(100) 300 ¢V Ar+ on Al (100)

Total Yield Distribution (#/cm2)
Total Yield Distribution (#/cm2)
T

0 ! 1 1 | { L i L 0 1 1 1 { i 1 I ]
0 10 20 30 0 S0 60 70 80 90 0 10 20 30 40 50 60 70 80 90
(a) Polar Angle (degrees) (b) Polar Angle (degrees)
1,4-1014 T T T T T T T 1g10H T T T T T T T T
400 eV Ar= on A1{100) 500 eV Art on Al (100)

Total Yield Distribution (#/cm2)
T
Total Yield Distribution (#/cm2)

0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 &0 90
© Polar Angle (degrees) @ Polar Angle (degrees)

Fic. 5. Sputter distribution vs polar anglér® on AI(100]. The experimental points are shown by crosseswith error bars. The points representing no
azimuthal asymmetry and taken from the VFTRIM 3D simulation are shown as open ¢itole&) 200 eV, (b) 300 eV, (c) 400 eV,(d) 500 eV.
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TasLE Il Quantification of crystal effect. exhibit any notable preferential sputtering along the observ-
Energy ) AD able directions. The surfgce plots for the(10) case only
show the expected experimental scatter.
200 ev 12.9% +2.5° The magnitude of the effect of the enhandad® sput-
300 eV 11.4% =4.0° tering (about 12% was roughly the same over the various
400 eV 13.4% +5.0° 9 ughly
500 eV 11.2% +5.0° energies, however, the width of the peak was broader for the

higher energies. As in the case of @n Be?? the distribu-
tions are undercosine approaching cosine at the higher ener-
gies. This is in agreement with computer simulation and pre-
The results of this calculation for the AIDQ sample are vious experiments where undercosine behavior is noted for
shown in Table Il along with the size of the azimuthal anglelower energies and overcosine behavior is observed for en-
used to select points. ergies in the keV rang®& 2’
To determine how close the sputtered flux comes to a
cosine distribution at the majority of azimuthal angles, Table
[l shows the parameten when the data are fitted to a
cos' (®) distribution.
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