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FOREWORD

ApvaNnces IN CHEMISTRY SERIES was founded in 1949 by the
American Chemical Society as an outlet for symposia and col-
lections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are refereed critically according to ACS
editorial standards and receive the careful attention and proc-
essing characteristic of ACS publications. Papers published
in ADVANCEs IN CHEMISTRY SERIES are original contributions
not published elsewhere in whole or major part and include
reports of research as well as reviews since symposia may
embrace both types of presentation.
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PREFACE

The symposium, “Radiation Effects on Solid Surfaces,” was held to

discuss various surface phenomena which can occur under ener-
getic particle and photon irradiations of solid surfaces. The organization
of chapters in this volume follows that of the conference program. First
some of the basic surface processes occurring under surface irradiations
with atoms, ions, neutrons, electrons, positrons, and photons (including
x-rays) are discussed. Next, recently developed techniques based on
particle and/or photon irradiations of surfaces are presented. Finally,
surface irradiation effects in solar and nuclear energy applications are
covered.

The editor is very grateful to his colleagues who contributed to this
symposium and to the session chairmen: G. A. Somorjai (University of
California, Berkeley), F. L. Vook (Sandia Laboratories, Albuquerque,
N. M.), Monroe S. Wechsler (Iowa State University, Ames, Iowa), and
Klaus M. Zwilsky (DMFE-USERDA). He would also like to acknowl-
edge the efficient secretarial help of Debra Herman, Argonne National
Laboratory. The editor would like to thank G. A. Somorjai, director of
the Division of Colloid and Surface Chemistry, ACS for his encourage-
ment to organize the symposium.

Argonne National Laboratory MANFRED KAMINSKY

Argonne, Ill. 60439
October, 1976
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INTRODUCTION

Investigating the effect of high energy radiation on the structure and

composition of surfaces is one of the important endeavors of modern
surface science research. Energetic ions or neutral particles incident on
the surface or particles generated internally in radioactive systems dis-
rupt the atomic structure in the near-surface region. These induced
defects in structure can cause mechanical damage or can be the primary
targets of chemical attack—both destructive to the solid structure. Thus
the importance of studies of radiation effects on solid surfaces to the
nuclear technology cannot be overemphasized. Most of our difficulties in
assembling safe nuclear reactors stem from materials problems caused
by the high temperature, high energy radiation environment.

Most of the papers in this volume describe recent results of funda-
mental research in the field and discuss many of the modern techniques
that have become available in recent years. The research results and
their interpretation based on the underlying theory are presented in sev-
eral well written papers that are easy to follow even for the uninitiated
reader. The principles and applications of modern techniques of surface
science are discussed equally well.

It is hoped that this volume will provide a valuable reference for
those working in the fields of radiation damage or surface science. This
book will also be of interest to those who would like to learn about this
exciting field of surface chemistry.

University of California G. A. SOMORJAI
Berkeley, Calif.
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Physical Sputtering: A Discussion of
Experiment and Theory

HAROLD F. WINTERS
IBM Research Laboratory, San Jose, Calif. 95193

The theory of sputtering of amorphous and polycrystalline
materials has been further developed. Experimental results
for the energy, mass, and angular dependence of sputtering
yields and recent experiments on the sputtering of chemi-
sorbed gas and sputtering by molecular ions illustrate sev-
eral effects that are important in determining sputtering
yields and, in particular, the relationship of these effects to
Sigmund theory. There are several mechanisms which
might lead to discrepancies between theory and experiment.

The ejection of material from solid surfaces under bombardment by
energetic ions (or neutrals) is known as sputtering. The sputtering
yield, S, is defined as the number of target atoms ejected per incident
ion. Review articles on physical sputtering have been published by
Giintherschulze and Meyer (1), Wehner (2), Behrish (8), Kaminsky (4),
Carter and Colligon (5), McDonald (6), and Tsong and Barber (7).
McCracken (8) has published a paper recently on the interaction of
ions with solid surfaces in which there is a long section on sputtering.
In addition, Sigmund has published a series of review articles on the
collision theory of displacement damage (9) which includes a long
chapter on sputtering (10). All of these articles, and in particular, various
articles by Sigmund and co-workers, have been of material benefit in
preparing this paper. This is all the more true because the author, while
very interested in the interaction of low energy ions (< 1000eV) with
solid surfaces, is not a specialist in the field of physical sputtering. It is
hoped that this chapter will benefit from his slightly detached point of
view rather than suffering from a lack of intimacy with the subject.

The thrust of this paper is to outline concisely the current theo-
retical approaches to the sputtering of amorphous and polycrystalline
targets and then to interpret some of the important experiments on the
basis of the derived results. No attempt at comprehensive coverage will

1
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Figure 1. Schematic of possible
collision processes which occur
under ion bombardment. (1) Sur-
face atom receives energy and
after several collisions is reflected
away from the target; (2) the
incoming ion creates a primary
recoil which in turn produces a
collision cascade that penetrates
the surface; (3) collision cascade
which does not penetrate the sur-
face; (4) reflected ion creates a
cascade which penetrates the sur-
face; (3) reflected ion gives en-
ergy to a surface atom which is

uttered; (6) ion reflected into

RADIATION EFFECTS ON SOLID SURFACES

;

;o

8

)
p o

the vacuum with kinetic energy; !
and (7) atom with momentum @f
component directed away from
the surface returns because of
attractive forces.

be made because of the number of review articles already in the
literature.

All modern approaches to the theory of physical sputtering are based
on the binary collision model which assumes that energy is transferred
from the impinging ion to the target atoms by a sequence of binary
collisions; i.e., the ion only interacts with one target atom at a time. This
process is illustrated schematically in Figure 1. The first collision does
not, in general, lead directly to sputtering since the hit target atom has
a momentum component in the direction away from the surface. There-
fore, sputtering is a multiple collision process involving a cascade of
moving target atoms. Whereas the concept of a collision cascade govern-
ing the sputtering process is a common feature in all recent sputtering
theories (11, 12, 13, 14), there are some differences in the processes that
various authors consider important and consequently in the approxima-
tions made to solve the problem (see Ref. 11).

A yield calculation consists of a number of steps:

(1) To determine the differential cross section, de, for the transfer
of energy between T and T + dT from the ion to the target atom and

from one target atom to another (this step primarily involves the ap-
proximation of interaction potentials).

(2) To determine the amount of energy deposited near the surface.

(8) To convert this energy into the density of low energy recoil
atoms.
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(4) To determine the number of recoil atoms which reach the very
surface.

(5) To select those atoms which are able to overcome surface bind-
ing forces and thus be emitted into the gas phase.

The Formalism of Sputtering Theory

Classical Mechanics. Two-particle collisions are often adequately
described using the ideas of classical dynamics, and all modern sputter-
ing theories make this assumption. The quantity, do(T), which is needed
by sputtering theorists, can be formally obtained from the following well
known equations (5, 15).

o2l o 4AMM, 1
T =T, sin 3 Tm (M1—|-M2)2E (1)
dR/R
g—mx—2P W[ _UB) _P]7 (2)

E. R2
g, ME
R M, + M,
do(0) = —2xPdP (3)

where (see Figure 2) M; and M, are the masses of the colliding atoms,
E the initial energy, T the energy transfer (the energy of the recoiling
atom), @ the center of mass scattering angle, P the impact parameter, R
the internuclear distance, R, the distance of closest approach, and U(R)
the interatomic potential. R, is the root of the equation (15):

(1 _ U(Ro)) R02 =P2

Eg
v«."
M1 —
E,V -
PO
\) Pl
_t o 1"’
M;\
T, V"

Figure 2. Scattering of two bparticles viewed from the
boratory system. ¢ is the laboratory scattering angle.
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Figure 3. Fractional energy loss (E — T)/E vs. primary energy at
constant ¢ for ion scattering experiments. Data from Ref. 17.

do(T) is formally obtained by inverting Equation 2 to obtain P as a
function of 6. P and dP are then substituted into Equation 3 yielding
do(6) which is subsequently changed to do(T) using Equation 1. The
input quantity needed to use this procedure is the interaction potential,
U(R).

The binary collision approximation is crucial to sputtering theorists,
and hence we make a few comments at this time. The best experimental
evidence supporting the model is from investigations conducted at many
laboratories involving the scattering of ion beams from surfaces and the
subsequent measurement of the angle and energy of the reflected ions
(16). For binary collisions, the quantity (E — T)/E (see Figure 2) is
independent of E for constant § (see Equation 1). (Constant 6 implies
constant ¢.) Figure 3 shows data from Heiland and Taglauer (17)
which demonstrate that the binary approximation is valid to quite low
energies. This is consistent with computer-simulated results of Karpuzov
and Yurasova (18) who investigated the reflection of 50-500 eV argon
ions from a copper crystal and concluded that ion reflection is adequately
described by the binary collision model.

Interatomic Potentials. It is not absolutely necessary to have accu-
rate interatomic potentials to calculate reasonably good sputtering yields
because the many collisions involved tend to obscure the details of the
interaction. This, together with the fact that accurate potentials are only
known for a few sysems makes the Thomas—Fermi approach quite attrac-
tive. The Thomas—Fermi statistical model assumes that V(r) varies
slowly enough within an electron wavelength that many electrons can
be localized within a volume over which the potential changes by a
fraction of itself. The electrons can then be treated by statistical mechan-
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ics and obey Fermi-Dirac statistics. In this approximation, the potential
in the atom is given by:

Vir) = -Zf ¢ ( ) 0 — 0.885 goZ-13 4)

where Z is the atomic number and a, the Bohr radius, 0.529 A. For a
derivation of Equation 4, see Ref. 19. ¢(r/a) is the Thomas—Fermi
screening function shown in Figure 4.

It is convenient to describe the interatomic potential, U(R), with the
same functional form as Equation 4. This has been accomplished by
Bohr (21) who estimated the interaction energy between two atoms by
the formula:

2
U(R)&'%ge—exp—%—

where R is the internuclear distance and exp(—R/a) the screening
function. Subsequent authors usually represented their interaction poten-
tials in the same form but with modified screening functions. Firsov (22)
showed that, within the limits of accuracy of the Thomas—Fermi statisti-

1.0 ~J LU \I ) LA ) LU=

[N | I |

Thomas Fermi Function [¢(R/a))

L
6 8100

R/a

Figure 4. Thomas—Fermz screening function, ¢(R/a), (see Equation 4) for

neutral atoms ( nd power approximations (—--) from Equation 7

Values of 5¢( R/a) are om Ref. 20. Constants used in Equation 7 are: k, s =
91, k, = 0.833, ks = 2.75. See Equation 7 for definition of s.
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cal model, the interaction between atoms at a distance less than 10 cm
could be described by the potential:

U(R)=Zl—g’°f¢(R) (5)

ar

where ¢(R/ay) is the Thomas—Fermi screening function shown in Fig-
ure 4 and '

ap = 0.8853 a¢(Z,'% + Z,'72)23
Lindhard et al. (23) preferred a screening radius:
ar, = 0.8853 ao[Z,%3 + Z,23]"1/2

for the same functional form of Equation 5. The two screening radii are
numerically equal within the accuracy of the Thomas—Fermi approach.
In subsequent sections we will use ar, and refer to it as a.

Equation 5 is often used to describe the interaction between the
incoming ion and the target atoms. The interaction between two target
atoms generally occurs at low energy where the Thomas—Fermi potential
overestimates the interaction. Under this situation a Born—-Mayer poten-
tial is more appropriate (11), i.e.:

U(R) = Ae™F (6)

where A and b are constants. Typical values for A and b have been
tabulated by Abrahamson (24).

An especially useful approximation for the Thomas—Fermi potential
has been developed by Lindhard (23) and co-workers where the screen-
ing function is assumed to have the form:

k‘ 8-1
()-56)
where k, and s are constants. U(R) then becomes:

k, Z,Z5€%a"V

UR) — 222 ®)

Figure 4 shows that Equation 7 reasonably approximates the screening
function over limited energy ranges. The inverse power approximation
made in Equation 7 is quite attractive since it allows Equation 2 to be
integrated in closed form for several values of s (25).
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The substitution of Equation 8 into Equation 2 followed by ap-
proximations (see Ref. 23) and integration leads to:

do(T) = CE™T1-mdT; m — % 9)

where
l 2 M1 m 2Z1Z262 2m
c—gme (i) (%27)

and AM=1= 0.5, Am=1/2 — 0.327, Am=1/3 = 1309. m=1 corresponds to
Rutherford scattering, and Sigmund (11) has shown that m = 0 approxi-
mates scattering from a Born—Mayer potential. For m =0, Co=
(1/2)wrea® where Ao — 24 and @ — 0.219 A. For m — 0 a is assumed to
be independent of z. Sigmund also suggests that for medium mass ions
and atoms over most of the keV range, m — 1/2 is a fair approximation
while in the lower keV and upper eV region, m=1/3 should be adequate.

Equation 9 is an extremely useful description for the differential
cross section and has been used extensively in a variety of applications.
With the use of Equation 9, the nuclear stopping power becomes:

Tm C 4M M, 1-m -2m
5a(E) =j; Tdo — ——— [(M1+M2)2] Em (10)

This is one of the basic input quantities needed in Sigmund’s sputtering
theory.

Basic Equations—Sigmund’s Theory (11). There have been three
important theories in recent years on the sputtering of amorphous and
polycrystalline solids. They are attributed to Sigmund (11), Thompson
(12), and Brandt and Laubert (13). The predictions about various
aspects of sputtering often agree. Sigmund’s theory, however, is the
most general and latest and therefore is outlined briefly.

Suppose an atom starts its motion with an arbitrary velocity vector
v att = 0in a plane x = 0 in an infinite medium (Figure 5). The basic
quantity of interest is the function G(x,0,,0,¢)d®vodx which is the average
number of atoms moving at time ¢ in a layer (x,dx) with a velocity
(©o,d®vo). The number of atoms with a velocity (vo,d%ve) penetrating
the plane x in the time interval dt is given by:

G (x,'ﬁo,'ﬂ,t) dsvolvo@ldt

wher vy, is the x component of Ty. The backward sputtering yield for a
surface at x = 0 is then:
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S— f |V0e| 0 ﬁ " 4G (0,50,t) (11)

Based on Equation 11, S is formally obtained by (1) writing a dif-
ferential equation for G(x,0,00,t) using standard techniques, (2) inte-
grating the resulting equation over ¥, and # which yields an equation
involving H(v,x), and (3) solving the resulting integral equation for
H(v,0) using the input quantities do(T) (Equation 10), the heat of
sublimation and, where necessary, an expression for electronic stopping.

Infinite Medium

x=0 x=Vq, 5t
t=0 t=5t

Figure 5. Geometry of the sputtering events considered

in the Sigmund (1969) theory. The initial velocity of the

ion is v, and a{'ter one collision, the ion velocity is v'; the
velocity of the primary recoil is v"”.

We will now derive the equation used to determine G(x,00,0,¢). Con-
sider a particle moving at t = 0 in x = 0 (Figure 5). After a time &, it
may or may not have collided. In any case, the final distribution cannot
have changed. Therefore an expression for G(x,0,00,t) based on initial
conditions is equated to an expression for G based on the situation as it
exists after a time 8t. The equation:

G(%,0,00,t ) imitia1 = G(%,0,00,t ) atter Az, A

reads
G (2,5,50,t) — Nvst f [G (2,507,t) + G (z,505”,t) 1do (0,0 0")

+[1 — Nvst f do(50"5”) 1G (x 4 7vst Do,v,t + 8t) (12)
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where N is the atom density and y = v,/v, where v, is the x component
of v, i.e., n is the cosine of the angle of incidence. The first term on the
right hand side expresses the collision probability specified by v',6” and
multiplied by the sum of contributions to G by the two collision partners
and then integrated over all collisions. The second term is the probability
for not making a collision, multiplied by the contribution to G by a par-
ticle with unchanged velocity but changed initial position and starting
time. Expansion of G(x + 7v8t,00,0,t + 8t) in terms of §¢ followed by
manipulation yields first order terms:

138 - ) - =
;g G(x:vO;v;t) - 8—17 G(:c,vo,v,t) =

N da[G (xyvoyvyt) -G (x)EO)E,t) - G (x,f’-oﬁ"”;t) ] (13)

v,

Equation 13 applies to an ion of the same species as the target, but
similar arguments lead to an analogous equation for an arbitrary ion.
For simplicity, electronic stopping has also been neglected but could
easily be included as was done in the original treatment by Sigmund.

The function:

F(2,50,7) — f " G (z,707,t)dt
V]

is the total namber of atoms which penetrate the plane x with a velocity
(00,d0o®) during the development of the collision cascade. F(x,0,,0)
satisfies an equation that follows from integration of Equation 13 over
t, ie.:

1 o 9 _
> §(x)8(v — Vo) — 13 F (z,00,v) =

N f do[F (2,00,8) — F(2,90,5) — F(z,50,0")] (14)

The function H(x,0) represents the backward sputtering yield of a
target atom for the case of a source at x — 0 and the sputtered surface in
the plane x where:

H(z) — f 6| ves|F (2,500)
The integrations over v, obey the conditions:

Voz
70 v =
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1
Ey= EM"UO2 > U(’Io)

where U(y,) is a surface binding energy. Multiplying both sides of
Equation 14 by v,, and integrating over v, and also changing the velocity
variables to energy variables yields:

—~8(@) 10 (—)O[E — Uly)] — o LT
—N f do[H(z,E) — H(z,E o) — H(zE"5")] (15)

Here, 6(¢) is the Heaviside step function; 8(¢) — 0 for ¢ < 0 and 6(¢) =
1 for ¢ > 1. The backward sputtering yield is:

S(E)’l) = H(x = O)E)’I) (16)

The fundamental problem in determining yield is to solve Equation 15
for H. Sigmund solves the problem by using a standard technique involv-
ing expansion in Legendre polynomials. The final result is given by:

H(oE) = 5 o) a7

where F(x,E,y) is now defined as the amount of energy deposited in a
layer (x,dx) by an ion of energy E starting at x — 0 and by all recoil atoms.
See Ref. 11 for the mathematical details used in obtaining Equation 17
from Equation 15.

For power scattering, it can be shown that:

F(0,E ;) = aNs,(E) (18)

where s,(E) is the nuclear stopping power and « is a dimensionless quan-
tity depending on the relative masses and angle of incidence. « is shown
as a function of M2/M, in Figure 6 for perpendicular incidence. Direct
energy dependence in a drops out for power scattering. Using Equations
17 and 18, the sputtering yield becomes:

3 asu(E)
7 CoUs

8. (E)

S(Ejx) — — 00420 =0

(19)

Although Equation 19 has been derived for the case where the ion and
target are of the same substance, it is also valid for an arbitrary ion (see
Ref. 11).
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1.0
o

0.5

ﬂ‘/
0.0

0.1 1 10
M,/M,
Physical Review

Figure 6. Factor a in sputtering
Lield formula (Equation 21) calcu-

ted for power scattering and aver-
aged between m(?15/3 andm=1/2

For low energies (m = 0; E < 1 keV), the yield becomes:

3 aM\M, E

SEn) = 4 « 0L, + M7 Ts

(20)

where the value for s,(E) was obtained from Equation 10. For keV ener-
gies and heavy-to-medium mass ions, the expression for the nuclear stop-
ping power calculated by Lindhard (23), assuming a Thomas-Fermi
interaction, is used, i.e.:

$a(E) — 4nZ,Z5¢% [ 5ae)

M,
M, + M,

where s,(e) is the reduced stopping power plotted in Figure 7. The
sputtering yield from Equation 19 is therefore:

Z\Z,y M, S (e€)
[2:27% F Z2R72 [M, + M,] U,

S(En) —3.56 « (21)

where U, is in eV. The relationship between the ion energy E and
reduced energy e is given by:



Published on June 1, 1976 on http://pubs.acs.org | doi: 10.1021/ba-1976-0158.ch001

12 RADIATION EFFECTS ON SOLID SURFACES
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Figure 7. Nuclear stopping power, s,, as a function of e for bottom scale and
of E for Ar-Cu top scale. Honzont'i lme is for an R2 potential. Data from

aM 2E
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‘T [2.2.8(M, + M>)] (22)
Equations 20 and 21 along with Figures 6 and 7 are used as a
framework to interpret most of the experimental data presented in this

paper.

Comparison of Experiment with Theory

To interpret experimentation results in terms of Equations 20 and
21, we are interested in the sputtering yield expressed as a function of
(1) ion energy; (2) the angle of incidence; (3) the masses of the incident
ion and target material; (4) the surface binding forces, i.e., Uy, and (5)
energy E, of the sputtered atoms.

There have been numerous sputtering yield measurements on amor-
phous and polycrystalline targets during the past 20 years. Unfortunately
many of the measurements are difficult to interpret because of uncon-
trolled experimental conditions. For example, the presence of chemi-
sorbed gas often reduces the sputtering rate (26). This phenomenon is
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well known to people involved in the growth of thin films (27). An
example of the influence of an adsorbed layer is seen in Figure 8 where
the variation in sputtering yield with ion dose is shown for 600-eV N,*
ions on gold. The initial rapid increase was attributed by Colligon et al.
(28) to the removal of an adsorbed layer. It is, therefore, quite clear
that atomically clean surfaces should be used for accurate yield measure-
ments. This requires good vacuum conditions.

It is becoming clear that many of the reported yields are dose de-
pendent. Almén and Bruce (29) published some examples of 45-keV V*
ion irradiation of copper and tantalum targets where they found a marked
decrease in yield as a function of dose. For 45-keV Ca* ions on the same
target, they found a weight gain. In the same article, the authors reported
measurements of the Z, variation of the 45-keV sputtering yield on cop-
per, silver, and tantalum targets. In the Z, variation they found peculiar
oscillations following the chemical properties of the incident ions and
ascribed these variations to a change in target material caused by the
accumulation of projectile atoms. This assumption has recently been
shown to be correct (30, 31) since the periodicity disappears for smaller
doses.

A dose dependence is expected under situations where a change of
chemical composition occurs because the development of the collision
cascade must depend to some extent on the masses of the target atoms.
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0.3 —

Sputtering Yield [S/1+y] Atoms/lon

0.2 —

L

0.1 | | | ]
0 1 2 3 4x10'6 5
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Radistion Effects

Figure 8. Variation of sputtering yield with ion dose for 600-eV N,* ions
on gold (28)
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Accumulation of significant amounts of projectile material near the sur-
face is expected under many situations. Therefore, a definite need for
yield measurements made under low dose conditions exists.

Figure 9 shows the concentration of nitrogen near the surface of a
polycrystalline tungsten sample as a function of the number of bombard-
ing N,* ions. The saturation coverages are 8 X 10" and 9 X 10'S atoms/
cm? at 300 and 450 eV, respectively. Based on this information, one would
expect the sputtering yield for an initially clean surface to change until
the surface had been bombarded with 4 X 10*® N,'/cm? and then to
remain relatively constant.

Noble gases are attracted to surfaces by weak van der Waals forces,
and therefore when they reach the surface they are almost immediately
desorbed into the vacuum. Consequently, ion bambardment effectively
releases noble gas atoms trapped near the surface (33), and therefore
the saturation concentration does not become nearly so large as for other
projectiles (34) (compare Figures 9 and 10). We think that yield
measurements involving noble gas ions are in general more reliable than
those involving other ions, but even for noble gases, there appears to be
a dose dependence (35).

Variation of Sputtering Yield with Ion Energy. For scattering
using an inverse power potential (Equation 8), the quantity « (see Equa-
tion 21) is independent of energy and is only a function of the angle of
incidence and relative masses. The energy dependence of the sputtering
yield is therefore determined by the energy dependence of the stopping
power. Brandt and Laubert (13) make similar predictions, and their

[ -]

Concentration of Nitrogen {Atoms/cm?)
[}

4 i
R / a Jon Energy = 450eV |
oL .,d e Ion Energy = 300 eV |
1 1 1 1 -1 . A 1 L
0 1 2 3 4 5 6 7 8 10 x 10'6

Number of Incident Ions (Ions/cm?)
Journal of Applied Physics

Figure 9. Number of nitrogen atoms trapped near a tungsten surface vs.
number of incident N,* ions (32)
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Figure 10. The number of argon atoms trapped near a tung-
sten surface as a function of the number of incident argon
ions of various energies (34)

calculated results agree reasonably with those based on the Sigmund
model.

Yields for many jion—target combinations have been calculated using
Equations 20 and 21, and the agreement is remarkably good considering
that there are no adjustable parameters in the theory. Figure 11 shows
data for inert gas ion bombardment of copper where agreement is very
good over the entire energy range. Table I shows calculated and meas-
ured yields for bombardment of various metals with 45-keV noble-gas
ions. The agreement, in general, is somewhat worse than for copper.
However, judging from the work of Andersen and Bay (35), we would
expect the experimental yields of Almén and Bruce (29) to be signifi-
cantly higher (possibly by a factor of two or more) if they had been
taken under low dose conditions. This would make the agreement be-
tween experiment and theory much better.

Wehner (36) has amassed a large amount of data in the low energy
range (0-600 eV) which, in our opinion, is quite reliable and relatively
free of dose effects. These data are not corrected for secondary electron
emission. However, for Kr* and Xe*, where Sigmund’s theory is most
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Figure 11. (left and above) Sputtering yields for Cu calculated
from Equation 21 (- ) and Equation 20 (- --), compared with
experimental results of Refs. 11, 29, 36-43 (11)

applicable, the correction would, in general, change the yield by less
than 10%. Calculated yields using Equation 20 agree excellently with
Wehner's data for many target materials, but for others the measured
values are smaller than the calculated ones by a factor of two.

Whereas the sputtering yield is generally proportional to the nuclear
stopping power as predicted by Sigmund’s theory, there are systematic
variations for large and small mass ratio (M/M,) as well as in the energy
dependence. These discrepancies are discussed in later sections.

Variation of Sputtering Yield with Mass of the Incident Ion. Dose
effects make it inconvenient in some instances to use absolute yield data
when comparing experiment with theory. Therefore, Andersen and Bay
have presented their data as normalized yields, i.e., the ratio of the sput-
tering yield for an ion of atomic number Z, to the self sputtering yield or
to the argon sputtering yield. The normalization tends to eliminate or
at least minimize dose effects.

Data for Si, Cu, Ag, and Au from Andersen and Bay (35) are shown
in Figure 12. Absolute yields from Almén and Bruce (29) along with
calculated values from Equation 21 are shown in Table I. Both sets of
data and also theory indicate that the yield increases with Z,. The quanti-
tative agreement between theory and experiment (Figure 12) is good for
amorphous silicon but gets progressively worse as the mass increases.
The sputtering yield for heavy ions on heavy targets shows a more pro-
nounced maximum in the energy dependence than does the stopping
power (see Figure 11—Xe* on Cu). Such a discrepancy between theory
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Figure 12. (left and above) Normalized sputtering yields for Si,
Cu, Ag, and Au for 45-keV ions. Data from Refs. 35, 44.

and experiment may result from thermal spikes in the dense collision
cascades for heavy ion irradiation (45).

Sigmund’s sputtering theory is based on the assumption that all
interactions occur in binary collisions between a moving and a fixed atom.
In very dense cascades (e.g., if cascades designated 2 and 3 in Figure 1
overlapped), the collision may occur between moving atoms, and there-
fore the theory breaks down. Andersen and Bay (35) suggest that both
the deviations in energy dependence for heavy ions on heavy targets and
the discrepancy between experiment and theory shown in Figure 12 are
caused by this thermal spike effect, i.e., overlapping cascades. Further
evidence for thermal spikes is found in the appearance of a low energy
peak in the energy spectra of sputtered gold atoms (46, 47) as well as in
the temperature dependence of the sputtering yield measured by Nel-
son (48). :

Andersen and Bay (35) have experimentally demonstrated that
anomalies in the yield can arise because of nonlinear effects in the col-
lision cascade. This was accomplished through irradiation with molecular
ions and subsequent comparison of the yield per atom from the molecular
ion with the yield of single atomic ions at the same energy per atom.
Overlapping of the cascades created by each individual atom will occur
for the case of the molecular ion. This in turn leads to an increased energy
density within the cascade. Table II shows that the yield ratio is greater
than unity, indicating that nonlinear effects can cause an increase in the
sputtering yield.

Variation of the Sputtering Yield with Angle of Incidence. The
angular dependence of the sputtering yield is contained in the quantity
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Table 1. Sputtering Yield for Ne*, Ar*, Kr', Xe* Ions at 45 keV
on Different Polycrystalline Target Materials®

Sputtering Ratios (atoms/ion)

Target

Material U,y(eV) Zs Ne* Ar Kr* Xe*

Pb 2.01 82 3.6 10.5 240 445
(29.7) (44.4) (74.6)

Ag 2.94 47 45 10.8 23.5 36.2

(12.7) (20.1) (24)

Sn 3.11 50 18 43 85 11.8
(12.5) (19.5) (24.9)

Cu 3.46 29 32 6.8 11.8 19.0
(3.7) (6.7) (11.9) (15.5)

Au 3.79 79 3.6 10.2 24.5 39.0
(16.1) (23.9) (27.8)

Pd 3.87 46 25 53 10.5 144
: (9.24) (14.1) (18.1)

Fe 429 26 13 23 4.0 49
(5.15) (892) (11.7)

Ni 443 28 14 3.5 5.6 7.6
(5.35) (9.01) (11.8)

A% 53 23 03 1.0 1.7 1.9
(3.85) (6.21) (8.9)

Pt 5.82 78 1.9 53 113 16.0
(9.35) (15.3) (19.2)

Mo 6.82 42 0.6 15 2.7 38
(5.14) (7.70)  (10.1)

Ta 8.06 73 0.7 1.6 3.1 4.0
(6.62) (10.0) (12.3)

w 8.70 74 1.0 23 47 6.4

®Data from Ref. 29. Theoretical values, in parentheses, were calculated from
Equation 21. The values for Ug are from Ref. 49. The values for a and sa.(e) were
estimated from Figures 6 and 7.

Table II. Ratios between the Sputtering Yield per Atom for
Irradiation with Molecular and Atomic Ions for
Different Ion Target Combinations*®

Targets
Projectiles St Ag Au
C-Cl, — 1.09 —
Se—Sez 1.15 1.44 1.44
Te-Te, 1.30 1.67 2.15

¢ Data from Ref. 35.
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« which is independent of energy for power scattering and only weakly
dependent on the power m in the cross section formula (Equation 9).
Even for inelastic collisions, Sigmund finds that « depends only weakly
on energy but is somewhat sensitive to the electronic stopping constant,
i.e., « decreases with increasing electronic loss. Since « is almost inde-
pendent of ion energy, the angular dependence of the sputtering is also
predicted to be relatively independent of energy.

For not too oblique angles, Sigmund (11) suggests that the angular
dependence is given by:

(
§

5

=7 = (cos B) 7/ (23)

n

where S(1) is the yield at perpendicular incidence, and f is a calculable
constant. For My/M; < 1, f ~ 1.7. For My/M,; > 1, the factor f slowly

| I 1 | I | | I
—— Present Theory /
4 —— (Cosp)~! / -
o Duppetal. . /
o Cheney et.al. /

¢+ Colombie

S(B) / S(8=0)

0 30° 60° 90°

Figure 13. Variation of sputtering yield with angle
of incidence for Ar* ions on polycrystalline copper.
), evaluated from Sigmund theory for m = 1/2
(-==-), for (cos B)1. Data from Refs. 50, 51, 52.

decreases until it reaches a value somewhat less than 1. Theory is com-
pared with experiment in Figure 13, and the agreement is quite good.
The 1/cos § dependence of the sputtering yield which has been suggested
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by many investigators (12, 13, 53) does not agree with experiment (see
Figures 13 and 14).

Oechsner (54) has recently reported an extensive investigation of
the sputtering yield of various materials as a function of the angle of
incidence. His data for copper are shown in Figure 14. The yield ratio
[S(B)/S(0)] increases rather slowly in the beginning, then more rapidly,
and finally passes through a maximum at near grazing incidence after
which it falls toward zero at 8 — 90°. Similar behavior has been ob-
served for a variety of target materials (51, 54, 55, 56).
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Figure 14. (a) (left) Sputtering yield for polycrystalline copper as a function

of the angle of incidence. The incident energy was 1.05 keV. S(0) is the yield

at normal incidence. The dashed curve represents a 1/cos B dependence. (b)

(right) Sputtering yield for polycrystalline cg)per as a function of angle of inci-
dence and incident energy for irradiation with Xe* ions (54).

Oechsner’s data taken at relatively low ion energies do not appear
to agree with theory as well as data taken at higher energies. The angular
dependence generally increases faster than cos B as predicted by the
Sigmund theory. However, there are deviations between experiment and
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theory which Oechsner (54) states lie beyond the limits of experimental
error.

According to Figure 14a, the initial slope of the measured curves
S(B)/S(0) changes considerably while in the corresponding range of
M,/M,, the quantity f remains nearly constant (11). It is not clear how
to explain this behavior theoretically. Moreover, Figure 14b indicates
that the energy dependence is somewhat greater than expected.

The original Sigmund theory does not account for the decrease in
yield at grazing incidence, but it appears that application of a surface
correction may eliminate this deficiency. A sputtering theory should
include multiple collisions of the ion except for M; >> M,. Sigmund
found it most convenient to satisfy this criteria by assuming an infinite
medium. However, yields calculated in this manner should be corrected
for the fact that atoms can be reflected back through the intersecting
surface only once. For example, at low bombardment energies many ions
are reflected back into the vacuum (process 6—Figure 1) with a large
fraction of their original kinetic energy (57). Theories based on an
infinite medium do not take this into account. When a surface correction,
however, is applied to Sigmund’s theory, it tends to behave more like
the experimental data (58).

The Energy Distribution of Sputtered Atoms. Random cascade
theory predicts that, under appropriate conditions, the energy distribu-
tion of sputtered atoms should have a 1/E,? dependence if there were no
surface binding forces (11, 12, 59). The effect of the surface binding
energy U, is to modify the distribution at low energies. According to
Thompson (12), the energy spectrum of sputtered atoms varies like Eo2
at high energies, passes through a maximum in the region of U,, and
then falls linearly to zero at zero energy.

Energy spectra have been measured by Stuart et al. (60), Oechsner
(61), Politick and Kistemaker (62), and Chapman et al. (46). Figures
15 and 16 show energy spectra for Ar* bombardment of gold. The general
agreement between theory and experiment is quite good. The curves
peak at about the binding energy, and the rest of the spectrum has an
approximatly E,%2 dependence. Increasing the target temperature (Fig-
ure 16) causes the peak to move to smaller energies. The low tempera-
ture contribution is almost surely caused by evaporation from the region
containing the thermal spike. In very dense cascades, such as Xe* on Au,
the low energy peak occurs even at room temperature (46), again sug-
gesting that the thermal spike is making some contribution to the sput-
tering yield.

The Yield for Light Ions. Weismann and Behrisch (63) demon-
strated that backscattered ions make a large contribution to the sputter-
ing yield for the irradiation of a heavy target with a light ion (see process
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4—Figure 1). They evaporated a thin film of copper onto substrates of
Be, V, Nb, and Ta and subsequently measured the yield of copper as a
function of substrate material. The various materials produced different
intensities of backscattered ions, and therefore the contributions to the
sputtering yield of incident and backscattered ions could be separated.
Their results indicate that possibly 50% of the sputtering events result

_from backscattering.
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Figure 17. Theoretical calculations of the rejlec-

tion coefficients as a function of energy for “‘He*

incident on Nb. ( ), with surface correction;
(- - =), without surface correction (64).

Calculations by Bgttiger and Winterbon (64) and others (65, 66)
have shown that a large fraction of the incident ions are reflected away
from the surface (see process 6—Figure 1). Their calculations for the
reflection coefficient of *He* are shown in Figure 17. These results
indicate that a significant fraction of the initial kinetic energy is not
deposited in the target material. Furthermore, the results depend sensi-
tively on a surface correction. This is because in the theoretical model,
an ion can pass through the hypothetical surface several times while in an
actual experiment, it can pass back through the surface only once.
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A theory of sputtering for light ions on heavy substrates should
consider the effects of (1) electronic stopping, (2) large angle scattering,
and (3) a surface correction. When processes 1 and 2 are included (66),
a (see Equation 21), contrary to the case for heavy-keV ions, depends
sensitively on ion energy, i.e., the sputtering yield is no longer directly
proportional to the nuclear stopping power. Weismann (66) suggests
that the rather large values of « at low and intermediate e-energies indi-
cate a considerable contribution to the yield from backscattered ions.
Comparing experiment with theory shows the measured values to be
about one half the calculated ones. The general shape of the yield curves,
however, agree well with Weismann’s predictions.

The Sputtering Yield for Chemisorbed Gas. Winters and Sigmund
(67) have measured the sputtering yield for nitrogen chemisorbed on
tungsten for ion energies up to 600 eV (see Figure 18). When this data
is contrasted with yields for elemental materials (36), some interesting
comparisons can be made. Elemental materials with large sublimation
energies generally have small sputtering yields and relatively large appar-
ent threshold energies. However, nitrogen chemisorbed on tungsten has
a large desortpion energy, ~6.7 eV/atom, a very large sputtering yield
(see Table III), and also a low apparent threshold energy. This is just
the opposite of what one would intuitively expect. Moreover, the yield
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for helium reaches a maximum at ~10C eV and then remains constant to
600 eV. Neon shows a tendency in the same direction. By comparison,
elemental yields never reach a maximum in this energy range.

Whereas the sputtering of elemental materials is dominated by the
development of a collision cascade (process 2—Figure 1), the sputtering
of a light gas chemisorbed on a target of large atomic weight appears to
be dominated by direct collisions between the incoming and/or reflected
ion and the adsorbed species (67) (processes 1 and 5—Figure 1). This
difference in behavior occurs because energy is not effectively trans-
ferred between the nitrogen and tungsten (i.e., 4M;Mo/(M; + M;)? ~
0.25). For example, a sputtering event involving transfer of energy from
an He" ion to a tungsten atom and then to a nitrogen atom could not
occur for ion energies less than several hundred eV.

Calculations based on direct collisions between the incoming ion
and the adsorbed gas, including sputtering events resulting from devel-
opment of a collision cascade, agree with experiment within approxi-
mately a factor of two. The difference in the shape of the yield curves
between He, Ne, and the heavier noble gases results from the fact that
a Thomas-Fermi interaction is appropriate for He,Ne in this energy
range (see Equation 5) while a Born-Mayer potential (see Equation 6)
is more appropriate for the heavier gases. The large yields and low
thresholds occur because the energy initially given to the nitrogen is not
easily transferred to the tungsten, and therefore the nitrogen atoms are
reflected away from the surface with a large fraction of their initial
kinetic energy.

Winters and Sigmund predict that the cascade mechanism would
begin to dominate at higher energies because of the increasing yield of
sputtered tungsten and also because of the decreasing cross section for
ion—nitrogen collisions. Under this situation the adsorbed nitrogen should
have an exceptionally low yield because of ineffective energy transfer

Table III. Ratio of Sputtering Yields®

S (nitrogen on tungsten) S (nitrogen on tungsten)
S (silver) S (tungsten)
100 eV 500 eV 100 eV 500 eV
- He 29 0.62 > 100 > 10

Ne 1.6 0.39 11.5 24
Ar 0.77 0.31 8.0 1.6
Kr 12 041 >6 14
Xe 1.1 0.51 >6 1.7

¢ Data from Ref. 67. The nitrogen yields have been extrapolated to a coverage
of 12 X 1015 atoms/cm2 (~ 1 monolayer) for comparison purposes. The tungsten
and silver yields are from Ref. 36. Silver was chosen because it has one of the largest
elemental sputtering yields.



Published on June 1, 1976 on http://pubs.acs.org | doi: 10.1021/ba-1976-0158.ch001

28

RADIATION EFFECTS ON SOLID SURFACES

from the moving tungsten to the adsorbed gas. As of now there is no
experimental evidence to verify this prediction.
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Aluminum Oxide Sputtering: A New
Approach to Understanding the Sputtering

Process for Binary Targets

PATRICIA A. FINN, DIETER M. GRUEN, and DENNIS L. PAGE!
Chemistry Division, Argonne National Laboratory, Argonne, Ill. 60439

The relative abundances of the products Al, AL;O, and AlO
sputtered in 15- and 40-kV Ar* and 15-kV H* bombardments
of aluminum oxide targets (anodized film, polycrystalline
disk, sapphire) are functions of the target material and of
the nature, flux, and fluence of the ion beam. This suggests
that in collisional sputtering, the material's sensitive param-
eters are the surface binding energies of the sputtered
species. These energies are functions of the surface compo-
sition present at the moment of a particular sputtering event
and should be identified with the partial molar enthalpy of
vaporization of a particular species. The aluminum oxide
species—Al, Al;O, AlO, Al,O,, AlO,, Al(O,),, and AlO;—are
characterized by matrix isolation spectroscopy aided by O™
isotopic substitution experiments.

Matrix isolation spectroscopy provides a powerful tool supplementing

other more traditional methods, such as mass spectrometry, for eluci-
dating the sputtering process (1, 2). Those studies described the develop-
ment of matrix isolation spectroscopy into a sensitive method for measur-
ing sputtering yields of metals bombarded with noble gas projectiles. The
principal sputtered species, because of the interaction of energetic noble
gas ions with metal surfaces, are metal atoms resulting from physical
sputtering—a process which is reasonably well described by Sigmund’s
theory of collisional sputtering (3). The number of sputtered atoms can
be counted by performing an atomic absorption measurement on the
matrix isolated atoms. Dividing this number by the number of bombard-
ing ions striking a unit surface area gives the sputtering yield.
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The unique definition of sputtering yield (S = atoms/ion), which is
applicable to monoatomic solids such as metals, fails for binary or more
complex compounds. Sputtering studies on metal oxides (4), for example,
have shown that their behavior, not unexpectedly, is considerably more
complex that that of metals. Kelly and Lam (4) proposed three general
categories for metal oxides according to whether the dominant sput-
tering processes are—collisional, collisional and thermal, or collisional
and oxygen sputtering. In their work, the surface binding energies
were identified with the heats of atomization of the oxides for collisional
and oxygen sputtering for which Al,O; is given as an example. An
assumption underlying the interpretation of the results of Kelly and Lam
in terms of different sputtering processes, therefore, is that the sputtered
products are atomic in nature. However, recent work by Coburn et al.
(5) shows that for oxides, molecular products can constitute large
(up to 50% ) fractions of the neutral sputtered products from binary
targets such as oxides. Work on identifying sputtered products from
binary products is still fragmentary. One may expect a variety of
sputtered products including not only metal and oxygen atoms but
also metal oxide molecules in various proportions depending on the par-
ticular metal oxide under investigation. In view of the important role
played by molecular products in sputtering from certain binary targets,
we state at the outset that close attention must be paid to the thermo-
dynamics of vaporization processes and that the important material-
dependent quantities controlling the sputtering coefficient may well turn
out to be the partial molal enthalpies of vaporization of the various
sputtered species. To develop a unified and comprehensive theory applic-
able to sputtering of metal oxides, and indeed of any binary target, it
appears that it is necessary to determine the sputtering yields for each
sputtered species. Only when data of this kind are available will it be
possible to test the reliability of a given theory and to provide guidance
for future theoretical refinements.

Determining the sputtering yields for each sputtered species from a
metal oxide is a more challenging experimental problem than yield
determinations on metals where target weight loss measurements or
quantitative analysis of the amount of sputtered material on a collector
are the usual methods. The experimental problem lies in devising tech-
niques that allow simultaneous determination of both the identity and
the amount of each sputtered species.

Current methods for identifying sputtered products either charac-
terize only atomic species as in the case of atomic absorption or emission
measurements on sputtered atoms in flight (6,7) or, as with secondary
ion mass spectroscopy, detect only the ionic fraction of the sputtered
material which, in general, represents less than 1% of the total (8,9).
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Mass spectrometric detection of sputtered neutrals by special techniques
is relatively recent (5, 10). Broadly speaking, studies of sputtering yield
and species identification have been conducted as separate experiments,
and none of the methods used hitherto for species identification seem to
lend themselves readily to quantitative yield measurements for indi-
vidual species.

Matrix isolation spectroscopy offers a possible technique for the
quantitative determination of each sputtered species. Both neutral and
ionic species are collected and immobilized in a noble gas matrix. In
general, ions are neutralized on deposition. Species collection can be
carried out over a long enough time to provide sufficient amounts of
sputtered material for spectroscopic analysis. A variety of spectroscopies
(uv-visible, ir, Raman, ESR) can be carried out on the matrix-isolated
atoms or molecules. In the case of atoms, matrix isolation spectroscopy
can serve both to identify the sputtered atoms by means of their charac-
teristic resonance transitions and to determine the sputtering yield from
oscillator strength data coupled with absorption intensity measurements
(1,2). For metal oxide molecules, matrix isolation spectroscopy is a
powerful tool not only for species identification, but also for obtaining
molecular structural information from an analysis of vibrational spectra
(11,12). Unfortunately, because of the very limited quantity of experi-
mental data available on oscillator strengths of vibronic transitions or
transition moments in metal oxide spectra, it is possible at present to
determine amounts of sputtered oxide molecules in only a few cases. In
principle, however, such data can be obtained for every molecule of
interest so that matrix isolation spectroscopy can lend itself both to
characterizing the sputtered species and to measuring each sputtering
channel quantitatively.

The present study was undertaken to explore the application of
matrix isolation spectroscopy to quantitative molecular sputtering by
investigating a particular oxide, aluminum oxide. A subsidiary aim was
to study the effect of reactive projectiles (H*) vs. nonreactive projectiles
(Ar*) on the nature, distribution, and yield of sputtered products.

The sputtering yield of aluminum oxide was determined by target
weight loss measurements (13,14) and by measuring the collapsing
interference fringes of oxide films (13,15). Sputtered aluminum on
collectors was determined by a neutron activation method (16, 17) from
both aluminum metal (16) and aluminum oxide targets (17). However,
since the method of measurement determined only aluminum, no values
of total sputtering yields for aluminum oxide can be taken from these data.

The nature of sputtered products from aluminum and aluminum
oxide surfaces has been characterized using atomic absorption (6, 18)
or emission (7, 18) spectra as diagnostic tools. Both neutral Al (6, 18)
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and Al" (7) ions have been observed in this way. Spectral features caused
by “molecules” in sputtered products have also been observed (6).
Another technique which has also been used to characterize the nature
of sputtered products from Al,O; is secondary ion mass spectrometry
(8,9, 19). The energy distribution of Al* from Al metal targets has been
determined (19). Sputtering an aluminum metal target (9) and following
the time evolution of sputtered products every 0.2 sec for a total sputtering
time of 4.6 sec showed that early in the sputtering run, Al", AI**, Al,*, AlO",
Al,O’, and AlO," were among the sputtered products. In another mass
spectrometric study (8) of the sputtering of Al metal in which the back-
ground pressure of oxygen was deliberately varied, Al', O, Al,*, AlO,
AlO;’, and AI** were found among the sputtered products. Finally, and
not unexpectedly, the sputtering of oxide-coated Al metal or of bulk
Al;O; yields a rather complex distribution of sputtered products, since
the vapor in equilibrium with Al,O; contains the species Al, O, AlO, Al,O,
A102, and A1202 (20)

In the present study, the sputtered products, which normally exist
only during their time of flight, were isolated in solid argon matrices at
12-14°K and then examined spectroscopically. Various forms of alumi-
num oxide (anodic films, polycrystalline disk, single crystal sapphire)
were bombarded with 15-kV or 50-kV argon ions or with 15-kV protons.
The physical state of the oxide surface, the flux as well as the total beam
fluence, and the nature of the bombarding ions were important param-
eters determining the composition and relative concentrations of the
sputtered species.

The identification of the species sputtered from aluminum oxide was
aided in part by information available in the literature. However, because
not all species observed in the present work had previously been identi-
fied, detailed studies including oxygen isotopic substitution experiments
were undertaken on matrix-isolated species. These studies and the results
on the distribution of sputtered species are described below.

Experimental

Ion Bombardment Experiments. Mass and energy-selected ion
beams were generated using either a laboratory-type electromagnetic
isotope separator (21) (50 kV, 3-6 pA) or a Radiation Dynamics Duo-
plasmatron source (15 kV, 10-800 xA). Because of the insulating proper-
ties of aluminum oxide, integrated currents could only be measured
approximately. No attempt was made to neutralize surface charge on
the target.

A brass target assembly was used. The main portion consisted of a
flat plate containing 16 equally spaced holes (each 0.079 cm in diameter
located on a 1.746-cm bolt circle). The plate was silver soldered to a
larger threaded brass piece forming an enclosed cavity 0.635 cm deep by
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1.905 cm in diameter). A 0.3175-cm steel tube silver soldered to the rear
of the cavity served as the inlet for the argon matrix gas. The 1.27-cm
targets were centered on the flat plate and held in place by a threaded
brass cap with a 0.9525-cm diameter hole in its center. Sixteen equally
spaced holes in the cap matched those on the flat plate.

A closed-cycle helium refrigerator (Cryogenics Technology Inc.) with
a rotatable cold station encased in a copper heat shield with two 2.54-cm
in-line apertures was mated with a four-window Dewar tail. Two in-line
optical windows (NaCl) were at right angles to the path of the ion beam
and the target. For most bombardments, the target, in line with the ion
beam, was located ~ 2 cm from the deposition plate (NaCl) which had
a 0.635-cm hole drilled through its center to allow passage of the ion
beam. The ion beam entered the Dewar chamber through a 0.476-cm
limiting aperture. A gate valve attached to the Dewar assembly allowed
it to be detached from the ion source.

For two 5-hr bombardments of sapphire with 15-kV Ar* or H", the
limiting aperture was increased to 0.9525 cm. The deposition plate had a
1.27-cm hole drilled through its center, and a target assembly equipped
to handle 1.905-cm targets was used. This geometry resulted in an
increased flux to the target.

In each run, the Dewar assembly was attached to the ion source and
evacuated overnight. The matrix gas flow was started 2-5 min prior to
bombardment and varied from 4-7 mmole/hr. Bombardment times
ranged from 30 min to 5 hr. The background pressure during a run was
typically 7-11 XX 10* Pa. Beam currents measured during Ar* bombard-
ments ranged from 3-6 uA on the isotope separator to 40 xA on the Duo-
plasmatron. For H* bombardments, beam currents were ~ 150-800 pA.
Because of the low sputtering yields, matrix-isolated sputtered products
could only be detected in the uv-visible by their electronic spectra.

Hollow Cathode Experiments. In the hollow cathode experiments,
the gate valve and limiting aperture were removed from the Dewar tail
and replaced with a hollow cathode sputtering device described previ-
ously (22). A quartz window replaced the target assembly, and KCI
windows were used in place of NaCl windows—the deposition plate now
being solid, i.e., without a central hole. A 1-hr sputtered cleaning treat-
ment with 99.9995% argon was given to aluminum screws used for the
first time. A screw typically lasted 14-15 hr.

Matrix deposition experiments began by passing pure argon through
the sputtering device. Oxygen—argon mixtures (0.015-5% O,) were then
introduced either directly through the sputtering device or via a second
flow line whose tip was situated near the deposition plate. For the
former method, designated uniflow, ozone (23, 24) was the main product
at oxygen concentrations greater than 0.15%. Large amounts of aluminum
oxide were concurrently being formed in the screw which limited the
length of time that a discharge could be maintained. In the latter method,
designated duoflow, pure argon entered through the sputtering device.
Ozone was again detected, but the various aluminum oxide species were
also present even at the highest oxygen concentrations.

The oxygen—argon mixtures were diluted by the argon entering via
the sputtering device. Ratios of total oxygen to argon varied from
14,000:1 to 55:1. Each flow rate varied from 3-9 mmole/hr, and deposi-
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tion times were 1-2 hr. In a typical hollow cathode experiment, the
discharge current was 40-60 mA, and the voltage was 450-720 V.

Temperatures at the deposition plate were measured with a hydrogen
vapor pressure thermometer and with a 7% iron-doped gold vs. chromel
thermocouple. Evanohm heating wires wound around the cold station
and connected to an Adams temperature controller were used to maintain
a constant heat load during annealing studies (= 2°). Temperatures
were raised in successive 5°K increments from 12° to 45°K.

Isotopic substitution studies were done with pure °O,, pure 0.,
and '%0,-'%0, mixtures. For all experiments, ir band intensities were
quite low (% T > 0.95).

Gases—99.9995% pure—( Ar, Kr, Xe, H,, 0O,) were provided by Air
Products Co. and were used without further purification. The '*0, (99% )
was provided by Miles Lab., Inc. Single crystal, unoriented sapphire
disks were used as obtained from the Linde Division of Union Carbide.
The aluminum oxide polycrystalline disks were made by compressing
reagent grade alumina at 7 X 108 Pa in a conventional pellet press. The
2.4 X 107-m thick aluminum oxide anodixed film was prepared from
reagent grade aluminum electrolyzed in a phosphate solution. The alumi-
num disk and aluminum screws used were 99.5% pure. Spectra were
recorded on a Cary 17H spectrometer and/or a Beckman IR-12 at 12°K.

Results and Discussion

Species Identification. The ultimate goal of this work is to measure
the sputtering yield for each atomic or molecular sputtering channel as a
function of the nature, energy, and flux of the projectiles bombarding an
aluminum oxide surface. A variety of sputtered products, including but
not limited to, Al, O, Al,O, AlO, AlO,, and Al,O,, can be expected based
on species known to occur in equilibrium vapors over condensed-phase
aluminum oxide. Since sputtering is a nonequilibrium process in the usual
thermodynamic sense, species other than those listed above could also
occur. The application of matrix isolation spectroscopy to quantitative
studies of the sputtering process clearly depends on detailed information
concerning the electronic and vibrational spectra of each sputtered prod-
uct. The problems requiring solution have three major aspects. First,
insofar as matrix isolation studies are concerned, prior work has been done
on the electronic spectra of Al atoms and AlO molecules, as well as on the
vibrational spectra of AlO, Al,O, and Al,O,. For several of these species
however, spectral assignments are still under active discussion in the
literature as pointed out below, and our work has provided additional
spectral data leading to new vibrational assignments.

A second problem area has to do with the possible occurrence of
aluminum-oxygen species among the sputtered products which are not
produced as a result of vaporization from a Knudsen cell. All matrix
isolation studies on the aluminum—-oxygen system have hitherto relied on
producing the high temperature molecules by the Knudsen cell vaporiza-
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tion technique. To prepare and to characterize the known as well as the
new aluminum-oxygen species, the hollow-cathode sputtering technique
was used in our work in both the unifiow and duoflow modes, as already
described.

The third major set of data needed for quantitative sputtering yield
measurements are the oscillator strengths or the transition moments of the
electronic or vibrational absorption band characteristic of each species.
Obtaining such data for matrix-isolated atoms has been the chief goal of
earlier work. In the present study, this aspect has received relatively
less attention, and it will require an additional series of experiments to
obtain reliable numbers. We will consider each of the aluminum oxide
species, both as previously characterized in the literature and as deter-
mined in our experiments.

AL. Most of the references for the gas phase transitions of aluminum
atoms are cited by Wei et al. (25). Ammeter and Schlosnagle (26) have
reported the spectra of aluminum atoms isolated in several noble gas
matrices at 4.2°K. In their work, aluminum atoms were obtained from a
resistance-heated tantalum cell at 1323°K. In the argon matrix, the band
at 29500 cm™ was assigned to the 4s(2S) « 3p(?Py/2) transition and the
four bands at 34,220, 34,880, 37,240, and 37,860 cm™ to the 3d(?D) «
3p(%Py/2) transition. They mention the possibility that not all the peaks
on the high energy side of the spectrum belong to the 2D « ?P transition.

Aluminum surfaces are readily coated with a thin adherent oxide
layer (18). Because the sputtering device was dismantled after each run,
an oxide coating was always present initially. After a short sputtering
time of less than 5 min, the principal product was aluminum atoms.

Continued sputtering does not eliminate the small constant amount
of suboxide molecules also produced. After a 30-min sputtering with
argon, the uv-visible spectrum (Figure 1B) of the matrix-isolated prod-
ucts consists of a main band at 29,500 cm™, a doublet at 34,300 and 34,900
cm’, and two additional bands at 30,500 cm™ and 37,800 cm™. The
intensities of the latter two bands increase markedly when higher currents
(100-150 mA) at the same flow rates are used during the sputtering
experiment. During annealing studies the two bands did not exhibit the
same behavior as the 29,500 cm™ band nor did they disappear. The latter
behavior often occurs for multiple sites. In mass spectroscopic studies
(8,9, 27) of the products formed during ion bombardment of aluminum
metal, Al, is the most abundant cluster produced. Therefore, we assign
the 30,500 cm™ and 37,800 cm™ bands to this species. The possibility exists
however, that one or both of these bands is caused by the species Al,
where x > 2. A low intensity band at 26,500 cm™ may also be caused by
polymeric Al , where x > 2.
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The mechanism by which these polymeric species are formed is not
known. Brewer (28) noted that Pb, could be isolated either from the
vapor or by synthesis from lead atoms by a surface diffusion mechanism.
Huber et al. (29) found that the formation of Mn, dimer species is a
function of the ratio of metal atoms to noble gas molecules. As the metal
atom concentration increases, the dimer concentration also increases.

PPNV
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Figure 1. Matrix spectra of aluminum
atoms and aluminum dimer molecules. A,
50-kV Ar* ion bombardment of aluminum,
isolated in an argon matrix; B, hollow
cathode sputtering of aluminum isolated in
an argon matrix; C, hollow cathode sput-
tering of aluminum isolated in a krypton
matrix; D, hollow cathode sputtering of
aluminum isolated in a xenon matrix.
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In some of the present experiments the discharge current in the
sputtering device was increased to 100-150 wA without increasing the
noble gas flow rate. In effect, this increased the concentration of alumi-
num atoms in the matrix gas and led to an increase in intensity of bands
ascribed to the Al, dimer in the deposit. One concludes that decreasing
the Ar/Al ratio leads to an increase in Al, formation because of enhanced
surface diffusion.

Because there is no data available on the oscillator strengths of Al,
(x > 2), the absolute number of clusters formed cannot be determined.
However, the ratio between the intensities of the 29,500 cm™ aluminum
atom peak and the peaks assigned to the cluster can be used to monitor
the changes in the relative amounts of each formed.

The uv-visible spectrum of the matrix-isolated, back-sputtered prod-
ucts from a 50-kV Ar* bombardment of an aluminum disk is compared
with similar data obtained using the hollow cathode device in Figure 1.
The former spectrum is presented in Figure 1A. The intense band located
at 29,500 cm™ and the doublet at 34,300 cm™ and 34,900 cm™ with its cen-
ter at 34,600 cm™ are the main features of the spectrum. A small shoulder
signals the presence of the 30,500 cm™ peak while the 37,800 cm™ peak is
absent. The 29,500 cm™ band assigned to the 4s(2S/2) < 3p(2Py/2)
transition, a 4152 cm™ shift from the gas phase value of 25,348 cm™. The
doublet is assigned to the 3d(2Ds:) <« 3p(?Pi2) and 3d(2Ds2) <«
3p(2P,,2) transitions, an average shift of 2165 cm™ from the gas phase
value of 32,435 cm™. A pseudo-crystal field splitting effect could account
for the removal of the degeneracy of the 2D peak, giving a doublet splitting
of 600 cm™. The ratio of the integrated absorbances of the bands in the
doublet is 1.41.

The gf values for the gas phase (2S « 2P) and (2D « 2P) transitions
have been derived experimentally by several workers (30, 31, 32). Previ-
ous work is discussed in Cunningham’s paper (32) where values of
gf (*S «2P) = 0.111 = .01 and gf (2D « 2P) = 0.173 = .01 are cited.

Table I. Summary of Aluminum

8p—> 4s Matrix Shift

(ecm) Av(em™) (cm™)

Ar matrix, 12°K 29500 4152 34300
34900

Kr matrix, 12°K 27100 1752 33000
33550

Xe matrix, 12°K 27070 1722 30750
31375

Gas phase 25348 32435
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The oscillator strengths (f = gu.f/g) derived from these gf values are
0.0555 and 0.0865, respectively, giving 0.642 for the ratio of the gas phase
oscillator strengths of the (2S « ?P) and (2D « ?P) transitions. In an
argon matrix, (Figure 1A) the ratio of the integrated absorbances of the
two transitions (A — nf, where n equals number of atoms) is 1.24, nearly
twice as large as the gas phase value. Previous experiments with matrix-
isolated gold (1) and niobium (2) atoms have shown that the oscil-
lator strength of a particular transition can be perturbed by the matrix
environment.

For aluminum atoms, matrix perturbations of the energy of the
resonance transition are exceptionally large. The ground state of alumi-
num is 3p(%P,/;) while the first excited state is 4s(2S;/2). The observed
matrix shift reflects the expected, strongly repulsive matrix interaction of
the excited 4s state with a single electron in an outer s orbit which sub-
stantially penetrates the valence shells of the rare gas cage. The matrix
shift, 4152 cm™ in an argon matrix, is much larger than the 15002500 cm™
shifts usually observed for transitions within the same orbital (2165 cm™
for the 3p — 3d transition of Al). However, it is the same order of magni-
tude as the 5550 cm™ shift observed by Brewer and Chang (28) for the
analogous 6p — 7s transition in lead atoms. The oscillator strength of the
3p — 4s transition in Al can therefore be expected to be strongly per-
turbed. Using the previously determined ratios of the oscillator strengths
in the gas phase and in an argon matrix (0.642 and 1.24) and making the
assumption that the 3p — 3d oscillator strength is unchanged, one would
conclude that the oscillator strength of the 3p — 4s transition has in-
creased from 0.055 in the gas phase to 0.107 in an argon matrix.

The spectra of aluminum atoms trapped in krypton and xenon
matrices (Figure 1C and D) have also been studied. The spectra are
similar to those reported by Ammeter and Schlosnagle (26) insofar as
band positions are concerned. However, there are major differences in
the relative intensities of the bands and the assignments. Table I lists

Atom Matrix UV-Visible Spectra

Ratio=Integ.
3p—3d Av. Matriz Absorbances
Splitting, Ratio-Integ. Shift 3p—4s
Av(cm™) Absorbances Av(em™) 3p—3d

600 141 2165 1.24
550 1.72 840 0.485
625 1.59 —1373 0.205

0.642
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the band assignments of the 3p — 4s and the 3p — 3d transitions in
argon, krypton, and xenon matrices. The matrix shifts, splitting of the 2D
state and the ratio of the integrated absorbances of the lines of interest
are reported.

To verify the assignment of bands in the krypton and xenon matrices,
several experiments were done in which the back-sputtered products
from 15-kV, 4.1 X 10" ions/cm? Ar* bombardments of an aluminum disk
were isolated either in a krypton or a xenon matrix. The uv-visible
spectra of these matrices were then compared with those obtained from
the hollow cathode experiments. For the krypton matrix containing back-
sputtered species, both the band at 27,700 cm™ and the band at 35,500
cm! were absent. For the xenon matrix, the bands at 25,750 cm™ and
33,600 cm™ were greatly reduced in size compared with the peaks assigned
to the (3p— 4s) and (3p— 3d) transitions of aluminum. (Both the
27,700 cm™ and 35,500 cm™ bands in krypton and the 25,750 and 33,600
cm™ bands in xenon are assigned to Al, species where x > 2).

The matrix shifts for the 3p — 4s transition in krypton and xenon are
approximately of the same magnitude but much less than in argon. The
average shift for the 3p — 3d transition is to the blue in Ar (2165 cm™)
and in Kr (840 cm™) but to the red in Xe (1373 cm™). The splitting of
the 2D state which varies from Ar (600) <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>