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The electronically induced sputtering of solid oxygen films has been measured using helium and
hydrogen ions with energies from 0.3 to 3.5 MeV. The sputtering yield exhibits a linear dependence
on (dE /dx),, the electronic stopping power of the ions, at low (dE /dx),, with a transition to an ap-
proximately quadratic dependence at high (dE /dx),. These results are similar to those found for
solid N, but differ from those for solid CO. The electronic sputtering yield of oxygen has also been
measured as a function of the angle of incidence of singly charged and charge-state-equilibrated
helium ions at 2 MeV. The angular dependence of the yield is approximately (cosf)~ "6 and is
essentially the same for both the singly charged and equilibrated ions, although the absolute yields
are a factor of 1.2 higher for the charge-state-equilibrated ions. The measured angular dependence
in the quadratic spuitering regime is remarkably well accounted for by a model of diffusive energy
transport to the surface and sputtering by a collective process.

I. INTRODUCTION

Sputtering may be produced as a result of energy de-
posited in a material in either of two ways. The first, due
to direct energy transfer from elastic nuclear collisions
between the incident ion and the target atom nuclei, is
called collisional sputtering. The second results from the
conversion of energy deposited as electronic ionization
and excitation of the target atoms into nuclear motion.
This is called electronic sputtering. It does not occur in
metals but has been observed in a number of insulating
solids, particularly in condensed gases. Collisional
sputtering has been extensively studied, and is well un-
derstood both qualitatively and quantitatively for metal-
lic atomic targets.! Interest in the electronic sputtering
regime over the last ten years was stimulated by experi-
ments in which energetic (MeV regime) ions incident on
H,O ice gave a sputtering yield, Y, versus ion energy
that clearly followed the electronic stopping power.’
While several models have been proposed to explain the
electronic sputtering effect,’” > there is still no compre-
hensive theory that predicts the yield.

Work on the electronically induced sputtering of low-
temperature molecular-gas solids such as CO, (Ref. 6),
CO (Ref. 7), SO, (Ref. 8), H,O (Ref. 9). N, (Refs. 10 and
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12), O, (Refs. 11 and 12), and CH, (Ref. 13) has been re-
ported. Because oxygen is a simple diatomic molecular
system, oxygen ice at 10 K was chosen for the present
study of the electronic sputtering process to elucidate fur-
ther the mechanisms that cause sputtering. The sputter-
ing yield has been measured as a function of the electron-
ic stopping power of MeV-energy H and He ions. These
results are compared with those for N, and CO at 10 K.
The sputtering yield of O, has also been measured as a
function of the angle of incidence of an ion beam in order
to test the idea that the angular dependence is affected by
the near-surface depth dependence of the energy-
deposition rate.'*

II. EXPERIMENTAL METHOD

The condensed oxygen targets were prepared by direct-
ing a flow of room-temperature oxygen gas onto a copper
substrate which was cryogenically cooled to ~10 K. The
gas flow passed through a microchannel plate which di-
vided the flow into hundreds of thousands of very small
streams to ensure uniform deposition over a circle ap-
proximately 1.25 cm in diameter. In the present experi-
ments the films used were about 2 um in thickness. The
targets were grown in an ultrahigh vacuum chamber and
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the copper substrate (attached to a liquid-helium trans-
port cryostat) could be rotated to vary the angle of in-
cidence of the ion beam. Figure 1 is a schematic diagram
of the experimental apparatus. The source of the MeV
ions used for this study was a 3.75-MeV Van de Graaff
accelerator.

For measurements of the stopping-power dependence
of the sputtering yield, a quadrupole mass spectrometer
(QMS) was used with ions always perpendicularly in-
cident on the target. Measurements were made with
0.3-3.5 MeV H™ and 1.0-3.0-MeV He™ at various ener-
gies. The beams were collimated with a 3-mm diameter
aperture. For He' ions a beam current of 50 nA was
sufficient to induce an easily measurable sputtering yield.
However, for H" ions, beam currents ~200 nA were re-
quired. In both cases it was determined that the sputter-
ing yield was independent of the beam current to currents
well beyond these values (i.e., there was no macroscopic
heating effect). Measurements were also made with equi-
librium charge state helium ions He? *. The equilibrium
charge state was achieved by using a 20-ug/cm? carbon
foil mounted on the 3-mm diameter collimating aperture.
Scattering of the ion beam by the foil was determined to
be insignificant for these experiments.

Because of the strong angular bias in the quadrupole
response to sputtering at different target orientations, the
total pressure increase in the ice chamber was used to
measure the angular dependence of Y,. The ionization
gauge was mounted on the side of the ice chamber direct-
ly opposite the incident ion beam so that all ejected mole-
cules required many collisions to reach it and the results
should be symmetric for positive and negative angles.
The cryopump for the chamber was located below the
target and thus provided equivalent pumping no matter
what the direction of molecular ejection from the target.
An analog signal from the ionization gauge control unit
was used as a relative measure of the sputtering yield, and
the results obtained were free from the angular bias ob-
served with the QMS.

The ion beam incident on the target surface was pulsed
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FIG. 1. Schematic diagram of apparatus.
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FIG. 2. Representative data for the angular dependence of
the sputtering yield using the output of the ionization gauge to
indicate the total sputtering yield at each angle. The ion beam
is pulsed on and off as shown in the lower trace in the figure, the
angle of the target to the beam being changed during off periods
of the cycle.

on and off using a set of electrostatic deflection plates.
During the “off” periods the target was rotated to the
next angle of incidence and the background pressure was
simultaneously measured. Figure 2 shows a representa-
tive run. The difference between the “on” and “off”
pressure measurements is proportional to the relative
sputtering yield at the various angles of incidence. The
relative yield is defined as the pressure change divided by
the beam current in each measurement. The angular
dependence was measured for 2-MeV He™ and equilibri-
um charge state helium ions, He? *.

Both the ion gauge and QMS measure only relative
sputtering yields. The absolute yield (molecules per ion)'?
has been determined from Rutherford backscattering
(RBS) measurements described in Refs. 2 and 9. Thus,
the normal incidence value of the yield for the ion gauge
and for the QMS can be normalized to the RBS value.

III. STOPPING-POWER DEPENDENCE

A. Experimental results

The results of the stopping-power dependence of the
sputtering yields are shown in Fig. 3 for incident H* and
He™. The yield for He?* at 2 MeV is also shown. The
relative sputtering yields, measured with the QMS, were
normalized to the RBS yield of 5415 molecules ejected
per incident ion for 2-MeV He™ (Ref. 12). The sputter-
ing yield in the region of (dE /dx), close to that of 2-
MeV He' exhibits the same, roughly quadratic, depen-
dence on the (dE /dx), observed for several other low-
temperature condensed molecular gases H,O, (Ref. 9), N,
(Ref. 10), and CO (Ref. 7). However, the yield also exhib-
its a transition to an approximately linear dependence on
the stopping power at low (dE /dx),. This is very similar
to the variation found in solid N, (Ref. 10), but the transi-
tion region is shifted to lower (dE /dx), by a factor of
2-3 compared with N,.
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FIG. 3. Yields in molecules ejected per ion incident vs the
electronic stopping power for protons and helium ions on solid
CO, 0,, and N, at ~10 K. Circles are the new data for con-
densed O,. Lines are drawn to guide the eye. Linear and quad-
ratic dependences are indicated by the lines at the left of the
figure.

B. Discussion

The linear dependence of sputtering yield at low
(dE /dx), is consistent with the keV-electron sputtering
results of Ellegaard et al.!' which are also at low
(dE /dx), although quantitative agreement in absolute
yield for the same effective (dE /dx), has not been found.
The existence of a linear regime allows a description of
the sputtering in terms of independent excitations pro-
duced along the track of a single particle. The quadratic
regime still involves single particles (the yield is indepen-
dent of ion beam current density) and the quadratic
dependence must arise from cooperative effects of in-
dependent excitation events along the path of an indivi-
dual particle.>’

The absolute yields in the linear regime in Fig. 3 are
about 2.6 times the yields at the same (dE /dx), for N,.
This is slightly larger than the factor of 2.3 which can be
deduced from the results of Rook et al.'? for O, and N,
sputtering in the quadratic regime. The ratio is also in
approximate agreement with the electron sputtering data
of Ellegaard et al.!! Sputtering yields in the linear re-
gime are expected to be roughly proportional to the elec-
tronic energy impulsively converted to kinetic energy of
motion per ionization along the path of an individual ion,
and inversely proportional to the surface binding ener-
gy.>~>!® Since the cohesive energy of O, is larger than
that of N, by a factor of 1.26, we conclude that the im-
pulsive energy conversion is approximately three times as
large in solid O, as in N,.

The position of the transition region from linear to
quadratic in (dE /dx), for O, occurs a factor of 2-3
below that for N,. This is consistent with the idea that
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the transition is due to the same process in the two sys-
tems with a higher energy conversion per ionization driv-
ing the transitions in the O, case.

In Fig. 3 it is also seen that the He?* yields are slightly
higher than the He" yields. The sign of this difference is
expected because an incident MeV He?* ion with g> 1 is
expected to deposit a greater amount of energy near the
surface than an He™ ion does. As the He' penetrates
into the solid its charge-state changes toward the equilib-
rium value, after which the energy deposition will be the
same as for the incident charge equilibrated ion. The
average charge state ¢ was measured to be 1.75 in the
present experiments for 2-MeV He. It is interesting that
the yield ratio is only 1.2. This is much smaller than the
(1.75)* that might be expected in this region, where the
sputtering process is quadratic in energy deposition
(which scales as g?) and if only the energy deposition by
the incident ion at the surface were contributing to
sputtering. The smallness of the experimental ratio sug-
gests either (1) that the differences in energy deposition
are not as large as expected by simply comparing incident
ion charge, (2) that charge-state equilibration occurs very
close to the surface, or (3) that considerable redistribution
of the electronically deposited energy takes place prior to
the electronic-to-kinetic energy conversion that leads to
sputtering.

In estimating energy deposition differences we note
that the measured gas-phase stopping cross-section ratio
for He?™ and He* on H,0 is ~ 1.2 (Ref. 15), much small-
er then the factor of 4 which is the ratio of the charges
squared. Furthermore, the stopping cross section (i.e.,
first-layer stopping power) for H is calculated to be larger
than that for H™ (Ref. 16) at high velocities. In these
cases, the electron that is associated with the H atom or
the He ion also provides ionization when the ion or
atom velocity is large compared with the velocity of the
bound electron. If N is the number of electrons and Z is
the nuclear charge, the result can be expressed'® as

Z%:=[Z*+(Z—N)*+N1/2. (1)

From this expression, Z g~ 1.73 for He* and Z 4~ 1.94
for He?* (where the He? " value is deduced as the ap-
propriately weighted sum of Z.; for He’* and He™).
These Z.4’s allow comparison of the energy deposition in
the first layer of the target before any charge-state equi-
librium has taken place. Ignoring the other corrections
to the stopping cross-section calculation,'é these Z.g’s
would predict a yield ratio of ~1.5. This is much closer
to the measured yield ratio than (1.75)*. A further reduc-
tion in this calculated ratio will result if charge-state
equilibration occurs very close to the surface in a depth
comparable to that from which sputtering can occur.
This latter depth is estimated to be only ~4 mono-
layers.!” The charge-state equilibration depth expected
on the basis of gas-phase results is ~ 15 monolayers.'4!8
It may be shorter due to multiple excitations in the rapid
successive collisions in a solid target. The effective
charge-state yield ratio may also be reduced if there is
redistribution of electronically deposited energy prior to
its conversion to kinetic energy of the atoms. This trans-
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port length is not known, but the distances which are
significant in the problem are so short (~4-15 mono-
layers) that redistribution may well be important.

The measured yield ratio above allows an estimate to
be made of the energy distribution in depth at the time of
sputtering. In the quadratic sputtering regime

[Y,(0) /Y, (0)' T ]—1=2[A(14+)—A(g +)]=0.2, (2)

where A(g +) and A(1+) are the fractional deficits in the
final kinetic energy conversion at the surface compared
with that deep in the material for the ¢ + or 1 + case, re-
spectively.!* Because the ¢ + ion is already in its “equi-
librium” charge state, A(g +) is expected to be smaller
than A(1+) so that we estimate A(1+)=0.1, a quantity
we will use later.

IV. ANGULAR-DEPENDENCE MEASUREMENTS

A. Experimental results

When the angle of incidence is varied from perpendicu-
lar, more energy is deposited per unit depth by each in-
cident ion. In agreement with expectations, this pro-
duces an increase in the sputtering yield. Figures 4(a)
and 4(b) represent the angular dependences for the non-
equilibrated and equilibrated helium ion beams, respec-
tively. The yield in Fig. 4(a) is (Ap/beam current) in rela-
tive units. In Fig. 4(b) it is (Ap /Iz /q) where Ip is the
beam current. Thus, both 4(a) and 4(b) present the
sputtering effectiveness per particle (rather than per unit
incident charge). Y,(0) in Eq. (2) for He? " is a factor of
1.2 larger than that for He™, as noted in Sec. III B. The
solid curves in Fig. 4 are least square fits of the data to
the function

Y (8)=Y(0)/cos™(6+p) . (3)

In this expression n, B, and Y,(0) are fitting parameters
where Y,(0) is the yield at perpendicular incidence, B is
the zero offset angle, and n is the exponent of the cosine.
Typical values of 8 were found to be less than 1°. The fit
of this functional form to the data is seen to be quite sa-
tisfactory with values of n =1.6340.09 for both He* and
He?* incident ions.

B. Discussion

The magnitude of the exponent of cosf and its similari-
ty for He* and He? ' were initially a surprise. A similar
value for n (~1.6) had been reported for 1.5-MeV He™
incident on CO at 10 K (Ref. 7). This was qualitatively
interpreted as being associated with the nonlinearity in
the sputter yield. However, Johnson et al.'* showed that
a depth dependence in the energy deposition could lead
to an angular dependence different from cos(6)~ 1 and, in
fact, differing angular dependences with differing charge
states have been observed for heavier ions on organic
solids.!” From the estimate in Ref. 14, n <1+(2A)z, /Z
where A is the fractional deficit in the energy deposition
at the surface [as in Eq. (2)], Z is the charge-state equili-
bration depth (or the diffusion length of excited states,
whichever is larger), and Z, is the depth contributing to
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sputtering. Sputtering originating from electronic-to-
kinetic energy-conversion events is typically produced at
depths of the order of 4 monolayers or less;'® thus z, /Z is
less than unity. Since A(g +) is small and A(1+) is at
most only 0.1, as determined earlier, it is impossible to
account for an n=1.6 in this way. The difference in the n
values for the g+ and 1+ cases is smaller than the esti-
mate in Ref. 4 but both values of n differ significantly
from 1.

In the quadratic sputtering regime ‘“‘spike” models
have been shown to be useful for parametrizing the
yield.?°~ 2 For calculating the angular-dependent conse-
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FIG. 4. (a) Relative sputtering yield (see the text) vs incident
angle 6 for 2-MeV He™. Solid line is a fit to Eq. (3) with
n=1.64 and B=0.6°. Dashed line from Eq. (4). (b) Same as in
(a) for He?*, n=1.63, and = —0.2".
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quences of such a model we imagine each excitation
along an ion track contributes by diffusive energy trans-
port to the ejection process at the surface which we as-
sume depends on the local surface energy density. For a
thermal-spike model?> and a shock model,** estimates of
n=~1.5 have been obtained. In the Appendix we derive
an analytic expression for the case in which the diffusivity
is constant and the energy deposition is uniform along
the track. The result is

1
cosé

4 1 -

T cos6

Y(6)=Y(0)

l | @

Near cosf=1, this gives a cosO~" dependence with
n =1+2/7=1.64, remarkably close to the results shown
in Figs. 4(a) and 4(b). In fact, over the whole angular
range studied, the measured yields are nearly fit by the
angular dependence in Eq. (3) as seen from the dashed
curves in Fig. 4. It is interesting that this form results if
the yield is simply assumed to be quadratic in the addi-
tive contributions (at the surface) from individual events
along the particle path (see the Appendix).

V. SUMMARY

It has been shown that the electronic sputtering yield
for O, by MeV energy ions exhibits a transition from a
linear to quadratic dependence on the electronic stopping
power. Similar results have been found for the case of N,
(Ref. 10). Based on the size of the absolute yields and the
similarities in the binding energies and ionization rates,
the linear yields for O, and N, indicate that nearly three
times the amount of impulsive energy is released in the
O, case per ionization event. This is similar to the result
found for incident keV energy electrons!! and that de-
duced from results in the quadratic region for MeV He™
(Ref. 12). It is interesting that sputtering studies of CO
have not yet revealed any transition of the sputtering
yield to a linear regime.”?

The observation of a factor of 1.2 between the yields
for the equilibrated- and the nonequilibrated-charge-state
He beams clearly implies that the near-surface energy
deposition density is different for the two beams. Howev-
er, this ratio is much smaller than that expected based on
the relative stopping powers estimated from the ratio of
the incident charges. Measurements of helium stopping
in water!® and a simple estimate of effective charge which
considers the role of the bound electron'® suggests a
stopping-power ratio ~1.2. In the quadratic regime this
implies a yield ratio ~1.4-1.5. A difference in the nor-
mal incidence sputtering yield between an MeV He* and
He?™ ion beam was also reported in studies with N, (Ref.
10). In that case, the factor was ~ 1.4, close to the
preceding estimate. The difference between the factors
for O, and N, is not yet understood, but its sign seems to
be consistent with simple expectations for larger impul-
sive energy inputs in the O, case.

It has also been shown that the oxygen sputtering yield
depends on the angle of ion incidence as (cosf)™ " with
n =1.6310.09 for both equilibrated and nonequilibrated
beams. This dependence is the same as that reported for
CO where n =1.6 for a nonequilibrated He* beam. For
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the CO case, Johnson et al.'* estimated the increase in n

above 1 was due to the depth dependence of the energy
deposition caused in roughly equal parts by the equilibra-
tion of the incident ions and by the forward directedness
of the secondary electrons. The present experiment indi-
cates that at least the first correction is not significant in
solid O,, and, therefore, probably not in CO also. Since
the forward directedness of secondary electrons may be
the same for both He™ and He? ™ beams, its possible role
cannot be ruled out by their comparison in the current
experiments. However, accounting for an n as large as
1.6 does not appear to be reasonable based on the esti-
mates in Ref. 14.

The apparent invariance of n for He* and He? ™" for
0,, and He™ for CO, suggests there is an inherent angu-
lar dependence that overwhelms the details of spatial en-
ergy deposition near the surface. Viewing sputtering as
an ejection process dependent on the surface energy den-
sity which is contributed additively by ionization events
all along the ion’s path, gives an angular dependence very
close to that found experimentally. Such a model is also
consistent with the quadratic dependence of the yield on
(dE /dx), (Refs. 5 and 22) at the (dE /dx), for which the
angular dependence was measured. We note that linear
collision cascade sputtering produced by direct momen-
tum transferring collisions of low-energy ions also gives
an n=1.6 (Ref. 1) due to forward directedness of the
momentum transfer to the target atoms. Therefore, it
will be important to measure the angular dependence of
sputtering of N, or O, in the linear regime of electronic
sputtering to clarify the validity of the surface-energy ac-
tivated model which seems to account for the results in
the quadratic regime very well.
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APPENDIX

We evaluate the angular dependence of the yield using
diffusive energy transport and an activated surface pro-
cess often referred to as a cylindrical “spike” mod-
€l.2072326 1p this, the flux of molecules from the surface
is stimulated by the total local energy density at the sur-
face g,(p,t). The latter quantity is a sum of contributions
from assumed point sources along the “track” of the in-
cident ion. Therefore,

Y= [ [d% [dt ®(e,/nU) .

Here, ® is the stimulation function in response to the ra-
tio of g; to the cohesive energy density, nU, where U is
the sublimation energy and n is the molecular number
density. For this calculation, ® is assumed to have no ex-
plicit time dependence as it would have in an exciton de-
cay model.?’” We also assume the energy spreads from
the point of deposition on the track governed by the
diffusion equation using, for simplicity, constant

(A1)
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diffusivity «. Therefore, each element of the track
(dz /cos8), where 0 is the angle of the track to the normal
and z is depth, contributes an amount of energy

[f.(dE /dx),)(dz /cosB)
which distributes isotropically according to
e —72/4Kt/(41TKt)3/2 .

Here, f, is the fraction of (dE /dx), which is converted
to energy of atomic motion.>>!? Therefore,

1 —r?/4kt

S dz
. €080 Yo (4mkt)?’

e,(p,1)=Bf, (A2)

dE
dx

where
r’=(x —ztanf)*+y?+z2

is the distance from the point on the track to the element
of area on the surface at p—(x,y). Here, B=1 if
nonreflecting boundary conditions are used, as in Refs. 20
and 26, and B=2 if reflecting boundary conditions are
used as in Refs. 21 and 22.

As is customary, the length variables are scaled by 4«t,
and, in addition, z is scaled by cos@ in order to write Egs.
(A1) and (A2) in a simple form. Because of the rapid de-
cay of € at large p and ¢, the yield in Eq. (A1) can be re-
duced to the form

Bf.
nU

__ 9
32k

dE

dx

I, (A3)

where
&= [ “dw(1/wHd(w) ,
0

with w =(E;/nU). The changes in the order of integra-
tion performed to get this result depend also on ® going
to zero rapidly when € goes to zero.

Note that Eq. (A3) has the quadratic dependence on
(dE /dx), that is found in the MeV He data. The in-
tegral I is
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1= [ ax' [ 7 ayrieyn, (A%)

with
f(x’,y‘)=f0wdz'e""2, r?=x"4y?42?_2x'z'sinb ,

with primes indicating the scaled variables. By a series of
variable changes, I integrates analytically,

1

4 1 -1
I=—
cos6

= tan
T cosf

) (A5a)

which at small (cos@ ! —1) (Ref. 14) is approximately

o1
(cos@)" ’

with
n=1+2/m=1.637

(A5b)

very close to the measured values. Claussen®! estimated
n=1.5 for a particular variation of the diffusivity on the
local energy density.

In this formulation no mechanism has been specified
other than that the sum of the net “energy” at the surface
from a narrow track of excitation produces the yield by a
process contained in the integral ®. Further, no addi-
tional time dependence is assumed to occur in the ac-
tivated process or the transport process. The principle
constraints are that the integral ® exists and the condi-
tions for changing the order of integration are satisfied.
These imply that ®(w) decays much faster than w? when
w goes to zero and that ®(w) increases slower than w? at
large w. In this formulation it is also not necessary that
“heat” diffuses, rather the excited state energy can diffuse
to the surface and operate via ®. In fact, the form for the
integral I, Eq. (A4), is such that an effect which decays as
e " from each source can act quadratically to produce
the angular dependence obtained in Eq. (AS5a) without
even invoking diffusion. In any case, the measured
n =1.64 is due to the separate excitation events along the
particle path acting cooperatively at the surface.
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