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Sputtering of Thick Deuterium Films by keV Electrons
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Sputtering of thick films of solid deuterium up to several um by keV electrons is reported for

the first time.

The sputtering yield increases within a narrow range of thicknesses around 1.6 um
by about 2 orders of magnitude for 1.5 keV electrons.

A similar behavior has not been observed for

ion bombardment. The yield enhancement is accompanied by an increasing electron accumulation in

the film.

PACS numbers: 79.20.Kz, 34.80.Gs, 72.20.Jv

Surfaces of the solid hydrogen molecules are the most
volatile targets that can be studied with a charged-
particle beam in a laboratory vacuum system [1,2].
The binding energy of the hydrogenic molecules to
the lattice site is extremely low corresponding to a
sublimation energy of about 10 meV/molecule [3,4].
Therefore, beam-induced evaporation occurs frequently in
any particle-beam experiment with these solids, unless the
target temperature and the beam power are kept below a
certain threshold [1,2,5,6].

The hydrogenic solids are unique as well because of
the extremely small charge mobility. Only the negative
carriers have a measurable mobility [7]. These carriers
are probably electrons in a polaronic state, in which the
electron wave packet is spread over and bound to a small
region of local distortion of the lattice [8]. A minor
fraction becomes completely immobile after trapping
in bubbles [9]. The electron generates a bubble in a
preexisting defect of the lattice because of the pronounced
zero-point motion of the electron [8]. These bubbles exist
in tens of minutes after the ionizing beam has been turned
off even at temperatures around 4.2 K [8,10]. Until
recently, any charge accumulation in these solids has not
been associated systematically with sputtering.

Sputtering is characterized as the erosion of surfaces
by individual particle impacts [5]. For keV hydrogen ion
incidence on a hydrogenic surface sputtering takes place
predominantly via electronic transitions. The incident
particle generates excitations and ionizations along the
path. Many of these excited states decay to repulsive
branches so that the molecules immediately dissociate.
The repulsing atoms may initiate collision cascades, and
when molecules close to the surface acquire sufficient
kinetic energy, they can pass the surface barrier and be
emitted from the material [1,2,5].

The sputtering experiments performed with hydrogen
ion beams have not shown any major discrepancies with
other volatile solids, even though the electronic transitions
leading to sputtering are not yet identified [1,2,11]. For
hydrogen ions a typical example is shown in Fig. 1(a);
the yield reaches a saturation value which has been
interpreted as a “bulk” yield [12]. This value has been
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used in Refs. [1,2]. The sputtering yields are very high.
ie., up to 1000 H,/H at 10 keV proton incidence, but
this is essentially a consequence of the low binding
energy of the molecules to the lattice. We found a strong
dependence on the target isotope from the most volatile
isotope, solid H,, up to the least volatile stable one. solid
D5, as well [1].

Comprehensive sputtering experiments with  elec-
tron beams have been carried out largely for solid D,
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FIG. I. (a) The sputtering yield as a function of initial
thickness for 4 keV H;  ions from Ref. [12]; the dashed line
indicates the bulk yield per projectile atom [67.4 D,/(H atom)].
(b) 1.5 keV electrons; R, is the average projected range from
Ref. [16]. A typical standard deviation is indicated. The
dashed line shows the saturation yield (352 D,/electron). (c)
Number of accumulated electrons in a thick film as a function
of film thickness for 1.5 keV electron bombardment. For each
thickness the number is determined from the area similar to that
in Fig. 3(b).

0031-9007/94/73(10)/1444(4)$06.00

© 1994 The American Physical Society



VOLUME 73, NUMBER 10

PHYSICAL REVIEW LETTERS

S5 SEPTEMBER 1994

[6,11,13]. The yield decreases from a high thin-film yield
to a low thick-film yield value around film thicknesses
that correspond to twice the average projected range for
electrons. Since a considerable enhancement of the sput-
tering yield was seen for thicknesses larger than 3 times
the range some years ago [11,14], we have explored this
effect in a new series of measurements on very thick
deuterium films. In this work we present results that
show an enhancement of the sputtering yield by 2 orders
of magnitude within a narrow range of film thicknesses.
This surprising increase is accompanied by a pronounced
charge accumulation in the thick films.

The experimental setup (Fig. 2) resembles that used for
hydrogen ion bombardment of hydrogenic films described
previously [1,6,11]. Films of solid D, of a thickness from
0.2 X 10" up to 13 X 10'® D,/cm? (corresponding to
4 pm) are produced by letting a jet of cooled gas impinge
on an oscillating-quartz-crystal microbalance suspended
below a liquid-helium cryostat. With this system it is
possible to make D, films of known thickness and to
measure the mass loss during the subsequent irradiation.
Electron beams of 1.5 and 2 keV are directed onto the
target by a system of external voltage plates. In order
to ensure a homogeneously irradiated area on the target,
the beam is swept both horizontally and vertically over
an aperture in front of the target. The beam current /p
is measured before and after irradiation by deflecting the
beam into a Faraday cup. We have applied a negatively
biased (—90 V) repeller ring in front of the target to
suppress the secondary electrons. This ring has turned
out to reduce charge-up problems largely in our previous
work [1,6,11,15]. During the measurements the target
current /7 as well as the frequency of the microbalance
are recorded. Under normal circumstances, e.g., without
charge-up as a result of electron or ion accumulation
in the film, the difference between the target and beam
current A = (Ig — Ir)/Ig accounts for the number of
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FIG. 2. Schematic view of the target area. The currents are
shown as well.

electrons reflected from the target. In that case A is equal
to the reflection coefficient n for the hydrogen isotopes
(about 0.01 for keV electrons of normal incidence [16]).

The temperature of the pumped helium bath reached
a value of 2.0 K. The 4000-A-thick silver electrode
of the quartz crystal was thermally connected to the
quartz-crystal holder and the cryostat bottom by a low-
temperature-solder point directly on the electrode. The
precise temperature of the electrode cannot be measured
because of the high-frequency oscillations.

The important test showing that sputtering rather than
beam-induced evaporation takes place was performed
in two independent ways. The yield obtained at film
thicknesses comparable to the range agreed well with that
obtained previously for D, films deposited on a massive
gold substrate [14]. At such film thicknesses it was
possible to monitor the erosion—and in turn to determine
the sputtering yield—from variations in the reflection
coefficient n [5,11]. As a second check we measured
the yield for different beam currents at a thickness around
6 X 10'® D,/cm?. The yield did not show any significant
dependence on the current for values less than 160 nA. A
typical current used was 100 nA.

The yield as a function of film thickness for 1.5 keV
electron bombardment is shown in Fig. 1(b). One
notes the strong increase from the minimum of
about 3.5 D,/electron up to the saturation value
of 350 D,/electron for thicknesses that exceed
8 X 10'® D,/cm?. The yield is always given as a
function of initial thickness, since the film thickness
and, therefore, the yield change substantially during the
experimental run. A clear indication of the saturation is
shown in Fig. 3(a); the erosion rate is constant during the
run for the thickest films.

A crucial point is the different behavior of the
ion- and electron-induced yields for thick films. A
straightforward explanation is that the accumulated
primary ions embedded in the deuterium are neu-
tralized by free electrons from the silver substrate
as soon as the film charges up above a certain
threshold. Since there are no available mobile posi-
tive charges from the metal, the incident electrons gener-
ate a space charge in the film. This charge-up occurs at
the thicknesses for which the electrons after the slowing
down no longer can migrate through the film to the
substrate.

From this picture one can describe the behavior of the
yields from thin and medium thick films for both types
of projectiles. At very thin films the yield is enhanced
by beam-induced surface effects. The mechanism has
not yet been identified, and the yield enhancement has
been observed for other gases and by other groups as
well [11,15,17], but the effect at these thin films is
unimportant for the present work. Since the flat part
of the curve for the yield induced by hydrogen ions
represents the “bulk” value of the electronic sputtering
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FIG. 3. Erosion curves for a thick film as a function of
time: (a) Frequency change for a 11 X 10'® D,/cm? thick
film. (b) The relative current change A (Aiz = Iy — I7) for
a7.2 X 10'® D,/cm? thick film; the dashed area corresponds to
the accumulated electron charge.

yield, one may consider the thickness range between
1.0 X 10'® and 2.0 X 10'® D,/cm? with the minimum
value of the electron-induced sputtering yield as a bulk
region. This idea is corroborated by the fact that the
electronic sputtering yield predicted on the basis of low-
energy linear collision cascade theory [11,18] agrees well
with the yield in this region.

Obviously, the very large yield for the thick films
cannot be explained by any simple electronic sputtering
mechanism as the region with the minimum yield. This
is supported by our measurements of the target current
I7 during the initial phase of the erosion. A decreases
towards a saturation value, but has a pronounced “short-
time” component around 100 s. Usually, the current
difference AIz accounts for the reflected as well as the
trapped electrons in the solid [19]. Therefore, the area in
Fig. 3(b) corresponds to the number of electrons that do
not reach the electrode; i.e., they are trapped in the solid
or reflected. In the following we shall denote this number
as accumulated charge, even though some of the primary
and secondary electrons may be backscattered in addition
to the ordinary number of reflected electrons from a film
without excess charge. The accumulated charge as a
function of film thickness is shown in Fig. 1(c). The
charge increases with thickness practically as a linear
function with a threshold close to the thickness for which
the strong yield enhancement occurs.

One may extract the accumulated excess electron den-
sity from the slope in Fig. 1(c) [20]. This slope cor-
responds to a density of about 7 X 107 electrons/cm?
which is about a factor of 7 larger than the density of
the moderately mobile polaronic electrons and almost
2 orders of magnitude larger than that of the electron bub-
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bles measured by Brooks and co-workers [9.10]. This
discrepancy may be at least partly explained by different
bombardment conditions, because the primary ions leave
the macroscopically neutral deuterium sample in Brooks's
experiment.

The steady-state erosion for thick films, which occurs
on a time scale of less than a second, may be described
qualitatively by the following scenario: Initially the dis-
tribution of excess electrons peaks around the projected
electron range, but with increasing fluence some electrons
migrate to the metal substrate as a result of the field gen-
erated by the other electrons. Eventually. about
0.9 electron per incident electron on the average reaches
the substrate, whereas 0.13 electron per incident one is
reflected from the film into vacuum. The energy release
for sputtering is caused by slow electrons that are driven
towards the surface, e.g., the primary electron after
slowing down, fast secondaries, or migrating polaronic
electrons. Such an electron drift towards the surface is
supported by the fact that the thick-film yield for 2 keV
electron bombardment approaches 1000 D,/electron in
contrast to ordinary electronic sputtering that would lead
to a decreasing yield with increasing primary energy
[2,5,15].

The energy conversion from kinetic energy of the inci-
dent electrons to translational energy of the D, molecules
is not identified, but it must be induced by a mechanism
entirely different from that of the minimum region. Even
conceivable conversion processes by these low-energy
electrons such as excitations up to the repulsive b3 or
to vibrationally excited levels with subsequent relaxation
cannot account for the high yields for the thick films. An-
other possibility is bubble formation in defects close to the
surface. Since films produced on a cold substrate have a
high defect density [21], electron trapping at defects close
to the surface may occur and this bubble formation may
release up to 4 eV [8,10] to the surrounding molecules.
The localization of the polaronic electrons may also liber-
ate energy. The magnitude of this release is not known.
but it is probably more than 1 order of magnitude less
than the bubble energy.

In summary, we have presented the first sputtering mea-
surements of thick deuterium films by keV electrons. The
sputtering yield for 1.5 keV electrons increases around
5 X 10'® Dy/cm? (1.6 wm) by 2 orders of magnitude up
to a plateau about 350 D,/electron. A similar behavior
at film thicknesses so large has not been observed for
any other solidified gas. This enhancement is probably
caused by an accumulation of projectile electrons in terms
of trapping in bubbles or formation of polarons. The den-
sity of electrons in the thick films is estimated to 7 X 10"
electrons/cm?. No existing model can account satisfacto-
rily for the sputtering mechanism as well as the influence
of the stored electron charge of the thick films.
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FIG. 2. Schematic view of the target area. The currents are
shown as well.



