
PHYSICAL. REVIE%' 8 VOI UME 34, NUMBER 1

Erosion of solid neon by keV electrons

J. Schou, P. Hgrgesen, ' O. Ellegaard, and H. S5rensen
Department ofPhysics, Association EURA TOM Ri—se National Laboratory, P 0. B.ox 49, DK 400-0Roskilde, Denmark

C. Claussen
Eysisk Institut, Odense Universitet, DK-5230 Odense M, Denmark

(Received 23 December 1985}

The erosion of solid neon by keV electrons has been studied experimentally and theoretically.

Electronic sputtering as well as temperature-enhanced sublimation are investigated by a frequency-

change measurement on a quartz crystal or in some cases by the change in intensity of reAected elec-

trons. The erosion yield increases with increasing temperature for substrate temperatures above 7

K. Below this temperature sputtering via electronic transitions is the dominant process. The yield

sho~s a clear minimum for film thicknesses about (5—7))& 10'6 Ne atoms/cm2 for 2-keV electrons.

The sputtering yield for thick films has a maximum at 1.2—1.5 keV. The results are explained by

the diffusion of excitations to the surface with subsequent decay. From this model and the experi-

mental results one derives a characteristic diffusion length of about 1&10"Ne atoms/cm'. The
eventual particle ejection is driven by decay of surface-trapped excitons or by dissociative recom-

bination. The magnitude of the yield indicates that deexciting neon particles at the surface induce

further sputtering. Direct sputtering from electron-nucleus collisions does not contribute signifi-

cantly to the yield.

I. INTRODUCTION

The erosion of condensed gases by ions or electrons
plays an important role in many fields. In interstellar and
planetary atmospheric problems the recent laboratory data
for erosion are expected to have implications for the com-
petition of collection and loss of volatiles by icy bodies in
space. ' 3 In technological problems such as cryopumping
in radiation environments, the phenomenon has also
turned out to be important. A particular case is the study
of erosion of hydrogen pellets in a plasma. '

The erosion of condensed gases by charged particles has
been investigated intensively during the past years. '

The types of phenomena studied range from electronic
sputtering alone to beam-induced evaporation at high
current densities or at high temperatures. Most of the ex-
periments have bani performed for ion bombardment, and
the results typically exceed the estimates of ordinary
sputtering theory' by orders of magnitude. There is little
doubt that the large erosion yields for the condensed gases
are essentially caused by the energy initially deposited in
electronic excitations. However, in addition, there may be
a significant contribution from nuclear stopping for suffi-
ciently low energy ions. Various models, more or less re-
lated to electron-stimulated desorption, have been present-
ed in an attempt to ex~plain how the energy is transferred
to atomic motion. * * ' Sputtering via electronic tran-
sitions is well known from irradiation of alkali halides, '

for which the yield is above ten at electron bombardment
below 1 keV at temperatures of about 600 K.

Measurements of the erosion of solid rare gases as a re-
sult of particle bombardment have been carried out by
several groups. ' ' ' ' ' Energy spectra of ejected
particles from ion-bombarded solid argon and kryp-

ton" have been reported as well. In addition, some ero-
sion measurements have been combined with or per-
formed by luminescence studies. '2's's2s These studies
complement a large number of studies on luminescence
from electron-irradiated solid rare gases, e.g., Refs.
24—27.

Several of these experiments demonstrate clearly that
there is a close connection between electronic sputtering
and luminescence for solid neon and argon. Brown et al.
measured the electronic sputtering of solid argon as a re-
sult of MeV light-ion bombardment, and correlated the
thickness dependence of the yield with the emission of the
strong 9.8-eV line from exciton decay in argon. ' ' They
indicated that the processes leading to particle ejection
were primarily a generation of hole-electron pairs, dif-
fusion of holes, and subsequent dissociative recombination
close to the surface. An additional contribution to the
yield was ascribed to the radiative decay of molecular ar-
gon excitons to the repulsive ground state. This latter
mechanism for converting electronic excitations into
atomic motion was suggested previously by the present au-
thors, 's'~0 and a significant effect was predicted for
argon-doped solid neon.

The erosion yield at electron bombardment turned out
to be a factor of 2 larger for pure solid neon than for neon
with even very small amounts of impurities. This effect
was explained by the reduced diffusion length of the free
excitons in solid neon. A similar decrease in. the sputter-
ing yield for argon was observe after doping with oxy-
gen. ' Coletti et a/. ' measured the correlation between
luminescence intensity and the condensation rate of argon
on graphite during low-energy-electron bombardment.
They demonstrated that the sputtering rate was propor-
tional to the density of vibrationally excited, molecular ex-
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citons at the surface.
In many respects, neon deviates from the heavier rare

gases. The band gap is considerably largeris~9 (=21.6
eV) and the bottom of the conduction band lies higher
above the vacuum level in neon ( Vo-1.3 eV) than in solid
argon (Vo=0.4 eV). Contrary to all the heavier rare
gases, a large fraction of the excitons in neen are present
as atomic excitons. ' ' ' ' The magnitude of this frac-
tion has turned out to be strongly influenced by the type
of primary excitation, e.g., x-ray irradiation or bombard-
ment by low-energy electrons. ' For sohd neon, vibra-
tional relaxation of molecular excitons Nei shows up to
be very inefficient compared to molecular excitons in, for
example, solid argon, but the relative population of the vi-

brational levels also depends on the sample quality and on
the location of the trapped exciton in the sample.
Furthermore, the diffusion lengths for optically excited
free molecular excitons in solid neon have turned out to be
more than 1 order of magnitude larger than for argon. i~

In the present work we have studied the erosion of solid
neon for a variety of experimental parameters. In several
respects neon is one of the most appropriate materials for
electron-induced erosion (and sputtering) of all: The yield
is high, and the thickness dependence of the yield is weak
above 2X10' Ne atoms/cm . On the other hand, solid
neon is so volatile that all experiments have to be per-
formed close to liquid-helium temperature. Poor heat
conduction from the substrate to the cooling aggregate
will immediately lead to beam-induced evaporation from
the solid neon.

The erosion has been studied by two independent
methods described previously: The fortuitous combina-
tion of a large yield and an atomic mass, which is not too
small, means that erosion of neon by keV electrons could
be studied systematically with a quartz-crystal microbsi-
ance (the frequency-change method). In addition, a large
number of measurements were performed by determining
the number of electrons needed to remove the neon film
from a massive gold substrate. The variation of the elec-
tron emission was used here to indicate when the film had
been eroded away (the emissivity-change method). Neon
is also well suited to this method, since the yield of high-

energy secondaries (the reflection coefficient) varies by a
factor of 2 from thick films of neon to the gold substrate.

The present work contains a short description of the ex-

perimental setup and of the two methods used. The first
systematic experimental results for neon are presented and
discussed in view of the existing theoretical models. In
particular, we shall discuss possible deexeitation modes
that may provide energy for the particle ejection.

II. EXPERIMENTAL SETUP AND METHODS

The basic experimental setup as well as the methods
utilized have been described in great detail recently. '
Here we shall only briefly outline the principles.

A film of solidified neon is produced by letting a jet of
cooled gas impinge on a massive goM target plate or on an
oscillating quartz crystal (Fig. 1). In both cases the sub-
strate is cooled to a temperature close to that of liquid
helium. For deposition on the crystal the film thickness is
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FIG. 1. Schematic drawing of the target region of the experi-
mental setup. The quartz crystal may be replaced by a massive
target plate.

determined directly from the frequency change, whereas
the thickness for the massive target plate is determined by
a careful calibration procedure. A typical deposition rate
was 3X10' Ne atoms/cm2sec. A film may be removed
rapidly just by heating the target area with an electric
heater.

Beams of (1—3)-keV electrons are obtained from a
small electron gun, and swept horizontally and vertically
by two independent sawtooth voltages over a 2-mm aper-
ture in front of the target, thus ensuring a homogeneous
irradiation of a large part of the target area. It is known
that the erosion profile in the film resembles a truncated
frustum of a right circular cone. The substrate is partial-
ly heated by the incident electron beam, but care is taken
to keep the temperature about or below 6 K, where the
erosion is insensitive to target temperature. The current
density was usually kept below 10 pA/cm, where the
evaporation caused by beam heating is insignificant.

The target plate as well as the crystal are electrically in-
sulated from the cryostat, and during irradiation the tar-
get current will generally differ from the true beam
current because of the emission of secondary and reflected
electrons (and possibly iona). A negative bias of —45 or
—90 V applied to a very open grid or merely a repeller
ring will suppress almost all secondary-electron emission.
The true beam current is measured by deflecting the beam
into a Faraday cup below the target area. The target re-
gion and the Faraday cup are both located inside an elec-
tricaiiy grounded Faraday cage. Cup, cage, grid (or re-
peller ring), and quartz-crystal shield are all heated to
temperatures sufficiently high to prevent the gas from
condensing on them. In this manner we attempt to mini-
mize disturbing effects from areas that may charge up.

The frequency change method u-tilizes the possibility of
measuring instantaneously the mass change on a quartz-
crystal microbalance during particle bombardment. The
increasing frequency is measured during erosion, and the
slope of the frequency curve may then be applied to a
direct determination of the erosion yield for a known
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Y(x)=N d(Ax)
(2)

where N is the number density, A the eroded area, and 4
the total number of electrons necessary for a complete ero-
sion. The area A must be found from another method,
e.g., from the frequency-change method.

The measurements with the frequency-change method

atoms/ca~

2
FLUENCE (lo etectrons/cm~)

FIG. 2. Erosion of a 4. 1 & 10"-(Ne atoms/cm~) thick film on
a quartz crystal by 2-keV electrons. The frequency change is
plotted versus fluence. Grid bias, + 90 V {———) and —90 V
( ). The arroyos indicate the Auence necessary for a com-
plete erosion.

beam current. An example is shown in Fig. 2 for two dif-
ferent grid voltages. For both curves one notes an almost
linear part which corresponds to a yield of approximately
30 Ne atoms per electron. A typical film deposition of
4X 10' Ne atoms/cm on the silver electrode corresponds
to a frequency shift of approximately 600 Hz. The subse-

quent erosion by the beam results in a frequency increase
of about 150 Hz, which means that only a fraction of the
total deposited mass is removed. In this way we obtain a
satisfactory determination of the spatial extension of the
erosion spot as well.

The emissiuity cha-nge method exploits the variation of
the secondary-electron emission from the target for de-

creasing film thicknesses. In particular, the total number
of electrons that are necessary to obtain the electron emis-
sion characteristic for the substrate (i.e., to remove the
film) may be determined. We define an "electron-
emission coefficient" i) by

i, =(1 rl)i—y,
where is is the beam current measured with the cup and

i, the target current for a negative bias. The reflected
electrons characterized by rl will still have sufficient ener-

gy to escape. For thicknesses less than half the electron
range, rl increases almost linearly with decreasing thick-
ness from the value of bulk neon (-0.2} to that of the

gold or silver substrate (-0.4). The reflection coefficients
depend slightly on the primary energy, but the method is
applicable for the energies considered here

The erosion yield Y for an initial thickness x is evaluat-
ed from

enable us to determine the erosion yield in a straightfor-
ward manner, but the thermal conduction between the
cryostat and the beam-impact area on the crystal has to be
sufficiently good, so that unnecessary heating of the area
is avoided. This may be controlled by comparing the re-
sults to those from the emissivity-change method apphed
to an ordinary, massive plate with good thermal conduc-
tion to the cryostat (and thermometer). The disadvan-
tages of the emissivity-change method are that the erosion
must continue until the substrate is reached, and that one
requires knowledge of the area of the eroded spot. How-
ever, the two methods supplement each other, and in
many cases have been used simultaneously for erosion
measurements.

A direct comparison between the two methods is possi-
ble if the linear part of the frequency curve is prolonged
as shown in Fig. 2: The intercept between the linear part
and the asymptotic level determines a fluence necessary
for completing the erosion. Since one evaluates the flu-
ence for the erosion measurements with the emissivity-
change method in a similar way, one may compare the
fluences obtained from the two methods.

Since the erosion of solid neon has appeared earlier to
be sensitive to the presence of small impurities, the gas in-
let tube was cooled down to temperatures for which only
neon and hydrogen can pass. Contamination with hydro-
gen and deuterium was minimized, e.g., by heating the
cryogenic system to room temperature before experiments
with neon.

III. EXPERIMENTAL RESULTS

In the following subsections we shall describe the
dependence of the yield on several experimental parame-
ters, as well as the agreement between the results obtained
by the two different methods.

A. Dependence on grid voltage

Practically all erosion measurements on the present set-

up have been performed with a negatively biased grid
(—45 or —90 V}. Apart from neon and argon all materi-
als investigated so far show no dependence on the grid
voltage. Since many of the solidified gases are insulating
materials with high secondary-electron emission coeffi-
cients, charge-up problems during erosion may be sub-
stantially reduced by such a negative bias.

In Fig. 2 the erosion of a Ne film with positive and neg-
ative grid bias is shown. One notes that the yield during
the linear part of the erosion is essentially identical for
both voltages, but since the erosion with positive bias in-

creases much more slowly than the one mth negative bias,
the ne:essary fluence for an erosion becomes more than
30% larger with positive bias.

This result has been confirmed through a number of
measurements with the emissivity-change method for oth-
er film thicknesses and electron energies. The fluence
with positive bias is usually larger, occasionally by more
than a factor of 3.

The fluence is influenced by the magnitude of the posi-
tive grid bias as well. Measurements with the emissivity-
change method have demonstrated that the fluence does
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not vary for grid voltages from —100 up to about + 10
V. Then the fluence increases drastically in the interval
from 10 to 30 V. For voltages larger than 30 V no further
enhancement of the fluence takes place.

%e have chosen mainly to consider the erosion yield
obtained with negative bias. Since the maximum yields
during an erosion are siIMlaf, one then avoids the complex
behavior with a "delay" in the erosion for positive bias.
Results obtained with the frequency-change method are
then compared with those with the emissivity-change
method. One notes that the curve in Fig. 2 measured with
negative bias is almost Hnear during most of the erosion.

B. Comparison between the two methods

Results obtained by the two methods —frequency and
emissivity change —are shown in Fig. 3. The initial thick-
ness has been depicted as a function of the fluence neces-
sary to complete the erosion. Only points obtained for an
erosion on a quartz crystal are directly indicated. Flu-
ences measured for a gold as well as a silver electrode are
shown, and in some cases simultaneous results obtained
with the emissivity-change method are included. The
average erosion yield from previous emissivity-change
measurements on a massive gold target is indicated as
well. One notes the convincing agreement for all
thicknesses.

The agreement between the results obtained by the two
methods on a massive gold target and on a quartz crystal
demonstrates that the surface of the quartz crystal ap-
parently is so cold that essentially no beam-induced eva-
poration takes place.

According to Eq. (1},one may estimate the yield for 2-
keV electrons on neon from the slope of the curve pro-
duced by the data points. The slope shown in Fig. 3 cor-
responds to a yield of -28 Ne atoms/electron.

C. Dependence on temperature

As described in the previous subsection, one has to en-
sure that the erosion is performed below the temperature
regime in which the erosion yield increases with tempera-
ture. This is conveniently done by the ernissivity-change
method using a massive gold substrate that is heated by
an electrical heater. Because of the good heat conduction
from the heater (and the thermometer} to the interface, we
are able to determine the substrate temperature. The pre-
cise temperature at the beam spot on the film is, of
course, known only approximately. The thermometer was
approximately calibrated, so temperatures are uncertain
(on an absolute scale) by +0.2 K.

In Fig. 4 the yield has been depicted as a function of
the average substrate temperature. The results have been
obtained by the emissivity-change method for a film
thickness of 3.2X10' Ne atoms/cm, corresponding to a
value not too far from the thickness-independent region
(cf. Sec. IIID). The yield is seen to increase with sub-
strate temperature above about 6 K.

The sublimation flux from an isothermal surface as es-
timated from Eq. (5) (Sec. IV B) is included in Fig. 4. For
the primary current used, one may estimate the sputtered
flux to about 5X10' Ne atoms/sec. The sublimation
flux from the irradiated area (=7 mm } then exceeds the
sputtered flux at temperatures above 8 K. One notes the
similar increase for the subHmation flux and the flux of
eroded particles.

D. Dependence on film thickness

Results for 2-keV electrons incident on neon films
deposited on the quartz crystal are shown in Fig. 5. These
points have all been determined by the frequency-change
method, since the variation of t) with film thickness below
1X10' Ne atoms/cm is insufficient.

One notes the clear minimum slightly below 1 X 10"Ne

EROStON MEASUREMENTS

2
C)

th

R
C3
UJ

c3 0
LU 0

+-O ~r

2 keV e Ne
I l I

2 4 6 8
FLUENCE {'tQ'Selectronstcm )

FIG. 3. Sputtering measurements by the emissivity-change
and the frequency-change method for 2-keV electrons incident
on neon. The eroded thickness is plotted versus the fluence

necessary for an erosion (cf. Fig. 2). +, frequency change for
a Ag electrode as substrate; Q, frequency change for a Au sub-

strate; 0, simultaneous emissivity-change measurements;
———,previous results on a massive Au substrate by the
emissivity-change method. (The beam-spot area for the two
latter ones is taken from ihe frequency-change method. ) R~ is
the estimated range of 2-keV electrons in neon.

t
t
t

0 l

I

l

I

0 t

I
I

2 keV 9
3.2.~0" Neicm' I

I
I

I
I f

6 8
SUBSTRATE TEMPERATURE (K)

60—
V

07

E
O
Q g0
CMX

Cl
0

0 0'~Q Q

~ 20—
g
Vl
C)
CL
ld

0-

I
E
O

Eb
U

0)

O

x
LL

1 g
X
CQ

0 u)
10

FIG. 4. Erosion of a 3.2X 10' -(Ne atoms/cm )-thick film on
a massive gold plate by 2-keV electrons. The yield [Eq. (2)] is

plotted versus the substrate temperature. The beam-spot area
has been normahzed as in Fig. 3. ———,sublimation flux [Eq.
(&)]



34

Ca 40—
U
07

CP

Vl

E
O
U

2 keV e = Ne(AQ

0
0

Q ~ 0

o

0
0 2

INITIAL THICKNESS (10' Ne atomslcmi)
e Ne: ~ Quartz crystoI

. o Au-substrate

FIG. S. Sputtering yield of solid neon resulting from bom-
bardment of 2-keV electrons measured by the frequency-change
method. The yield is plotted versus the initial thickness. The
silver electrode of the crystal serves as a substrate.
curve drawn to guide the eye. , Eq. (20) with ff, =3 and
lo ——1& 10' Ne atoms/cm2.

atoms/cm, and the slowly increasing yield from this
minimum up to approximately 4.5X10' Ne atoms/cm .
Above this thickness almost no further enhancement takes
place. The strong increase for decreasing thicknesses
below the minimum leads to a thin-film yield that exceeds
the "bulk" yield of -28 Ne atoms/electron substantially.
For practical reasons the measurements were carried out
on several crystal holders of slightly different construc-
tion, but the data show the same trend. A similar
behavior with a minimum positioned at about the same
thickness was observed for 3-keV electrons.

For these measurements we have utilized only the ini-
tial yield, as the cone profile of the eroded film makes it
difficult to deduce a proper thickness dependence during
the later stages of an erosion. For example, the high yield
for small film thicknesses may easily be hidden in statisti-
cal fluctuations in the frequency during the erosion of
thick films.

E. Energy dependence

The yield of a 4.5 X 10"-(Ne atoms/cmi) film is shown
in Fig. 6 as a function of primary energy. The data have
been obtained either by the frequency-change method on a
quartz crystal with a silver electrode or by the emissivity-
change method with a massive gold substrate. The
thickness investigated is close to the thickness-
independent regime, and comparable to the range of 1.7-
keV electrons in materials of similar atomic number, e.g.,
nitrogen and oxygen.

The yield curve has a maximum approximately at
1.2—1.5 keV, and decreases with increasing energy almost
proportionally to the stopping power. The general trend
is similar for the two different kinds of data points. The
previous data were underestimated by a constant factor
of about 2.5 that accounts for the actual magnitude of the
eroded area. These measurements mere carried out only
down to the primary energy 1.2 keV because of insuffi-
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FIG. 6. Sputtering of 4.5)&10' -(Ne atoms/cm~)-thick films
by keV electrons. The yield is plotted versus the primary elec-
tron energy. Only the average value is indicated at each energy.
V, the frequency-change method with the standard deviation in-
dicated at 2 keV. 0, the emissivity-change method with the
beam-spot area as in Fig. 3. ———,calculated yield from Eq.
(16), lo ——3X10' Ne atomslcm~ and ff,=l;, lo ——1 X10t7
Ne atoms/cm' and ff, =3; ——,lo ——0.5X10"Ne atoms/cm'
and ff, =5.

cient beam intensity. Unfortunately, it was not possible to
carry out reliable measurements at energies below 0.8 keV
because of beam-adjustment problems.

F. Influence of impurities

Recent measurements with the emissivity-change
method on an ordinary gold substrate demonstrated that a
small amount of impurities may increase the fluence
necessary for an erosion by more than a factor of 2. 0

Examples of such sputtering measurements are shown
in Fig. 7. The reference measurement with pure neon was
performed before any argon was let in. The other two
measurements were carried out with films contaminated
with argon. The contaminant was either regularly added
to the neon gas in the gas container or merely present in
the cryostat from previous runs with doped neon films.
The sputtering is apparently much slower for the contam-
inated neon film.

A sequence of sputtering measurements on argon-doped
neon films were performed in this way for concentrations
that varied from 0.05 to 5 at. %%uoargo n(i n thega scon-
tainer before inlet to the cryostat}. The results indicated
no clear dependence on the argon content, except for large
concentrations. Apparently, the fluence decreased with
the concentration above an argon content of 1 at. %%uo.

In these measurements the gas tube in the cryostat has
to be heated to a temperature that allows the less volatile
argon to enter into the target region as well. In the refer-
ence measurements eath pure neon the tube peas also heat-
ed in order to keep the experimental parameters practical-
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bombarded by electrons, the yield only decreases slightly
with thickness. '

The energy dependence of the yield for light MeV ions
on solid argon was previously asserted to be proportional
to the square of the stopping power, but recent measure-
ments on argon show a linear dependence rather than a
quadratic dependence on the stopping power. ' %ith the
present setup, not only the yield of solid neon for energies
above 1.5 keV, but also the yield of nitrogen and oxygen,
seems to be almost proportional to the stopping power for
the primary electrons. '

The magnitude of the yield for neon at 2 keV is signifi-
cantly larger than the corresponding electron-induced
yield of 8 Di-molecules/electron for solid deuterium in
spite of the much larger sublimation energy for the form-
er (20 meV/¹atom) compared to 12 meV/Dz-molecule.
The yield is even comparable to that for solid hydrogen. i6

IV. THEORY I: DIRECT SPUTTERING
AND BEAM-INDUCED EVAPORATION

I I l
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FIG. 7. Sputtering of 3.& X10"-(Ne atoms/cm')-thick films

by 2-keV electrons. The electron-reflection coefficient is plotted
versus the fluence. The measurements have been performed by
the emissivity-change method on a massive Au substrate.

, for a pure neon film; —,for a neon film deposited after
a previous argon inlet;, for a neon film doped with 2 at. %
argon.

ly identical. These measurements were difficult to repro-
duce with the frequency-change method. The film depo-
sition on a massive gold substrate at elevated gas-tube
temperature is probably largely different from that on a
silver electrode of a quartz crystal because of the different
surface conditions.

The solid rare gases are all characterized by the weak
interatomic van der Waals binding, corresponding to sub-
limation energies from 0.17 eU/atom for xenon down to
0.02 eU/atom for neon. This low-energy value means
that any ele:tronic excitation or initiated atomic motion
in neon may lead to a high sputtering yield, even if the
mechanism involved has a low efficiency. In addition, the
maximum energy transfer to a neon atom in an electron-
nucleus collision for a keV electron is an order of magni-
tude larger than the surface binding energy. Furthermore,
beam-induced sublimation may, of course, also easily con-
tribute to the erosion yield because of this low binding en-

ergy.
In the present section we shall consider two possible

mechanisms for erosion: (A) sputtering resulting from
electron-nucleus collisions, and (B) erosion caused by
beam heating or external heating. Sputtering via electron-
ic transitions will be treated in Sec. V.

G. Comparison arith other measurements

on condensed gases

The slow sputtering of sohd neon with a positive bias
compared to a negative one has no parallel in erosion of
other condensed gases.

A strong dependence of the yield on the temperature
has been observed for the solid rare gases argon and xe-
non. ' ' Although the enhancement of the yield occurs at
much higher temperatures for these much less volatile
gases, the general trend is similar for all these targets.

The effect of an increasing current density on the ero-
sion yield has also been considered by several groups. '

A dependence on the film thickness has been observed
for soHd rare gases at MeV-ion bombardment. 9's' ' In
all cases the yield reaches the "bulk" value between
2X10' and 4X10"atoms/cm . In particular, for xenon
on a beryllium substrate the yield is found to increiise, as
is also seen for neon above 1X10' atoms/cm (Fig. 5).
The sputtering of xenon on a 2000-A layer of frozen SF6,
on the other hand, resulted in a clearly decreasing yield
with increasing film thickness. For nitrogen and oxygen

A. Direct electron sputtering

It is well known that sputtering resulting from direct
electron-nucleus collisions may occur. Since most met-
als have a surface binding energy of a few eV, beam ener-
gies in the MeV regime are usually necessary for a signifi-
cant sputtering yield. This process is, of course, analo-
gous to ordinary ion-induced sputtering, in which the ki-
netic energy is transferred directly from the primary atom
to target atoms.

A 2-keV electron may transfer up to 0.2 eV to a neon
nucleus at rest. With an efficiency of 1 (which, of course,
is strongly overestimated) this would lead to a yield of 10
Ne atoms per such an event. The actual total yield from
direct sputtering obviously depends strongly on the
scattering cross section. In order to estimate the cross
section we shall adopt the nonrelativistic expression from
Berger et al. s for the differential cross section for elastic
scattering:

Z'e4
E„i(8),

4E (1—cos8+2i1, )i



where 8 is the deflection angle and K„i a factor (=1) that
includes spin and relativistic effects. As usual, Z is the
atomic number and e the elementary charge. The screen-
ing parameter r), has been evaluated to

where ~ is the kinetic energy in units of the electron rest
energy. A scattering in which a 2-keV electron transfers
energy greater than Uo ——20 meV to a neon nucleus corre-
sponds to a scattering process in which the deflection an-

gle exceeds 8=10'. Even though the angle is compara-
tively small, the cross section for this is about 2X10
cm2. This means that such a collision happens on the
average solely 8 times within the thickness 4X10' Ne
atoms/cm, from which the processes obviously contri-
bute the yield, following Fig. 5. Since small scattering an-

gles are dominant, and since any sequence of recoiling nu-
clei initiated by the struck nucleus is unable to transfer
energy over thicknesses comparable to the electron range,
at most a minor fraction of the yield may originate from
this direct process. Although we have ignored the slowing
down of primaries {and the subsequent enhancement of
the scattering cross section), we may definitely consider
sputtering via electronic transitions to be far more impor-
tant.

B. Erosion by hcsting

Evaporation as a result of beam heating or external
heating has been reported in several experi-
ments. ' ' ' Such a mechanism has even occasional-
ly been asserted to be the dominant process. z'~2 In any
case, it is clear that evaporation may contribute to the to-
tal yield, and even exceed the nonthermal component
from beam-induced electronic transitions by more than
several orders of magnitude.

The yield increase caused by substrate heating was es-
timated from the sublimation flux from an isothermal
surface in Sec. III C. This estimate was used for solid ar-
gon to explain the temperature dependence of the yield as
well. The evaporation fiux 4 is given by

0 ( T)=yP(T){2rrMk, T)

where y is the condensation efficiency (y= 1), P(T) the
sublimation pressure at the temperature T, kii
Boltzmann's constant, and M the mass of an neon atom.

%'e note that any reliable erosion on solid neon without
substantial sublimation has to be performed on a substrate
below 7 K.

The yield increase Y,~ {where sp denotes spike) as a re-
sult of high current density is well described by the late-
stage component of a low-temperature spike:

Y„=—[%(T.+ET,„)—%(T.)],1
SP (6)

vvhere J is the current density, T, the aInbient target tem-
perature, and b, T,rr the average temperature rise of the
target. The evaporation rate W T) (number of evaporated
atoms per unit time and area) may be estimated from ex-
perimental data on vapor pressure from the solidified
gases, e.g., by use of Eq. (5).

The starting point for the spike treatment is a variation
of a well-known problem in the mathematical theory of
heat transfer. An initial heat pulse along a track perpen-
dicular to the surface results in a temperature increment
of cylindrical geometry in the semi-infinite medium. The
temperature rise at the surface leads then to an enhanced
evaporation.

The solution to the problem reduces to Eq. (6) if the ini-
tial heat input is sufficiently low, e.g., a stopping power of
the order of 1 eV per 10' atoms/cm . In addition, the
temperature rise b, T,fr due to the beam has to be consider-
ably lower than the ambient temperature T, .

The best agreement to the yield increase Y,~ was ob-
tained for T, =6.6 K and b T,ff 0.131—K (J in pA/cm ).
This corresponds to a temperature rise of about 1 K up to
4.5 K at the highest current density. Then, the tempera-
ture in the beam spot for low current densities is estimat-
ed to be about 7 K, which agrees well with the data from
the massive gold substrate. In the cylindrical spike model
this invokes a characteristical duration of the evaporation
of the order of

AT,gC
~max J(dE!dx) '

where C is the heat capacity per unit volume and dE/dx
the stopping power. tm, „ is about 100 @sec. The alterna-
tive case of a hemispherical spike, however, leads to a
time of the order of 1 sec.

Later, the theoretical treatment was extended to in-
clude heat loss through the boundary by evaporation,
but this does not change the previous results for low-
temperature cylindrical spikes. The crater form is
predicted to be very flat, i.e., the depth should be small
compared to the lateral extension. A large lateral expan-
sion of the beam spot up to an area 3—4 times larger than
the usual beam spot has indeed been observed at the
highest current densities.

It should be noted that the erosion that takes place in
our case at elevated current densities is fundamentally dif-
ferent from the laser-induced sputtering of oxides and
compound semiconductors, where a similar energy-density
dependence of the sputtering yield was observed. This
enhancement is definitely ascribed to the effect of dense
electronic excitations.

V. THEORY II: SPUTTERING
BY ELECTRONIC TRANSITIONS

The major problem in the sputtering of insulating ma-
terials is how the energy expended in electronic excitations
and ionizations becomes available for atoms as kinetic en-
CI gy.

A. Sputtering from electronic excitations:
Constant density

Let us now regard sputtering from noble gases in terms
of diffusion of excitations and subsequent decay' ' ' '

(Fig. 8). Electronic excitation and ionization by fast-
charged particles in solid rare gases are known to produce
luminescence from exciton decay. However, a consid-
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ELECTRGNlC SPUTTERlNG

Condensed gas

sponds to the surface. As a boundary condition, the sur-
face is considered to be absorbing, i.e., C vanishes here:

C(O,y, z, t) =0 for t &0 . (10)

Prirrery electron

This boundary condition has been used in previous analy-
ses of exciton diffusion. 6 The flux

DEPTH

Targt atom
Electrceically excited target particle
Sputtered target atom

FIG. 8. Schematic drawing of electronic sputtering from
electron incidence. The density of excited target particles is

greatly exaggerated.

erable part of the total energy of excitons is not released
as radiation, but transferred to the lattice through elec-
tronic deexcitations to repulsive states and multiphonon
processes. The excitons in solid rare gases are highly
mobile prior to self-trapping, zs and a similar mobility has
recently btMui asserted for the holes. 's

In Ref. 20 we regarded the vibrationally excited molec-
ular exciton 8 2 as the main "carrier" of electronic ener-
gy. In the following treatment we shall derive results for
sputtering originating from diffusion of excitations in a
more general manner.

I.et us consider an unspecified electronic excitation,
e.g., a molecular exciton or a hole-electron pair, generated
by charged-particle irradiation. We assume that this exci-
tation may diffuse in a way similar to that of the lowest-
lying excitons. The concentration C(r, t) of the free ex-
citations must satisfy the diffusion equation

DV C=—C+ —C .
1

~e further assume the initial condition

C(r, O)=np5(y)5(z) for x)0, Y= (AS, /W)/ppf (14)

x=o

of excitations arriving at the surface then leads immedi-
ately to a total number of excitations,

Z J =50 0

all of which originate from the single-particle track
described by Eq. (9).

The diffusion equation utilized here is completely
equivalent to the treatment given by Ophir et a/. and
Reimann et a/. , ' although these authors predominantly
considered steady-state excitation. Reimann et a/. applied
a reflecting surface as a boundary condition similar to
that suggested by Schwentner et a/. 4~ from
photoelectron-emission experiments. In our case the use
of a reflecting surface leads to a yield that is much too
small (cf. Sec. VI C).

In the case of a film of finite thickness, the system of
equations has to be extended by an additional boundary
condition for the film-substrate interface at x =d. As in
all related work, ' ' we regard the interface between the
film and the metal substrate as absorbing in a manner
analogous to Eq. (10). This leads to a modification of Eq.
(12) by a factor tanh(d/2/p). '

The number of excitations per depth, np, may be es-
timated by

n p f/t/S, /W——,
where N is the number density, S, the electronic stopping
cross section, and 8' the average energy expended to make
a hole-electron pair. f is the number of this specific exci-
tation per hole-electron pair, i.e., f=1 for diffusion of
holes. (Note that the meaning of f is more general than
that of Ref. 20.)

The total yield from an infinitely thick film then be-
comes

where /t is the emission probability for an atom through a
surface with a planar barrier about equal to the sublima-
tion energy. ' f, indicates the average number of ejected
atoms per deexcited molecule or atom at the surface, e.g.,
by a low-energy cascade as in the treatment suggested by
Reimann et al. ' Since the energy release at the surface
from deexcitation is generally much larger than the sub-
limation energy, p is very close to unity for neon and ar-
gon. ' Therefore, in the following treatment we usually
neglect the factor p. %e note that the bulk yield is pro-
portional to the stopping power NS, and to the diffusion
length /p. This result was presented in Ref. 20 as well.

The possible processes that lead to particle ejection at
the surface will be considered in Sec. V C.

i.e., constant depth density np of excitations along the
track at the time i =0. The latter term on the right-hand
side of Eq. (8) represents the drain from the population,
e.g., for mobile excitons or holes because of trapping or
deexcitation. The diffusion constant D and the charac-
teristic lifetime r of the excitations in the mobile state are
as usual related to the diffusion length /p (Dr)'~2. The——
5 functions 5(y) and 5(z) fix the impact of the primary in
(0,0,5). The initial condition (9) corresponds to a uniform
excitation density along the track of a charged particle as
expected for a projectile with constant stopping power,
e.g., a MeV proton up to quite large depths.

Equation (8) is solved by standard methods" for a
semi-infinite medium, for which the plane x =0 corre-
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B. Diffusion of excitations for electron incidence

The simple approach, for which the excitation density
llas the constant vallle fNS /W along the track, is Ilot
applicable for electron bombardment. It is well known
that the distribution of energy deposited in excitation and
ionization varies considerably as a function of depth. i'
Furthermore, it is clear that the finite range of the elec-
trons has to be included in the calculation. These two re-
strictions were not included in Ref. 20.

We approximate the distribution of electronic excita-
tions by a Gaussian density for an electron of primary en-

ergy E:

n (r) =(fE/W)G(x)5(y)5(z),

where

G(x) =(2ircrp) '~2exp[ —(x —rp) /(2trp)] .

(15a)

(15b)

fE/W is the number of excitations produced by the pri-
mary, and rp(E) and harp(E) the mean range and standard
deviation of the distribution. The latter two quantities are
determined primarily by the atomic number of the target.
As a good approximation both quantities may be regarded
as proportional to the range. The reason for this is that
the distribution of electronically deposited energy is very
insensitive to variations of the primary energy, once the
distribution is depicted in units of the stopping power
NS, (E) versus the range R, (E) (cf. Ref. 48). Then the
yield for an infinitely thick film becomes

Y= —,
' (f,fE/W)exp(crp/21O rp/lo)—
Xerfc[ tTp /( F10)—rp /( W2a p )], (16)

where erfc is the complementary error function. This ex-
pression is depicted in Fig. 6 for several values of lo and
the product ff, .

We note that the ratios op/10 and rpllo enter as argu-
ments for the exponential function. For a fixed 10 it
means as expected that a broad distribution or a small
mean range will lead to a large yield. The mean range rp
and the standard deviation op for neon may be estimated
from data for materials of similar atomic numbers.

From close inspection of the distribution of deposited
energy for 2-keV electrons in atmospheric air in Ref. 38,
we may then determine the proportionality constants

deposited energy becomes only slightly distorted relative
to the distribution in a bulk film. Then, the Gaussian dis-
tribution (15) is still appropriate, and the yield becomes49

d
Y=(ff,E/W) f G(x)exp( —x/lo)dx

—exp( —d /10)[sinh(d /10)]

d
X f G(x)sinh(x/lo)dx

J

(18)

X lotanh(d /210) .

For small thicknesses the yield increases with increasing
film thickness d, and one notes that the yield for very thin
films (d/10 « 1) is independent of the diffusion length 10.
The approximation behind Eq. (20) is at least valid up to
thicknesses of more than 1X10' Ne atoms/cmi at the
primary energy 2 keV. For larger thicknesses the excita-
tion density increases considerably as a result of the slow-
ing down and scattering of the primaries. The sum in the
large parentheses has been evaluated on the basis of a
known electron spectrum, r(EO) s' and a semiempirical
compilation of the stopping power NS, (EO) for neon. 5i

The result for 2 keV is 1.5NS, (E), which means that the
backscattered electrons on the average deposit half as
much energy as the incident ones at the surface.

For the case of thin films on a widely different substrate,
e.g., neon on a silver electrode, one has to use a completely
different estimate for the excitation density in the film.
We ignore the slowing down of primaries in the film, and
let r(Es)cos8+Eod cos80 be the number of electrons re-
flected from the substrate with energy Eo and polar angle
80 per primary. In this approximation we have utilized
the knowledge that the reflected electrons exhibit a cosine
distribution. The total energy deposited by the primary
and the backscattered electrons in the film then becomes

d NS, (E)+ J r(E01IVS, (EO)dEO (19)

The first term in the large parentheses is the energy loss
of the primary, and in the integral every reflected electron
contributes with the energy dNS, (EO}/cos80. Then, we
obtain, for the total yield,

Y=(ff, /W) NS, (E)+ f r(EO)NS, (EO)dEO

rp =0.3758,(E) (17a}

harp
——0.348,(E) . (17b)

R,(E) is the extrapolated practical range in Ref. 38,
which is in good agreement with the experimentally deter-
mined range in sohd nitrogen or oxygen. ~

This relatively simple approach for large film
thicknesses is unsuitable for small thicknesses, for which
two modifications become necessary. The first important
point is the additional boundary condition for an interface
in the plane x =d, similar to the case of constant excita-
tion density. If the atomic numbers of the condensed-gas
film and the substrate are similar, the distribution of

C. Energy-release processes

The fundamental channels of deexcitation of hole-
electron pairs and excitons in solid neon ' may end
up in lattice distortions or sputtering. These processes
occur even for transitions with an energy release of about
or below 100 meV, since the sublimation energy for neon
(and for argon) is comparatively low. Below we shall con-
sider some of the possible processes which provide energy
for atomic motion. The mobility of the excitations is dis-
cussed in Sec. VI.

The energy loss from keV electrons to electronic excita-
tions is causing mainly by ionization proc4mses of atoms
and molecules, ' i.e., for condensed gases by the
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creation of hole-electron pairs. A hole will be localized as
the molecular state Ne2+:

Ne++Ne~Ne2+ . (21)

By capturing an electron the molecular hole A X„+ forms
a highly excited molecule Ne2 ', which instantaneously de-
cays nonradiatively to the free 3p exciton or to the 3p
self-trapped atomic exciton (Fig. 9):

Net++ e ~Net '~Ne+ Ne'(3p) . g2)

Conduction bc(nd

Exciton
bands

The decay sequence indicated by Inoue et al. is shown
in Fig. 9 as I, whereas the sequence suggested by Belov
et al. is shown as II. About 1.1 eV is liberated by the de-
cay of Nez after electron capture to the vibrationally re-
laxed state of Ne2+. Of course, more energy is released if
the electron capture takes place for a vibrationally excited
Ne2+, i.e., up to the dissociative energy for Ne2+ 1.3 eV
extra."

The luminescence spectrum from particle- or photon-
irradiated solid neon is characterized by the lines from
self-trapped atomic or molecular excitons, whereas the de-
cay of free 3s excitons so far has not been observed. '
The atomic self-trapped excitons occur both in the bulk
and at the surface. Fugol' et al. ' estimate that the
shift induced by the transition from 4s to the ground state
3ps'S in argon is about 0.2 eV, which is available for
sputtering. An estimate for solid neon based on their
tables leads to a shift of about 0.05 eV resulting from the
radiative transition 3s to 2p 'S (IV in Fig. 9).

Let us now estimate the energy release from molecular
self-trapped excitons. In solid neon these excitons occur
predominantly in highly vibrationally excited states.
The relaxation to low-lying states by multiphonon pro-
cesses is inefficient because of the large energy difference
between the vibrational states compared with the phonon
energies. ' Furthermore, the transition rate is reduced
substantially for molecular excitons at the surface or in
small crystallites in the bulk of layers deposited by eva-
poration. The radiative transition from the vibrationally
relaxed 'iX+ molecular states to the ground state imparts
about 3.7 eV of kinetic energy on the average to the two
atoms' (see process III in Fig. 9). The decay from the ex-
cited levels transfers up to 0.5 eV extra energy to the
atoms.

The ratio of the number of atomic to molecular self-

trapped excitons depends heavily on the type of the pri-
mary excitation. Surface-sensitive excitation leads to an
enhancement of the number of the atomic excitons rela-
tive to the molecular ones. In our previous work on solid
neon' we utilized the ratio of intensities (I(Ne2 )/
[I(Ne')+I(Nez )]=0.35) determined by Packard et al. i4

Their sample was irradiated by electrons from a tritiated
external source. From the recent work by Coletti et al. ,

i7

we find a similar ratio for bombardment by 2.5-keV elec-
trons. We note that the decay channel via these molecular
self-trapped excitons is efficient for sputtering because of
the comparatively large energy release.

Recently, Coletti et al. ' suggested that the ejcx:tion was
a result of a relaxation of a cavity with a self-trapped ex-
citon. The minimizing of the elastic strain of the crystal
and of the surface energy of the cavity at the sample sur-
face will liberate sufficient energy for atomic motion, e.g.,
about 1 eV for Arz. '

VI. DISCUSSION: ELECTRONIC SPUTTERING
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The thickness dependence of the yield in Fig. 5 indi-

cates that two mechanisms may operate during electronic
sputtering. The large yield at small thicknesses would
then have another origin than the yield for thicknesses
larger than 2X10' Ne atoms/cm . The yield from thick
films shows the characteristic sputtering behavior for
solid rare gases deposited on a metal substrate, ' ' ' ' if
one extrapolates the yield curve to zero for a bare sub-
strate. The yield below 2X 10' Ne atoms/cm may then
be composed of contributions from both mechanisms.

A. Yields for thick films

2ps &S

atomic excitons

I

rrlolecular excitons

free excitons

INTERATOMIC DISTANCE

FIG. 9. Schematic representation of the important potential-
energy curves. The arrows on the X axis indicate increasing in-
teratomic distance. The bands in the middle between the molec-
ular excitations and the atomic excitons show the position of the
free-exciton bands and the conduction band in solid neon. The
transitions indicated by dashed arrows are explained in the text.
The design of the figure is taken from Ref. 53.

The continuous increase in yield with increasing film
thickness above 10' Ne atoms/cm corroborates the idea
that a single type of mobile excitation is responsible for
the energy transport. (The apparent scattering in indivi-
dual points refiects different series of measurements rath-
er than actual scattering. ) In the following, we shall dis-
cuss how the mechanisms in Sec. V C may lead to a yield
comparable to the experimental data.

Let us first consider the possibility that the sputtering
from solid neon is caused by the formation of mobile
molecular excitons and their subsequent diffusion to the
surface. We have calculated the energy dependence of
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the yield for several values of the diffusion length /0 on
the basis of Eq. (16}. The shape of the yield curve is
determined by Io, whereas the absolute magnitude of the
calculated yield is adjusted by the value of the product

e
One notes that the curve with I0 ——1 X 10' Ne

atoms/cm (Fig. 6) represents a fair approximation to the
experimental data. The positions of the maximum and
the shape of the other two curves disagree clearly with the
data, however.

The magnitude of lo is much less than the length of
1 X 10' Ne atoms/cm {2500 A) reported by Pudewill
et al. ,

3 but the discrepancy is acceptable in view of the
possible influence of imperfections in our sample. How-
ever, the yield evaluated from Eqs. (16) and (17) with
10 ——1X10'7 Ne atoms/cm2 and f=0.35 and f, =1 be-
comes about 3.4 Ne atoms/electron for the primary ener-

gy E =2 keV. This value off corresponds to mechanism
ID in Fig. 9 with the ejection of one Ne atom. In this
case the yield is approximately a factor of 8 lower than
the measured bulk yield. If we use the diffusion length
from Pudewill et al., f=0.35 and f, =1, the calculated
yield for 2 keV is close to the experimental value, but the
yield then increases clearly with energy, in complete
disagreement with the experimentally determined
behavior. In contrast, a calculation with lo 1X10——' Ne
atoms/cmi (230 A) will reproduce the shape of the curve
and the position of the maximum fairly well with ff, =3.
Thus, our diffusion length is consistent with the overall
behavior of the yield, but the suggested mechanism alone
cannot explain the magnitude.

The value of ff, =3 is surprisingly large. However„by
inserting this value in Eq. {20), one obtains a yield-
versus-thickness curve which gradually approaches the
curve in Fig. 5. The slope at the origin of the calculated
curve is fixed by this choice offf„since all other param-
eters are known (except lo, which does not enter the ex-
pression in the limit of d =0). The agreement between
the value of ff, from the two independent curves, the en-

ergy dependence and the thickness dependence of the
yield, is very encouraging.

The product ff, is determined partly by the type of the
mobile excitation (f), and partly by the ejection efficiency
per deexcitation (f,). The largest feasible value off is un-

ity since we have assumed that only one excitation is
mobile according to the previous discussion. Then, f, has
to be at least 3.

By the decay of the molecular excitons, we have as-
sumed in Ref. 20 that only one neon atom is ejected, i.e.,
f, =l. However, the other atom moving into the film
may cause sputtering as well. The energy of this atom is
sufficient to create a low-energy cascade (cf. Sec. VIC),
and the total number of emitted atoms may very well be
about the magnitude of the measured yield. In fact, one
obtains agreement with the experimental yield if the im-
pact of this atom leads to sputtering of 7—8 atoms from
the neon surface. Then f=0.35 and f,=85.

Sputtering yields from recent measurements for keV
hydrogen-ion bombardment of solid neon demonstrate
that the diffusion model is apphcable for ion-induced
electronic sputtering as @AH. ' The energy dependence is

fairly well predicted, and as in the case of electrons we ob-
tain satisfactory agreement between the experimental yield
and the calculated yield with ff, =3.

Let us now consider the possibility that recombination
of molecular holes is the dominant mechanism similar to
that reported by Reimann et a/. "for electronic sputtering
of solid argon. According to these authors the radiative
decay of the molecular excitons to the repulsive ground
state (III in Fig. 9) leads to an additional contribution to
the sputtering yield.

The holes recombine with prompt or delayed electrons
from the substrate. Obviously, the recombination has to
take place at or close to the surface in order to provide
sufficient energy to the sputtering process. From hole-
drift experiments in solid neon it is known that the holes
may traverse specimens of more than a few hundreds of
micrometers thick. 2 There are apparently no indications
in the literature of the characteristic diffusion length of
the holes in the absence of any external fields, and of the
influence of sample preparation. Le Comber et al. point
out that the tunneling of a hole Nei+ to a neighboring site
is a probable process, 6~ which eventually leads to an ordi-
nary diffusion behavior of the holes. However, this par-
ticular type of diffusion is not probable in our case. An
extrapolation of the hole mobility in neon down to 6 K on
the basis of the data and the treatment by Le Comber
er al.6i leads to a completely immobile hole.

Nevertheless, let us consider the possibility that recom-
bination might be the dominant process (f = 1) with a dif-
fusion mechanism different from the one considered by
Le Comber et al. With lo ——1X10' atoms/cm as the
diffusion length for a hole, we obtain a yield of 10 Ne
atoms/electron for incidence of 2-keV electrons from Eqs.
(16) and (17). The dependence on energy is, of course,
similar to that calculated with f=0.35. As in the case of
molecular excitons, the dissociative recombination will
lead to a yield of about 30 only if one of the atoms causes
further sputtering from the neon surface (corresponding
to f,=3). The result is based on a complete trapping of
the holes at the surface corresponding to the absorbing
boundary condition. The use of a highly reflecting boun-

dary as suggested by Reimann et al." for the diffusing
holes combined with a low-energy cascade model leads to
a yield for Ne of about 2 Ne atoms/electron at 2 keV. We
shall treat this case in Sec. VIC. We note that although
recombination apparently is an important step in the de-
gradation of electronically deposited energy, it does not
necessarily mean that dissociative recombination is the
dominant source of kinetic energy for sputtering. The en-

ergy might as well arise from a combination of transitions
from self-trapped molecular and atomic excitons at the
surface as the last step in the relaxation process initiated
by the recombination. %e note that the energy supply in
both cases is adequate (cf. Sec. VC}, but that the use of
Eq. (16} without modification means that the excitons
have to remain close to the surface where the recombina-
tion took place.

The importance of recombination is illustrated by Fig.
2. The effect of a positive bias is primarily that all inter-
nal low-energy secondary electrons disappear from the
neon film because of the negative affinity of solid neon,
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before they may recombine. This means that the sample
may charge up positively relative to the metal substrate.
When the potential of the film is sufficiently high, the
internal secondaries do not leave the film or electrons
from the substrate are attracted by the positive region in
the film. The sputtering begins when the electrons start
to recombine. This explanation would be consistent with
the apparent delay in erosion with a positive bias.

We do not consider the contribution from deexciting
atomic excitons to be substantial. The reason is primarily
the low-energy release from this transition estimated by
the considerations in Sec. V C.

For solid neon recent measurements ' indicate that the
sputtering by eV electrons starts close to the threshold for
exciton production (=17 eV), whereas no strong enhance-
ment is observed for energies close to the band gap. This
observation supports the suggestion that decaying excitons
are the dominant energy source for the particle ejection.

Although so far we have considered one dominant
mobile excitation, one cannot exclude that two types of
mobile excitations with different diffusion length contri-
bute to the sputtering. For example, hole diffusion prior
to recombination may broaden the initial Gaussian distri-
bution of excitations. The resulting distribution of mobile
excitons leads to a second diffusion of excitations, which

may behave similarly to the assumptions in Sec. V. Then,
the necessary energy for the sputtering is essentially pro-
vided by decaying, surface-trapped molecular, or atomic
3s excitons, i.e., via mechanism IV+ III in Fig. 9 or by
strain minimization as suggested by Coletti et al. '

S. Yields for thin 6hms

The strong enhancement of the yield for thicknesses
below 5X10's Ne atoms/cmi has not been observed for
other condensed gases at present. Recent measurements
indicate that this thin-film behavior is found for incidence
of keV hydrogen ions as well. s' Thus, we are led to the
conclusion that the strong enhancement for small
thicknesses is primarily a property of the neon film on a
metal substrate, but is not influenced much by the type of
the primary particle or the spectrum of backscattered par-
ticles. In this connection, we note that the contribution
from backscattered electrons for irradiation of solid oxy-
gen was significant up to one-half of the electron range. '7

For neon, the contribution from these electrons are hidden
in the complex depth dependence.

The possibility exists that the high yield for these small
thicknesses is caused by a violent process with a small ef-
fective range from the substrate. A yield of about 100 Ne
atoms/electron has even been observed for these thin
films. In view of the sublimation energy of 20 meV, it
means that the resulting process has to liberate at least ap-
proximately 2 eV, unless emission of clusters takes place.

Cluster formation for thin neon films might be another
reason for the high yield. The films are more or less uni-
form for thicknesses above 5 X 10' Ne atoms/cm,
whereas films below this thickness show a strong tendency
to form clusters. We may not exclude that kinetic ener-

gy, e.g., released from a dissociative recombination, is
consumed very effectively for erosion of clusters.

—,[D,(0)/W]E, A (atoms/primary) . (23)

E, is the energy release for example by an electronic deex-
citation. The constant A is determined by properties of
the target material alone, e.g., the sublimation energy Uo
and the low-energy stopping power for atoms. 'i A similar
expression involving a treatment based on low-energy cas-
cades has been presented by Johnson and Brown, and
Garrison and Johnson. Equation (23) is determined by
the distribution of isotropic sources of released energy for
these low-energy cascades. The surface density for non-
mobile sources is D, (0)/W, e.g., as in solid nitrogen, but
for solid neon the source distribution is different from the
distribution of' electronically deposited energy due to the
mobility of the excitations. However, if the excitations
are reflected at the surface, one may estimate the simple
case of a primary with constant stopping power. The two
distributions are identical apart from a constant factor up
to quite large depths, provided that the diffusion length is
much smaller than the range of the particle. One may
evaluate the yield from Eq. (23) for 1.5-MeV protons in-
cident on solid argon to I'=1.5 Ar atoms/H+ compared
to the experimental yield I'=2.2 Ar atoms/H+. ' '
Here we applied D,(x)=PS,(E) and an energy release
E,=2 eV, which is a typical value for argon. '

I.et us shortly estimate the yield for 2-keV electrons in-
cident on solid neon on the basis of this low-energy cas-
cade model. The spatial distribution of deexciting states
is broadened from the original Gaussian distribution
G(x), Eq. (15b), corresponding to a diffusion with the
characteristic length lo = 1)& 10' Ne atoms/cm . We ap-
proximate this distribution of internal sources by a con-
stant excitation density of 2NS, (E). Then, we obtain, for
example, for mechanisms III (f=0.35) in Fig. 9, A=49
A/eV and the yield F=1.6 Ne atoms/electron. This
yield is almost 1 order of magnitude too small, although
we have used relatively high values as input parameters,
e.g., an energy release of E, =3.7 eV and an excitation
density of 2NS, . As usual, the energy W required to pro-
duce an ion-electron pair has been set equal to 35 eV, ' '

and for A the usual power approximation' has been used.
Rather than treating the deexciting particles as a center

for a low-energy cascade we may consider the possibility

C. Comparisons with models for a reflecting surface

Let us compare the present results with two models in
which the surface acts as a reflecting boundary, sputtering
from low-energy cascades or spherical spikes. The
energy-releasing processes may be dissociative recombina-
tion or decay of molecular excitons as described above.

Ordinary sputtering theory was extended to electronic
sputtering for electron irradiation of solid oxygen and ni-

trogen by Ellegaard er al. ' It turned out that this Iow-

energy cascade model explained the energy dependence of
the yield as well as its approximate magnitude for pri-
mary electrons. The yield is essentially determined by the
surface value D, (0) of the distribution D, (x) of energy
deposited in electronic excitations. The derivation in
Refs. 17 and 49 gave the important result that the yield
caused by particle bombardment for medium and low ex-
citation densities is
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for /oin e-nergy sphencal spikes' ' around such a center.
The contribution from these elastic collision spikes may
be appreciable for large values of the energy release E,
compared with the sublimation energy Uz. However, the
yield from this model does not exceed 3.5 Ne
atoms/electron even for the high input parameters used in
the previous case for low-energy cascades.

The yield evaluation may lead only to values close to
the experimental yield, if the cross section in A and in the
corresponding evaluation of the spherical collision spike is
replaced by a cross section 1 order of magnitude lower
than its given value. Although the interaction between
low-energy neon nuclei is comparatively weak, one may
hardly expect such a pronounced deviation from the stan-
dard cross section.

D. IaAuence of impurities

The apparent delay of the erosion for the doped films
(Fig. 6) is probably caused by a less efficient diffusion of
the mobile excitation. The measurement of the pure film
leads, as usual, to a yield of about 30 Ne atoms/electron,
whereas the contaminated films apparently have a small
erosion rate during the initial stage of the irradiation.
However, one should note that we do not observe a clear
correlation between increasing impurity concentration and
decreasing sputtering yield, as Brown er al. did for oxy-
gen impurities in solid argon. 's

VII. CONCI. USION

Films of solid neon with thicknesses of 2X 10' up to
2X10's Ne atoms/cm2 have been irradiatei by primary
electrons at energies from O.S to 3 keV. Measurements of
erosion yields, particularly of the yield for electronic
sputtering, have been carried out by the frequency-change
method and the emissivity-change method. The agree-
ment between these two methods was fairly good. The
yield for 2-keV electrons incident on thick films is about
30 Ne atoms/electron. The yield decree. es with decreas-
ing film thickness to about 10 Ne atoms/electron at the
thickness 5X10' Ne atoms/cm. This indicates the ex-
istence of a long-range diffusion of excitations which pro-
vide atoms close to the surface with the necessary energy
for the sputtering process. The characteristic diffusion
length is approximately 1 X 10'7 Ne atoms/cmi (=230 A).
For very thin films a strong enhancement of the yield was
observed.

The energy dependence of the bulk yield is consistent
with the suggested diffusion length. There is a maximum
in the yield at energies for which the primary electrons
have a range comparable to the diffusion length. Above
1.5 keV the bulk yield is proportional to the stopping

power for the primary electrons.
All measurements of the electronic sputtering yield

have been performed at temperatures below about 6 K. A
significant evaporation occurs for elevated temperatures.
These latter measurements were performed on a massive
gold substrate in order to obtain a satisfactory tempera-
ture determination. Doping of neon films with argon
leads to a clear delay in the erosion.

The model presented previously for diffusion and decay
of excitons has been extended to a general transport model
of excitations to the surface with subsequent trapping and
energy release for sputtering. The treatment for constant
excitation density has been modified to include the distri-
bution of electronically deposited energy for primary keV
electrons. The electronic deexcitation is probably initiated
by dissociative recombination, which may or may not be
the dominant energy-releasing process. On the other
hand, the important process might just as well be the radi-
ative decay of self-trapped atomic or molecular excitons
to a repulsive ground state. However, the suggested decay
may hardly be responsible alone for such a large bulk
yield without contributions from low-energy cascades ini-
tiated at the surface. This subsequent sputtering by
surface-trapped deexciting particles with yields from
about 10 to 3 Ne atoms/neon-atom may account for the
observed yield of 20—40 Ne atoms/electron in our energy
regime. The model is based on an absorbing surface as a
boundary condition. The use of a highly reflecting sur-
face as a boundary condition does not lead to satisfactory
agreement with the experimental results in contrast to the
case of MeV protons incident on solid argon.

Direct sputtering from electron-nucleus collisions in
solid neon does not contribute significantly to the thick-
film yield because of the very low cross section. Beam-
induced evaporation may be neglected for current densi-
ties below 10p, A/cm .
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