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Sputtering and Luminescence in Electronically Excited Solid Argon
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We have measured both ultraviolet luminescence and ejection of atomic argon from solid

argon films electronically excited by megaelectronvolt light ions. The two phenomena reflect
(respectively) the radiative and the nonradiative parts of the energy release during electronic
recombination and deexcitation. The measurements can be correlated by a model of dif-

fusion of ionic excitons followed by formation and decay of self-trapped excimers.

PACS numbers: 79,20,Nc, 71.35.+z

In this paper we show that atomic ejection and
luminescence from electronically excited solid ar-

gon are different n1anifestations of the decay of ex-
citons to the ground state. This is made evident by
a correlation between the thickness dependences of
the sputtering and luminescence yields of solid ar-

gon bombarded by megaelectronvolt light ions.
Electronic excitation of rare-gas solids is known

to produce ultraviolet luminescence through rapid
Self-trapping Of exCitOnS tO fOrn1 1Ocalized exci-
mers. ' These excimers decay radiatively in—10 -10 sec. ' A substantial part of the total
energy of free excitons is, however, not released as
radiation. It is transferred nonradiatively to the lat-
tice through multiphonon relaxation and repulsive
electronic deexcitation processes. The proposed
decay sequence4 is shown schematically in Fig. 1.
In the return of a single ionization event to the
ground state in pure solid argon there are expected
to be fast nonradiative —1—2-eV repulsive energy
releases both before4 and after3 5 the radiative de-
cay. If such repulsive energy releases occur suffi-
ciently close to the surface they can result in ejec-
tion of atoms from the surface, since the sublima-
tion energy of surface argon atoms is only —0.08
eV.

High sputtering yields (atoms lost from the film
per incident ion) have been reported for rare-gas
solids bombarded by megaelectronvolt ions, and
exciton diffusion and decay have been suggested as
a means of accounting for the dependence of
sputtering yield on film thickness reported for both
argon and xenon films. 5 The rare-gas solids are
special cases of a broad range of insulating solids
which exhibit sputtering under electronic excita-
tion. " These phenomena are entirely separate
from the common sputtering of metals and
narrow —band-gap semiconductors which arises from
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FIG. 1. Typical interatomic potentials in solid Ar.
Binding energies, equilibrium internuclear separations
from gas phase; free exciton energies from solid phase;
Schwentner, Koch, and Jortner, Ref, 3. Shapes are ap-

proximate.

mornenturn-transferring collisions of an incident
ion with atoms of a solid. '

Argon ice layers with thicknesses between 100
and 2000 A were grown by admitting argon gas into
an ultrahigh-vacuum target chan1ber with a gold-
on-beryllium target cooled to —12 K. Absolute
film thicknesses and sputtering yields were mea-
sured by Rutherford backscattering (RBS) which
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directly determines the atomic thickness of the
films. However, all of the luminescence results
and many of the sputtering results to be reported
are relative yields obtained by use of a quadrupole
mass spectrometer (QMS). The thin-film argon
target is on the axis of the QMS and part of the en-
trance cone of the channeltron detector of the QMS
is directly exposed to ultraviolet radiation from the
target. Since this uv gives an equal signal at all mass
settings of the QMS a dummy mass setting (e.g. , 7
amu) is used to monitor the luminescence yield.
The signal for mass 40 amu, corresponding to sput-
tered argon atoms, is corrected for this uv contribu-
tion to obtain the sputtered-particle yield alone.
The yields are independent of beam-current density
in the range of the experiment.

Figure 2(a). shows RBS measurements of the
thickness dependence of sputtering yield for 1.5-
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FKJ. 2. (a) Thickness dependence of sputtering yields.
Open squares, 1.5-MeV He+, RBS; filled circles, 1.5-
MeV He+, QMS; open circles, 1.5-MeV H+, QMS; open
triangles, Besenbacher et aL, Ref. 6, 750-keV He+ RBS.
All He+ yields normalized to 1.5-MeV He+ RBS. The
H+ yield scale is determined from absolute He+ RBS
yields by comparison of QMS H+ and He+ yields. (b)
Thickness dependence of luminescence yields. Open cir-
cles, 1.5-MeV H+; filled circles, 1,5-MeV He+, Solid
lines in (a) and (b) are fits by model in the text.

MeV He+ in comparison with data from Besen-
bacher et at. for 750-keV He+. Also shown in Fig.
2(a) are our QMS measurements for 1.S-MeV H+
and He+. The shapes of the QMS and RBS curves
are quite similar. Furthermore, the shape of the
thickness dependence for incident H+ is the same
as that for He+ within the scatter in the data even
though the energy densities deposited by these ions
along their paths through the argon differ by about
a factor of 10. Figure 2(b) shows data for the
luminescence yield.

To account for the luminescence and sputtering
behavior we utilize the main features of Fig. 1. We
assume that the incident ions predominantly pro-
duce ionic excitons (hole-electron pairs, ion-
electron pairs). ts These carry out ambipolar dif-
fusion until the Ar+ ion relaxes with a neighboring
atom to form the self-trapped species Ar2+ .
Through level crossings, the Ar2+ and an electron
recombine to form an Ar' exciton with kinetic ener-
gy. ~ The total energy release in the relaxation and
subsequent repulsion is —1-2 eV. The atomic
exciton then relaxes with a neighor to form a vibra-
tionally excited Ar2 excimer. Because the Ar' is
created with kinetic energy we assume that it is
trapped close to its production site. The fast trap-
ping ( —10 ' sec) can occur essentially through
an energetic three-body collison of the Ar' with two
atoms of the solid rather than via the much slower
multiphonon process involved in trapping a near-
thermal exciton. As a result of the lack of level
crossing, the Ar2 excimer vibrationally relaxes to its
ground state via multiphonon emission and then ra-
diates a characteristic —9.8-eV photon. ' Following
the luminescence there is a further release of—1.6-eV repulsive energy because of the close
spacing of the argon atoms that existed in the Ar2
excimer. 3 5

If we ignore exciton-exciton interactions, one-
dimensional time-independent diffusion equations
describe the spatial distribution of ionic excitons
and excimers during steady-state excitation by an
ion beam of current density Io, giving a depth-
independent volume generation rate n+Io of hole-
electron pairs:

d n+2

D+
dx

n+ n++a+Io= 0;
7 +

n, =0

In these expressions, ionic excitons have a density
n+ and a diffusion coefficient D+. The density of
excimers is n. . ~+ is the self-trapping time for the
ionic excitons which have a diffusion length
l = (D+v+ ) t~2. r, is the radiative lifetime of the
excimer. The boundary conditions on the diffusing
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excitons at the surface (x=0) and the metal (x = d) interface are represented by

D+ [dn+/dx]p= Ap(l/T+) n+ (0), D+ [dn+/dx]q= —b d(l/v. + )n+ (d),

where 5p and A~ are recombination velocities in units of l/r+. The sputtering and luminescence yields then
become

yn+(x) n. (x) dn+
Y, =—

Ji A (x)dx+ — A. (x)dx+ D— [A (0) + A. (0) ],s I jo + I + d

n, (x) 1 dn +
Y dx +—D+

1p o v, Jo

In Y, the first term is from repulsive recombination
of Ar2+ to form Ar, and the second term is from
repulsive separation of two ground-state Ar atoms
after the radiative decay of Ar2. These processes
occurring in the near-surface bulk of the film cause
sputtering according to the weighting functions
A+(x) and A, (x). The third term is from exciton
trapping at the surface. In Y~, the two terms are
from radiative decay in the bulk and at the surface.
Since the luminescent photon, with an energy of
9.8 eV, is Stokes shifted by —2 eV from the lowest
absorption energy of solid argon, ' photons escape
from any depth.

The thickness dependences of Y, and YI are high-
ly insensitive to the shapes of A+ (x) and A. (x) as
long as the latter fall off within a distance short
compared to the diffusion length I. From computer
simulation, '4 ejection depths are estimated to be—10 A. , small compared to diffusion lengths exper-
imentally determined below. We represent A+(x)
and A. (x) as decreasing exponentials with 10-A
characteristic decays. For energy inputs of 2 and
1.6 eV for the upper and lower decays, respectively,
the computer simulation gave A+(0) =2.0 and
A, (0) = 1.2 ejected atoms per decay.

This exciton diffusion and decay model is fitted
to our sputtering data. We have found that the
boundary conditions 50=0 and Ad=~ are ap-
propriate as will be discussed below. We obtain
values of t from the fits in the range of 190 to 230
A. Besenbacher's data give a somewhat higher
value, 270 A. Fits to our luminescence data give l

in the range 150 to 230 A. Overall, the model
correlates the luminescence and sputtering thick-
ness dependence with l= 190+40 A. This length
is much larger than l = 50 A of n =1 excitons in
Ar. In Kr, the diffusion length has been reported
to increase from 30 A for n =1 to 300 A for n = 2
excitons. ' The relatively large values we obtain for
diffusion length in Ar support our premise that the
diffusing species is an ionic exciton or very highiy
excited atomic exciton and not the vibrationaily ex-

cited excimer, as has been suggested.
Ap= 0 means that the vacuum interface reflects

excitons, a boundary condition which has been
determined for excitons in krypton ice. ' The
model predicts that the shape of the Y, thickness
dependence is not very sensitive to 4q, although the
predicted magnitude of Y, is. To determine 60, we
assume that the ionic exciton source function is
S,/ 14; where S, is the electronic stopping power and
W is the average energy expended to make a hole-
electron pair. Comparison of the measured thick-
film sputtering yieM with the value predicted by the
model then gives b, p & 0.03. The fits in Fig. 2 are
not affected by such smail nonzero values. Values
in this range contradict the use of a trapping
vacuum-interface boundary condition as in Ref. 5.
3 d

= ~ reflects the fact that the metal substrate acts
as a nonradiative sink for excitons. ' The largeness
of Ad is indicated by our data by noting that the ra-
tio of the thickness for which Y, =90% of satura-
tion to the thickness intercept of the linear part of
Yi is about 3. For ail values of Do~0. l the model
predicts this ratio to be about 3 if hd ~ 10, which
implies that the metal substrate is a good sink as as-
sumed.

There are small deviations from linearity of
luminescence and sputtering yield with the density
of electronic excitation along individual particle
paths and there are strong influences of impurities
on both luminescence and sputtering yields. We
are examining these phenomena in detail. Howev-
er, for pure argon the experiments and model
described above demonstrate that there is a simple
connection between sputtering and luminescence in
solid argon,
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