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Optical Absorption and Electron-Energy-Loss Spectra of Helium Microbubbles in Aluminum
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Aluminum thin films containing helium microbubbles produced by He -ion implantation
have been investigated by ultravi. olet absorption and electron-energy-loss spectroscopies
in the range 1-30 eV. The shape and position of the 1 &0-n'P~ helium line series and
several Al plasmon bands are discussed in terms of the physical state of helium in the
bubbles. Results imply helium densities 3 to 6 times that of liquid He at 2 K and 1 bar
pre s sure.

PACS numbers: 78.40.Kc, 33.20.J.g, 61.70.Tm, 71.45.Gm

Because of its strongly repulsive pseudopoten-
tial, helium has a negative heat of solution in
metals' and tends to cluster with vaca, ncies to
form bubbles of extremely high gas density.
These bubbles range from tens to hundreds of
angstroms in diameter. At sufficient doses and
for certain impla, ntation profiles, helium bubbles
induce blistering, flaking, and erosion of an im-
planted metal surface. ' ' These damage phenom-
ena, which are not fully understood, pose poten-
tial problems for fusion reactors by contaminat-
ing the plasma with high-Z impurities and possi-
bly by decreasing wall lifetime.

Up to now, experimenta. l probes of helium bub-
bles have been primarily limited to transmission
electron microscopy (TEM). In order to investi-
gate the physical state of helium, we intended to
measure the pressure shift and broadening of the
helium 1'S,-2'P, resonance line. Such an ap-
proach was encouraged by the calculation of Oh-
taka and Lucas' which indicated that line-broad-
ening mechanisms in the helium-aluminum sys-
tem other than pressure broadening should be
negligible for bubbles larger than 20 A in diam-
eter.

Specimen preparation has been discussed in
greater deta. il elsewhere. ' The specimen sub-
strates were = 2000-A-thick Al thin films mount-
ed on 3-mm-diam Cu TEM grids with an aperture
of 0.6 mm. The specimens were bombarded at
room temperature with 5-keV helium ions. Heli-
um content was determined by resona. nce proton
ba, ckscattering. At 5 keV, the helium penetration

depth is = 750 A with a straggling of = 350 A, and
local helium concentration could be up to 3 times
what average concentration measurements indi-
cate. Bubble size distributions in our specimens
were monitored by TEM. The smallest bubble
size resolved was = 20 A in diameter.

Ultraviolet absorption mea, surements were
made on the 2.2-m gra. zing incidence monochrom-
ator at the National Bureau of Standards Synchro-
tron Ultraviolet Radiation Facility (SURF) syn-
chrotron radiation source. The apparatus and
some preliminary measurements have been dis-
cussed previously. '' Ultraviolet spot size on
sa,mple was (2& 2 mm', and energy resolution
was =0.07 eV.

Electron-energy-loss measurements were per-
formed at the Xerox Webster Research Center
with a,n 80-keV electron beam. Bea,m currents
were = 10 A over a 1-mm spot size. Resolu-
tion was 0.1 eV with momentum transfer less
than 0.03 A a

Optical absorption and- electron-energy-loss
spectroscopy (EELS) data near 21.2 eV for a
1.45-at. %-He and a 3.1-at. /p-He specimen are
shown in Figs. 1 and 2, respectively. The absorp-
tion data are plotted as the optical density of non-
characteristic aluminum a.bsorption, i.e. , the log-
arithm of the ratio of fluxes through nonbombard-
ed arid bombarded films. A background due to en-
hanced oxygen content in the implanted specimen
has been subtracted away. The EELS data plot
the loss junction, n —Im(1/e), with a constant
background equal to about two-thirds the peak
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FIG. l. 1.45 at. fo He in Al. (a) Relative absorption
spectrum (peak optical density is ~ 0.8) . {b) Electron-
energy-loss spectrum (dashed line above 23 eV shows
loss with multiple scattering removed). Inset: transmis-
sion electron micrograph.

count rate subtracted away. The flat EELS back-
ground is due to multiple scattering including cav-
ity surface plasmon losses. The relative EELS
magnitudes in Figs. 1 and 2 are correct since the
spectra have been normalized to their respective
bulk plasmon losses.

In Fig. 1, the TEM micrograph shows a sharp-
ly peaked bubble size distribution for the 1.45-
at. % specimen with bubbles 50+ 10 A in diameter.
The peaks at 22.6 in Figs. 1(a) and 1(b) can be
identified as the helium resonance line shifted
1.4 eV to higher energies and broadened to at
least 1.2 eV [full width at half maximum (FWHM)j.
Our interpretation of the results is an inhomoge-
neous broadening and shift to the blue of the He
1'S,-2'P, transition due to "Pauli exclusion" of
the excited 2p orbital by the filled 1s shells of
neighboring ground-state atoms. This interpreta-
tion is inspired by the argument of Surko et al. ,

'
who invoked the weakly repulsive 'II„state of the
He, excimer at large nuclear separation to ex-
plain the 0.2-eV blue shift of the helium reso-
nance line in the reflectance of liquid helium. Po-
tential energy curves for the 'II„and 'Z„+states
of 2p character in He, are given by Browne' and

by Guberman and Goddard, "respectively.
For a dense fluid we need a statistical average

of the potential energy of an excited atom in its
repulsive coordination with normal atoms. In

FIG. 2. 3.1 at. Vo He in Al. (a) Helative absorption
spectrum (peak optical density is = l.l) . {b) Electron-
energy-loss spectrum. Inset: transmission electron
micrograph.

first-order perturbation theory, this is

~„=(g(2piV(r —R,.)i 2p))„, (1)

where V is the (pseudo) potential of the filled ls'
shell of the atom at position R, for the 2p elec-
tron on the central atom. We are performing
pseudopotential calculations along the lines de-
veloped by Jortner et al."for electrons in liquid
He and the details will appear elsewhere. For
our present purpose of a semiquantitative evalua-
tion, we will use a simple model consisting of 5-
function repulsive cores for the ground-state He
atoms. As noted by Guberman and Goddard, "
this provides a valid approximation to their accu-
rate result for the He, dimer as long as the nu-

clear separation H, exceeds 2 A. The 2P level
shift in the fluid is then given by

6» nC (a'/2—-4) f dRR'g(R) exp(- nR), (2)

where a = 1.83 A ' is twice the 2p orbital expo-
nent, n is the He fluid density, g(R) is its radial
distribution function, and C is the strength of the
5-function pseudopotential. By fitting the large-
R tail of the 'Z„'dimer potential curve, "a theo-
retical value of C, h

—-40 eV A' obtains, whereas
using the measured" low-temperature liquid g(R)
in (2) along with b,»(liquid) = 0.2 eV (Ref. 8) gives
an experimental value of C„=20eV A' only. As
for the room-temperature He gas in the bubbles,
we do not know its accurateg(R) but we can ap-
proximate it by a unit step function" at R = 0
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= 2.556 A, the He I ennard- Jones radius.
One then obtains from (1) L»=0.5nC and our

observed 1.4-eV blue shift implies a He density
of (7-14)x 10" cm ', depending on whether C,

„

or C,
„

is trusted. Such densities should be com-
pared with the Al density of 6x10" cm ' and with
the He hard-sphere maximum packing of W2/o'
-8.5x 10" cm '. Hence, on the basis of this sim-
ple model and of our spectroscopic measure-
ments, He densities in small bubbles are predict-
ed to lie in the range of one to two atoms per Al
vacancy. Such packing is consistent with the
measured He average content, bubble density,
and diameter in the 1.45-at. % specimen if we as-
sume no significant amount of submicroscopical-
ly trapped He. As to the pressure in the bubbles,
at these densities compressibility results'~ for
helium at 298 K imply pressures above 10 bars,
i.e. , in excess of the equilibrium value 4y/d
= 8000 bars given by the pressure of the bubble
surface tension y. A more precise determination
of density and pressure will require refinement
of the theory and will be of great value in under-
standing the mechanisms of bubble formation and
growth.

Turning to the spectra of Fig. 2, notable differ-
ences appear between the optical absorption and
EELS data for the 3.1-at. % specimen. The TEM
micrograph shows a bubble size distribution with
many bubbles around 20 A in diameter tailing off
to fewer larger ones up to 200 A in diameter, so
that with equilibrium pressures one might expect
about the same number of helium atoms in large
bubbles as in small ones. One would expect an
absorption spectrum with very little broadening
and shift for the lowest-pressure, big cavities,
and one with large blue shifts and broadening for
the large number of very small bubbles. Indeed,
the optical absorption now exhibits a reproducible
structure consisting of a weak and narrow peak
close to 21.2 eV superimposed as a shoulder on
a peak somewhat broader (2.2 eV, FWHM) than
that of Fig. 1, but similarly displaced by 2 eV to-
wards shorter wavelengths. In the EELS spec-
trum of Fig. 2(b), the sharper feature correspond-
ing to the resonance line at 21.2 eV is prominent
over the broad peak extending between 21 and 25
eV. In addition, the EELS spectrum reveals a
series of three further narrow peaks at 23.11,
23.81, and 24.06 eV whose positions and intensi-
ties are consistent with the transitions 1'S,-n'P„
z= 3, 4, 5." This implies that a substantial frac-
tion of He in this specimen must be contained in
larger bubbles at pressures sufficiently reduced
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FIG. 3. Electron-energy-loss spectra below 15 eV of
curve a, nonbombarded Al film, and curve 6, 1.45 at. 'lo

He in Al. The Al bulk plasmon peak heights have been
matched at 15 eV.

for the He atoms to exhibit more fully their dis-
crete atomic spectrum.

We attribute the better EELS resolution for
atomic features to specimen transverse inhomo-
geneity. We contend that the films are locally
thinner above large bubbles because the implanta-
tion-induced swelling is predominantly parallel
to the film" and should be greater in the region
of large bubbles. Since the elastic and inelastic
mean free paths are both =1000 A in Al, the sin-
gle loss spectrum of large bubbles should be com-
paratively enhanced. because of less elastic scat-
tering out of our narrow spectrometer aperture
and fewer bulk plasmon losses.

EELS spectra at low energies for the 1.45-at. %
specimen and a nonbombarded Al film are shown
in Fig. 3. The features at 1.5, 6.75, and 15 eV
are assigned to in Al band transition, the Al-
Al, O, surface plasmon, and the Al bulk plasmon,
respectively. The remaining features, including
the shoulders at 12 and 9.5 eV and the peak at 4
eV, can be associated with cavity plasmon loss-
es, first predicted by Natta. " In the only previ-
ous observation of cavity modes, Henoc and Hen-
ry imaged He microbubbles in Al and obtained a
low-resolution EELS spectrum with TEM in the
electron-loss mode. " While the 12-eV shoulder
in our high-resolution data can be identified as
the dipole cavity mode, the interpretation of the
two remaining features is less clear. "
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Therrnalization of photoinduced carriers in a-Si and a-Si:H was studied with use of sub-
picosecond-pump and probe techniques with parallel and perpendicular polarizations. The
underlying process was identified as hot-carrier absorption whose cross section increases
with the carrier excess energy. The energy dissipation rate in a-Si is = 0.5 eV/ps
{=hv pho„„)and is less than 0.1 eV/ps in a-Si:H; Frohlich interaction with polar phonons
can explain this smaller rate. A photoinduced dichroism associated with polarization
memory was observed.

PACS numbers: 72.80.Ng, 72.20.Dp

We report the first observation of hot-carrier
thermalization in amorphous semiconductors ob-
tained from time-resolved studies of photoin-
duced absorption (PA) in the subpicosecond time
domain. We could identify the underlying process
as phonon-assisted hot-carrier absorption whose
strength increases with increasing carrier ex-
cess energy ~. We found that the energy dissi-
pation rate in a-Si is significantly higher than in
a-Si:H and show that the difference can be under-

stood if the energy dissipation in a-Si:H occurs
via polar phonons while in a-Si all phonons are
involved.

We used the pump and probe technique with a
cavity-dumped passively mode-locked dye laser"
producing linearly polarized light pulses at A~~
= 2 eV with a single-side exponential shape and
1~=0.6-0.8 ps duration, 1-2 nJ energy, and repe-
tition rate of 10' s '. The probe beam passed
through a polarization rotator and its polarization
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