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Abstract

Er(D,T)z,XSHex, erbium di-tritide, films of thicknesses 500 nm, 400 nm, 300 nm, 200 nm, and 100 nm were grown and analyzed by
transmission electron microscopy, X-ray diffraction, and ion beam analysis to determine variations in film micro-structure as a function
of film thickness and age, due to the time-dependent build-up of *He in the film from the radioactive decay of tritium. Several interesting
features were observed: One, the amount of helium released as a function of film thickness is relatively constant. This suggests that the
helium is being released only from the near surface region and that the helium is not diffusing to the surface from the bulk of the film.
Two, lenticular helium bubbles are observed as a result of the radioactive decay of tritium into *He. These bubbles grow along the [111]
crystallographic direction. Three, a helium bubble free zone, or ‘denuded zone’ is observed near the surface. The size of this region is
independent of film thickness. Four, an analysis of secondary diffraction spots in the Transmission Electron Microscopy study indicate
that small erbium oxide precipitates, 5-10 nm in size, exist throughout the film. Further, all of the films had large erbium oxide inclu-

sions, in many cases these inclusions span the depth of the film.
Published by Elsevier B.V.

PACS: 81.40.Wx; 81.65.Mq; 89.30.Gg; 89.30.Jj; 61.10.Nz; 68.08.De

1. Introduction

Inert gases, such as helium and argon, can be introduced
into a metal matrix in a wide variety of methods and in
many applications [1]. For example, helium is found to
accumulate in metal tritides when the tritium decays into
3He [2], is produced in nuclear devices due to irradiation
[3], or can be implanted into materials [4]. In many of these
cases, the build up of inert gases in the metal matrix is det-
rimental to the application because it degrades the mechan-
ical properties of the material [5]. It has long been
established that inert gases in a metal matrix at sufficient
densities will aggregate to form bubbles. How these inert
gas bubbles form, grow, and interact is an active area of
theoretical and experimental research along with their
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effect on a metal matrix’s electrical, magnetic, mechanical,
and structural properties.

There are two methods in which inert gases can enter a
metal matrix, a ‘gentle’ method through the radioactive
decay of tritium, and a ‘violent’ method through either
implantation or nuclear reaction. The ‘violent’” methods
are what occur in most applications with the obvious
exception of tritium storage. The two methods of introduc-
ing inert gases give different micro-structural environments
due to vacancies, induced dislocations and defects, etc., and
their study gives different information about the behavior
of inert gases in solids. In this study we focus on the ‘gentle’
method of tritium decay for the following reasons: the
helium is introduced in a well controlled and understood
process; the helium spatial distribution is uniform as long
as the tritium is uniformly distributed; the helium is
introduced without significant damage to the metal lattice,
whereas implantation or nuclear reaction produces
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significant metal lattice damage; the metal hydride is ther-
modynamically stable; and samples of various configura-
tion and size can be produced. In order to model and
understand the behavior of inert gases, like helium, in
materials one needs to understand the films micro-struc-
ture. This paper will focus on the effect of time and film
thickness on the micro-structure, helium accumulation,
and the amount of helium released from Er(D,T),_,’He,
films.

A large body of theoretical work has been done to
model and understand inert gas bubble formation in mate-
rials. Since in most applications the inert gas enters via one
of the ‘violent’” methods, most of the theoretical studies
have dealt with helium introduced by implantation or
nuclear reaction [18,19]. While much of the theoretical
work can be modified to capture the important physics of
both the implanted and tritium methods, there are several
important differences where the existing models may not
be applicable: First, the helium concentrations in the tri-
tium materials cover a much larger range, from 0.01 to
0.40 He/Metal ratios whereas the ratio in implanted mate-
rials ranges up to a few thousand appm, or a He/M ratio of
about 0.01-0.001 He/M. Second, the nature and origin
of dislocations and defects is different. The introduction
of helium via implantation or nuclear reaction causes a
large number of defects. For example, helium implantation
into SiC displaces 60-73 atoms per implanted helium atom
[18]. While in tritides the recoil energy of the helium atom
produced via tritium decay is too low to cause any
lattice damage. Finally, the helium production rate in
implanted materials typically falls between 1 and 100
appm He/h, while in metal tritides the rate starts out at
~10 appm He/h for materials like ErT, and decreases
exponentially.

Much work has been done on transition and rare-earth
metal hydrides [6]. Vajda has written an excellent review of
rare-earth metal hydrides in the RH,, phase [7]. ErH,4
forms in the CaF, structure, shown in Fig. 1, (Space Group
Fm3m, # 225) over a wide composition range from approx-
imately —0.20 < x < 0.20 [8]. Yttrium, Scandium, and Tita-
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Fig. 1. CaF, FCC crystal structure of ErH,, Space Group Fm3m, # 225.
The large grey spheres represent the Erbium atoms and the small white
sphere represent the Hydrogen atoms.

nium di-hydrides also form in the CaF, crystal structure.
The CaF, unit cell contains four Erbium atoms forming
an FCC lattice with the eight hydrogen occupying the tet-
rahedral sites. In the perfect crystal the octahedral sites are
unoccupied although measurements on similar metallic di-
hydrides have shown that a small fraction of octahedral
sites are occupied even for x =0 at 7= 300 K [9]. The elec-
trical properties of the ErH,. . films also show dramatic
changes with temperature and stoichiometry. The 300 K
resistivity changes by a factor of ten by simply changing
x from 0.07 to 0.091. Also, two metal-semiconductor tran-
sitions, a high-temperature one near 200 K and one at
lower temperature, occur which are both profoundly
effected by stoichiometry. Further, there is evidence that
the excess hydrogen orders at low-temperatures [10,11].

The effects of helium accumulation in films of Er(D,T),
has been studied extensively over the past 30 years. Exper-
imentally, it was found that most of the helium generated
by the decay of tritium into *He was retained in the film
and only a small fraction, 0.1-0.01%, was released from
the film [12]. Other measurements indicated that the helium
released from the film was released in spurts of 10~ '°—
10~ "*-mols [13]. Measurements of the amount of swelling
of Erbium, Yttrium, Holmium, Titanium, and Scandium
tritide films with age, i.e., amount of *He in the film,
showed a near linear swelling rate with age with only the
slope changing with different materials [14]. The authors
used this evidence to suggest that helium was accumulating
in bubbles in these films. A theoretical analysis of helium
bubble formation looking at the energetics and formation
kinetics of helium bubbles in metals was done by Trinkaus
[15]. Evans also studied how bubbles interact and cause
blistering of material surfaces. He proposed an inter-bub-
ble fracture mechanism whereby the highly pressurized
helium bubbles cause the material to fracture thus linking
up two bubbles [16]. A later work by Cowgill took a rate
equation approach to study helium bubble nucleation. In
this model, he assumes that bubbles are nucleated by self-
trapping and the effects of trapping at impurities or defects
are ignored. Cowgill then solves a set of rate equations to
determine atomic helium and helium bubble concentra-
tions as a function of time and depth [17]. Cowgill’s model
makes several predictions: one, that most bubble nucle-
ation occurs within the first several days of tritium entering
the material. Two, that near the surface and grain bound-
aries that a region should exist that is void of bubbles.
Third, that the helium released from the film is released
from the near surface region, a few tens of Angstroms
thick.

The purpose of this paper is to begin to shed light on the
complicated micro-structure of rare-earth metal tritides so
that more accurate, directly applicable models can be
developed. This paper will proceed as follows: First, we will
describe the important experimental procedures used to
grow and tritide the films and how the samples were pre-
pared for TEM analysis. Second, we will present the results
and discussion on how film thickness and age influences
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sample morphology and helium release. Finally, we con-
clude with a discussion of the implications of these results
on helium release models and other film properties.

2. Experimental procedures
2.1. Film growth and tritium loading

Erbium films were deposited by electron-beam evapora-
tion onto rolled-molybdenum substrates to nominal thick-
nesses of 500 nm, 400 nm, 300 nm, 200 nm, and 100 nm.
The substrate temperature during evaporation was 450 C
and deposition occurred at a rate of 1 nm/sec. The erbium
films were removed from the evaporator at ambient condi-
tions and then placed in a special tritiding apparatus. The
samples were brought to an elevated temperature and held
there after which the sample was brought to the desired
temperature to react with the hydrogen gases. The samples
and deuterium/tritium gas mixtures were reacted at appro-
priate temperatures and pressures to produce a di-hydride
with stoichiometry close to Er(D,T),,. After the reaction
was completed the gas was then removed from the chamber
and the chamber was allowed to cool down to ambient
conditions. The samples were then stored for a period in
an inert atmosphere and sealed into a special UHV vacuum
envelope. Interestingly, all of the tritided 400 nm films and
some of the 300 nm films were observed to have delaminat-
ed from the molybdenum substrate upon opening the vac-
uum storage envelopes. The XRD measurements of film
texture were only able to study the 500 nm, 200 nm, and
100 nm films while TEM images were obtained for all but
the delaminated 400 nm films. It is believed that the
400 nm film delamination was due to a substrate contami-
nation problem. Unfortunately, because of the radioactive
nature of the samples further chemical analysis of the films
and substrate was not possible.

2.2. Sample storage and helium measurements

The samples were stored in a sealed UHV vacuum enve-
lope until they were to be studied by TEM or XRD. The
vacuum envelope and sample were heated to above 300 C
and evacuated for several hours in order create the UHV
environment. To remove the samples from the sealed
UHV vacuum envelopes and to measure the amount of
helium evolved from the metal tritide films, the vacuum
envelopes were attached to a Finnegan Mass Spectrometer
and punctured. This was done so that the quantity and type
of gases in the envelope could be determined. The helium
release measurements reported on in Section 3.5 were
obtained in this manner.

2.3. TEM preparation and analysis
Cross-sectional TEM samples were prepared using con-

ventional techniques. Sections from the Er(D,T)z_x3HeX
samples were cut using a low speed diamond saw. These

sections (~2 mm wide by 1 cm long) were inserted into a
3 mm outer diameter, molybdenum tube along with molyb-
denum spacers to fill as much of the tube volume as possi-
ble. The tube was then vacuum impregnated with G2
(Gatan Inc.) epoxy and cured on a hot plate at 100 C for
5 min. After the curing process, the tube was sectioned into
cylinders 3 mm in diameter and ~0.5 mm in thickness.
These cylinders were mechanically ground and polished
to a 1 um finish on one side and down to a sample thickness
of less than 100 um. The samples were then dimpled on the
opposite side to a thickness of approximately 20 um.
Finally, the samples were thinned to transparency using a
low angle (4°), low energy (1-4 keV) Ar ion milling in a
Gatan PIPS.

TEM analysis was performed using a JEOL 2000FX
200 keV TEM permanently installed in a tritium compati-
ble facility. EDX spectra were collected using a Thermo-
Noran UTW-Si(Li) detector system. Bright field images
of the He bubbles were collected by tilting the sample to
a (110) zone axis and then further tilting to a related
two-beam condition, exciting the g = {111} reflection. To
calculate the volume density of bubbles required measure-
ment of the sample thickness. The thickness of the sample
was determined by collecting stereo-pairs of images and
then using a stereo-imager to measure the thickness.

3. Results and discussion
3.1. Columnar grains and texture

Fig. 2 shows a TEM micrograph of the 500 nm and
100 nm films. It is clear from these images that the
Er(D,T),_.’He, films exhibit columnar grains. Savaloni
and Player performed a detailed study of the growth of
600 nm thick erbium metal films on molybdenum [20].
They used the zone model developed by Grovenor et al.
to describe the effect of substrate temperature and deposi-
tion rate on film microstructure [21]. For the conditions
of 450 °C substrate temperature and 1 nm/s deposition
rate, the erbium films in this study should fall in Zone II,
or the columnar growth zone. Apparently, the effect of
hydriding the erbium metal films does not impact this
aspect of the microstructure. A detailed study of changes
of grain size and other microstructural effects upon hydrid-
ing has been concluded and will be the topic of a future
publication.

Fig. 3 shows the 6-260 X-ray diffraction scans for the
500 nm, 200 nm, and 100 nm thick films. The inset shows
the full pattern including the molybdenum substrate peaks.
All data has been normalized to the intensity of the molyb-
denum (200) reflections so that a direct comparison could
be made. Several interesting points become apparent; first,
the Er(D,T),_~(111) peak systematically decreases with
decreasing film thickness; second, the Er,O3-(222) reflec-
tion peak increases with decreasing film thickness and is
asymmetric. This point will be discussed in more detail
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Fig. 2. TEM micrographs showing the columnar grain structure of the Er(D,T),_, He, films. The left micrograph is of the 500 nm film and the right is of

the 100 nm film.

below; third, both the film and the molybdenum substrate
are highly textured.

Fig. 4 shows the pole figures for molybdenum obtained
on the 500 nm Er(D,T)z_X3Hex film. The molybdenum sub-
strate displays a strong (200) out-of-plane texture as illus-
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Fig. 3. XRD pattern of 500 nm, 200 nm, and 100 nm films showing
specifically the Er(D,T),_, peaks. The inset shows the full 0-20 scan
including the molybdenum substrate peaks.
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Fig. 4. Pole figures for the Molybdenum (110) (left) and (200) (right)
peaks.

trated by the strong central pole in the right picture of
Fig. 4. Analysis of the molybdenum (110) pole shown in
the left picture of Fig. 4 indicates that there is a biaxial-type
texture in-plane which results in the nearly 4-fold symmetry
of the (110) pole. This texture of the molybdenum sub-
strate is not completely biaxial since the (110) poles tend
to be elongated. This is likely a result of the rolling method
used in the processing of the molybdenum metal substrates.

Fig. 5 shows the pole figures for the 500 nm, 200 nm,
and 100 nm Er(D,T),_ He, films in the (111), (200),
and (220) orientations. From these pictures one can see a
strong (111) out-of-plane texture illustrated by the central
pole in the Er(D,T),..’He, (111) pole figures; this is pres-
ent in all of the film samples and is consistent with the 60—
20 scans. However, note that there is additional intensity
in the form of a near 4-fold symmetry around the central
(111) pole. These spots result from a secondary preferred
orientation, namely a (200) out-of-plane preferred orienta-
tion that displays a bi-axial texture in-plane and appears to
template from the molybdenum (110) grains. Note also in
the Er(D,T),.,. He, (200) pole figures that the (200) central
poles do not quite superimpose on the very center of the
pole figure, but actually show splitting of the poles to just
off-center. This is most notable in the 500 nm thick film
and is characterized as a clover-like formation in the center
of the (200) pole figure. The Er(D,T),_.’He, (200) pole
figures also show intensity at higher y tilts, which results
from the (111) out-of-plane grains. When one considers
this intensity, it appears that there is an approximate ring
of intensity at approximately 54 degrees y (the expected
angle between the (200) and (111) planes) but the ring
does not always show equal intensity all around the
(200) pole figures. This is especially true for the 500 nm
thick film. This film shows variability of counts around
the ring. As the film gets thinner, the ring seems to become
more apparent. The formation of a near continuous ring at
54 degrees y would indicate an in-plane fiber texture for the
(111) out-of-plane grains. Therefore, the thinner films dis-
play a more fiber-like in-plane texture, while the thicker
films move toward a more biaxial texture that is dictated
by the molybdenum substrate.
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Fig. 5. Pole figures for the Er(D,T),_, He, films. Row 1 for the 500 nm, row 2 for the 200 nm, and row 3 for the 100 nm film. Column A is the pole figure
for the (111) peak, column B for the (200) peak, and column C for the (220) peak.

Finally, Table 1 lists the measured lattice parameters of
the Er(D,T)z_,fHeX films. In all cases the molybdenum
peaks were used as an internal standard. The Er(D,T),.
>He, peaks were profile fit to assign accurate d-spacings
for the films and a least-squares refinement for the peak
positions was performed to obtain the g-axis value. A vol-
ume associated with the cell is also reported based on the
measured lattice parameter. In some cases the error on the
lattice parameter was large due to the lack of reflections
present in the textured Er(D,T),+, films. Within the error,
these lattice parameters do not appear to be significantly dif-
ferent. Peak broadening in XRD can result from two influ-
ences, micro-strain and crystallite size. Due to the large
crystallite sizes viewed from TEM, (see Fig. 2) on the order
of 200-500 nm, nearly all of the peak broadening of the

Table 1
Lattice parameters measured from the Er(D,T)z,fHex films

Film thickness (nm) a-Axis (nm) Cell volume (nm?)
500 0.514(1) 0.136
200 0.5127(3) 0.135
100 0.5139(7) 0.136

Erbium tritide results from micro-strain. This conclusion
is reasonable considering the likelihood of micro-strain
presence due to bubble formation/migration in the material.

3.2. Oxide layer thickness

Another interesting change that occurred in the films as
a function of film thickness was a gradual increase in the
native oxide layer, that oxide layer formed above the bub-
ble denuded zone (see Section 3.7) shown in Fig. 12 and
Fig. 13 as a result of reacting with an oxygen rich environ-
ment. Erbium and oxygen readily combine to form Er,O;
[22]. Ton beam analysis (IBA) measurements were per-
formed to determine the native oxide thickness and the
amount of oxygen residing in the ‘bulk’ of the film, these
results are shown in Fig. 6. Interestingly, the native oxide
thickness is seen to increase in thickness with thinner films.
A similar result can be seen by analyzing the XRD Er,0s-
(222) peaks in Fig. 3. Clearly the Er,03-(222) peak is
strongest in the 100 nm film. It is also interesting to note
that the peak shape is skewed to the low 20 side. This could
indicate a variation of the lattice parameter of the Er,O3
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Fig. 6. Native oxide thickness as measured by IBA (M) is shown on the
left axis. The oxide layer was modeled as Er,O3. The right axis shows the
XRD peak intensity (O) of the Er,O;-222 peak intensity. The IBA
measurements and the XRD results coincide exactly. The inset is a
measure of the depth profile of the oxygen content as measured by IBA.
0 nm represents the surface and the depth is a measurement of distance
from the surface. The error bars on the native oxide thickness and percent
O/Er data points as determined by IBA is approximately 10% for each
data point.

caused by a compositional gradient within the Er,O3 sur-
face layer. Surface analysis studies using X-ray photoelec-
tron spectroscopy (XPS) and sputter Auger Electron
Spectroscopy (AES) have measured an oxygen gradient
in the native Er,O3 oxide layer [23]. The inset of Fig. 6
shows a depth profile of oxygen in the films determined
by IBA, a clear decrease of oxygen with film depth is seen
indicating a compositional gradient of oxygen in the film.
Elastic residual stress in the erbium oxide layer could also
cause the peak asymmetry, although a rough estimate of
the strain in the erbium hydride film made by comparing
the molybdenum and erbium hydride thermal expansion
coefficients suggest that it should be small, on the order
of 2x 107° [24]. Interestingly, the peak asymmetry could
also be due to some additional phase forming. The idea
of a finely dispersed oxide phase will be presented in more
detail in Section 3.4 in association with analysis of a sec-
ondary spot pattern observed in the Selected Area Electron
Diffraction (SAED) patterns taken with TEM. However, at
this point it is not clear exactly what is causing the peak
asymmetry, but it does occur in all three films.

A likely reason for the thicker oxide layer on the thinner
samples is that there is roughly an equivalent partial pres-
sure of oxygen in the film deposition chamber and when the
thinner films are deposited more of the partial pressure is
left un-reacted and hence free to react with the film surface.
In this scenario the amount of oxygen in the ‘bulk’ of the
films should be constant. While the data is far from conclu-
sive, this trend is seen in the IBA analysis of the films in the
inset of Fig. 6 where the percent of Oxygen/Erbium as a
function of depth into the film is plotted. Beyond the near

surface region the percent of Oxygen/Erbium is approxi-
mately 2-3%. These measurements were made by modeling
the Er(D,T)z_xBHex films as ten separate slabs and fitting
this slab model to the measurements. The discreteness of
the approach and inherent resolution of the IBA technique
produce the scatter, it is believed that oxygen is present in
the 500 nm film beyond about 350 nm but that the amount
of oxygen is probably 1% or so. The 100 nm film was too
thin to be properly analyzed by this technique.

3.3. Oxide particles

Fig. 7 shows a TEM micrograph of a representative
large inclusion in the Er(D,T)z_J\:”HeX films. All films except
the 500 nm thick film exhibit these large inclusions. The
density of inclusions appears to be similar in all films, in
fact, in every image and every sample prepared from the
300 nm, 200 nm, and 100 nm films an inclusion was found.
It is not known why inclusions were not found in the
500 nm film. Given the large density of inclusions seen in
the 300 nm, 200 nm, and 100 nm thick films, it is likely that
the inclusions were simply missed in the sample selection
and preparation process. Another interesting fact is that
in virtually every image these inclusions were the same
thickness as the films. Fig. 7(b) shows an energy dispersive
X-ray (EDX) analysis spectrum taken from inside the
inclusion compared to one taken from outside the particle
in the film. The 0.5 keV oxygen peak is clearly larger inside
the inclusion. Further, Selected Area Electron Diffraction
(SAED) patterns taken on the inclusion are shown in
Fig. 7(c) and (d) for two separate zone axis, the [110]
and [211] of Er,Oj3 respectively. The arrows in the figures
indicate where the expected spots should appear, in both
images the expected Er,O; zone axis match very well with
the SAED patterns. These two facts clearly identify these
inclusions as Er,Os;. A study of the origin of these large
oxide inclusions will be reported on in another publication.

3.4. Secondary spots

Careful examination of the diffraction patterns in Fig. 8
reveal a second set of diffraction spots that are not related
to the erbium hydride fluorite structure itself. These spots
appear in all of the samples that were examined and can
be tracked as a function of tilt. The d-spacings associated
with these secondary spots are 0.73 nm (gl) and 0.74 nm
(g2). Dark field images using these diffraction spots
(Fig. 8) show objects which are 5-10 nm in size, distributed
through the grain.

The nearly ubiquitous presence of the secondary spots is
most probably from incorporation of oxygen into the film.
This oxygen appears to precipitate as fine particles
(<10 nm) of Er;O3. The reflections gl and g2 from Fig. 8
give d-spacings which are closest to the {110} spacing for
Er,O;5 (Table 2). These spots do not correspond well to
any of the other phases listed in Table 2, including erbium
metal, erbium tri-hydride, or erbium hydroxide.
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Fig. 7. (a) TEM Micrograph of large oxide particle in the 200 nm film; (b) compares two energy dispersive analysis (EDX) spectrum taken in the middle of
the particle and outside the particle in the Er(D,T),_*He, film. The excess amount of oxygen is clearly present from the increased peak intensity of the
approximately 0.5 keV oxygen peak; (c) and (d) are selected area diffraction patterns at different sample tilt angles. (c) Diffraction pattern along the [110]
zone axis with the arrows showing the indexing to the Er,O3 unit cell. (d) Diffraction pattern along the [211] zone axis.

Fig. 8. SAED pattern showing primary spots from (a) the (110) and (b) the (111) zone axes of Er(D,T), and secondary spots of unknown origin. The
d-spacings associated with gl and g2 are 0.73 nm and 0.74 nm, respectively.

Table 2
Comparison between measured d-spacing from secondary spots in SAED patterns and possible reflections from probable phases in the Er-H-O system
g ErH, ErH; Er,O3 Er Er(OH); ErO(OH)
{hkl}/d (nm) {hkl}/d (nm) {hkl}/d (nm) {hkl}/d (nm) {hkl}/d (nm) {hkl}/d (nm)
0.73 nm {100}/0.515 {110}/0.541 {200}/0.5268 {100}/0.308 {100}/0.541 {100}/0.562
0.74 nm {110}/0.364 {002}/0.326 {110}/0.745 {002}/0.280 {110}/0.312 {001}/0.406
{111}/0.297 {222}/0.304
{220}/0.373

2°{110}/0.728
* Multiplication.
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Double diffraction is mostly likely responsible for the
appearance of the gl and g2 reflections. The Er,O3
{110} reflections that most closely correspond with gl
and g2 are not kinematically allowed in the Er,O3 space
group (S.G. #206, Ta-3d); however, dynamical diffraction
is common in electron diffraction patterns. The gl reflec-
tion is clearly visible in Fig. 7(c) along the (110) axis of
Er,O;5. The appearance of the gl reflection can result from
double diffraction, such as the interaction between the
(002) and the (1-1-2) reflections which results in the (1-
10) reflection being visible (see Fig. 10 (Left)).

The diffraction pattern in Fig. 9, exhibits a completely
aligned orientation relationship between Er(D,T), and
Er,035; i.e. there is complete registry for all crystallographic
directions for these two crystals. In Table 2, it can be seen
that the Er(D,T), and Er,O; structures share similar
d-spacings when multiplied by a factor of two; e.g.
Er(D,T)y-d;;; =0.297 nm and Er,O3-dr» = 0.304 nm, a
difference of only 2.4%. In looking at Fig. 10 (Right), one
can see that the {111} reflection for Er(D,T), is nearly
coincident with the position of the {222} reflection for
Er,O3. Likewise, the {200} reflection for Er(D,T), lies on
top of the {400} reflection for Er(D,T), and Er,Os. This
close alignment of major reflections results in only the dou-
ble diffraction, {110}, reflections from Er,O3 being distinct
from the basic Er(D,T), SAED pattern.

Compositional information from this system also sup-
ports the inclusion of oxygen into the Er(D,T),..’He, films,

possibly as Er,Os. It is clear from the EDX measurements
that there is a finite amount of oxygen incorporated into
these nominally Er(D,T)z_x3 He, films. Additionally, other
studies have demonstrated the possibility for sub- and
super-stoichiometric ErH, [8]. In the idealized fluorite lat-
tice, all of the tetrahedral sites are filled. Any additional
oxygen or hydrogen would most likely be incorporated into
the octahedral sites in the lattice. Interestingly, the incorpo-
ration of oxygen onto every other octahedral site in
Er(D,T),, results in a structure very similar to the Er,O3
structure.

3.5. ARF vs. thickness

The amount of helium released from the films was mea-
sured by puncturing the vacuum envelopes while they were
connected to a Finnegan mass spectrometer as described
above in Section 2.2. This technique measures the total
amount of helium released and does not measure any time
dependencies. A useful way of presenting this data is to
ratio the amount of helium released to the amount of
helium generated. The amount of helium generated is cal-
culated after the fact by measuring the amount of tritium
in the film taking into account the elapsed time since tri-
tium was introduced in the sample. This ratio is commonly
called the Average Release Fraction (ARF) and is defined

as

Fig. 9. (a) Bright field, (b) dark field image pair showing 5-10 nm objects corresponding to contrast from secondary spots in the (c) SAED pattern.
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reflections while the circles are for ErD,. Note the close overlap of the {222} reflections of Er,O3z and the {111} reflections of ErD,.

Total Helium Released

ARF = )
Total Helium Generated

(1)

The results plotted as ARF vs. film thickness are shown in
Fig. 11. The measurements were taken near the same He/M
ratio of 0.02. The inset to Fig. 11 shows the total helium
pressure inside the vacuum envelopes as a function of
thickness. While significant scatter exists in the data, a
trend of increasing ARF with decreasing film thickness is
clearly present. Further, the partial pressure of *He re-
leased into the vacuum envelopes shows no significant
trend, and varies by at most 0.07 mTorr. The fact that
the total amount of *He released from the 100 nm film is
not discernibly different than the 500 nm film, suggests that
the helium being released is not diffusing from the full
depth of the film. If the helium was diffusing to the surface
from throughout the film, then the amount of helium re-
leased from the 500 nm film would be five times as large
as that from the 100 nm. Instead, this data demonstrates
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Fig. 11. Average Release Fraction (ARF) vs. film thickness. The solid line
is a fit of the data to the equation 1/Thickness + Constant. The inset
shows the total helium pressure vs. film thickness where the dashed line is
a linear fit to the data.

that the helium that is released from the film originates
effectively from a single layer, presumably near the top of
the film ~0.2 nm thick. A simple analysis of a two layer
system, where one layer releases helium into the vacuum
envelope while another layer retains all of the helium, pre-
dicts that the ARF should vary inversely with thickness.
The line in Fig. 11 is a fit of the ARF to the inverse of
thickness. This model is a good fit to the data and appears
to explain the major features of helium release from thin
metal tritide films.

3.6. Helium bubbles and bubble densities

Helium bubbles have been observed in a wide variety of
materials, for example, He implanted in silicon [25], aged
tritides like VT 15 [26] and PdT, » [2], and irradiated struc-
tural materials [27]. It is interesting to note the differences
in bubble shape that exists in the various systems. PdT ¢
[28] exhibits spherical bubbles, while others, like TiT [2]
and irradiated SiC are platelets. [18] Further, irradiated
Si also exhibits platelet-type structures along the (100)
planes [18].

Fig. 12 shows a TEM micrograph of helium bubbles in
the 500 nm thick film. This image is representative of the
other thicknesses in that all of the films exhibit platelet
bubbles. Importantly, the bubbles are aligned along the
[111] crystallographic axis. Platelet bubbles are caused by
the elastic anisotropy of the system, [18] which for
Er(D,T),0 is readily apparent by examining the calcium
fluorite structure shown in Fig. 1. Unfortunately, no exper-
imental or theoretical calculations of the elastic constants
of Er(D,T),o have been found to quantify the degree of
elastic anisotropy. One last point, while not shown in this
image, no increased helium bubble accumulation was
observed on grain boundaries.

Table 3 shows the measured bubble sizes and volume
densities as a function of thickness. The measured bubble
densities were consistent with other measurements on
PdT [28] but do not strongly correlate with film thickness
(see Table 3). Due to the small number of samples and
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Fig. 12. TEM micrograph of the 500 nm thick film showing the lenticular
bubbles and bubble denuded zone (to be discussed below in Section 3.7).

Table 3
Measurement of *He bubble size and density as a function of film
thickness

Film thickness He/M Bubble diameter Volume density
(nm) (nm) (t/m’)

500 0.053 8.3+0.9 2.9x%10%

300 0.06 154+72 0.97 x10%

200 0.048 12.3+4.9 3.2x10%

100 0.053 3.6+08 9.1x10%

fields of view (one sample for each thickness, 2-3 fields of
view for each sample), a definitive correlation is not possi-
ble. The number presented represents a measurement times
a factor of four to account for the four {111} variants pos-
sible in any given field of view. This multiplication does
require the assumption that the density of *He bubbles
across {111} variants is uniform, but there is no physical
reason for assuming a non-uniform distribution.

o -

3.7. Bubble free zone or ‘Denuded zone’

An interesting feature of all of the Er(D,T), films is the
presence of a surface region void of observable helium bub-
bles. This feature can be seen in Figs. 12 and 13. This bub-
ble free zone has been termed a ‘denuded zone’ [17] or
‘depleted zone’ [18] in reference to its absence of bubbles.
It should be emphasized that it is not known if small, unde-
tectable bubbles exist inside this zone or if all the helium in
the region is atomic helium. The thickness of the denuded
zone did not vary significantly with film thickness but
rather stayed rather constant at ~15 nm. Some films had
more clearly observed denuded zones while others were
more difficult to detect due to the contrast of the image.

The origin of this bubble free zone can be understood by
assuming that most of the helium created in this region dif-
fuses to the surface creating a reduced bubble density
[18,19]. However, if we assume that all of the helium cre-
ated within this region actually escapes to the atmosphere
the resulting ARF for the 500 nm film would be 0.03 while
the observed ARF is 0.002. One possible explanation for
this factor of ten discrepancy is that the bubble free region
has a high concentration of atomic helium.

4. Impact on helium release/retention models

Several important features of real rare earth metal tri-
tide films have been demonstrated in this paper that need
to be incorporated into future models of helium release/
retention. One, at least for erbium films, a significant
amount of oxygen becomes incorporated into the film as
large oxide inclusions and as finely dispersed oxide precip-
itates. Models of helium release from erbium tritide films,
and probably many other rare earth films, will need to
include the micro-structural effects associated with this
additional oxide phase. Many open questions exist as to
the effect of this oxide phase on helium release/retention.
Do the oxygen clusters act as nucleation sites for helium

INTo]substrate

Fig. 13. Bubble free or ‘denuded zone’ of the (a) 500 nm and (b) 100 nm thick Er(D,T), films.
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atoms to begin to form bubbles? Do the oxygen clusters
prevent the migration of helium throughout the lattice? A
study by Schober and Trinkaus in NbOy o; sTo o1 He, sug-
gests that oxygen acts as trapping sites for helium and sup-
presses “He bubble formation [29]. This effect though needs
to be studied in more detail to determine the validity of this
idea and/or the exact mechanisms involved. Two, the
helium bubbles are not spherical but lenticular and they
form along preferred lattice axis. Models of helium release
via inter-bubble fracture will also need to include the direc-
tional dependence of helium bubbles in erbium tritide.
Three, it was demonstrated that a bubble denuded zone
exists. A characteristic length scale of ~15nm was
observed for all samples. The exact chemical nature of
the denuded zone was not determined in this study but it
was shown to include some oxygen. Models of helium
release must predict the formation of a bubble denuded
zone. Fourth, most of the helium released from the films
appears to be coming from a near surface region given that
the Average Helium Release Fraction (defined in Section
3.5) varies inversely with tritide film thickness.

In the introduction a brief discussion was given about a
rate equation model proposed by Cowgill [17]. It is instruc-
tive to look at how our data compares to some of Cowgill’s
predictions. First, our films do demonstrate a ‘denuded
zone’ as the rate equation model and other models suggest.
An important difference though is the length scales, the rate
equation model predicts a denuded zone of approximately
5-6 nm while we consistently observe a denuded zone of
approximately 15 nm. This study was not able to determine
what causes the denuded zone length scale. One obvious
feature excluded from the rate equation model of Cowgill
is actual micro-structural features of the films, this may
be the cause for the discrepancy. Second, the rate equation
model predicts that most of the helium that is released from
the film is released from the near surface region. The data
presented in Section 3.5 confirms this prediction. Impor-
tantly, we observe an ARF fraction that is smaller than
predicted by the rate equation model. Again, this may be
due to the rate equation model neglecting the actual
micro-structural effects of the film. It is apparent that while
the theoretical understanding of helium in metals has
advanced significantly and many of the important features
can now be calculated, it is now time to begin to study the
effect of actual material micro-structures on helium behav-
ior in metals.
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