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We  propose  an  original  method  for the  determination  of  the  physical  properties  of nanometer  sized
helium  bubbles  using  spectrum  imaging  in an  energy-filtered  transmission  electron  microscope.  Helium
bubbles  synthesized  by high  fluence  implantation  and  thermal  annealing  in silicon  are  investigated.  The
acquisition  parameters  are  determined  to optimize  both  signal/noise  ratio  and  time.  The  limitations  to the
extent  of  observable  areas  on  a typical  sample  are  explained.  The  necessary  data  correction  and  helium  K-
eywords:
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edge  position  measurement  procedures  are  detailed  and  the  accuracy  of  the  method  is discussed.  Finally
helium  density  maps  are  obtained  and  discussed.

© 2015  Elsevier  Ltd. All  rights  reserved.
mplantation

. Introduction

When introduced in high concentration in materials, helium
ends to agglomerate and form nanometer-sized bubbles (Donnelly
nd Evans, 1991; Raineri and Saggio, 2000; Cerofolini et al., 2000).
or instance, helium bubbles can be synthesized using ion implan-
ation. Specific implantation and annealing parameters in a given

aterial lead to reproducible results, which allow the study of
hose bubbles and their contents in a statistical way. Helium bub-
les can also be obtained as a by-product of nuclear reactions, as
harged  ̨ particles are emitted and eventually impact either the
alls, or the fuel inside a nuclear reactor (Guilbert et al., 2003).
elium bubbles usually have detrimental effects on the materi-
ls in which they are embedded; in the nuclear-energy context,
mbrittlement is an important one (Trinkaus and Singh, 2003).
ut in the microelectronic field they can have several applications
uch as impurity gettering (Petersen et al., 1997) and production
f silicon on insulator (SOI) wafers using the layer splitting by ion
utting process (Bruel, 1995; Agarwal et al., 1998). Moreover, low

nergy helium plasma treatments have recently received consid-
rable interest for nanostructuration of surfaces with applications
n domains of energy conversion and storage devices, by both

∗ Corresponding author.
E-mail address: marie-laure.david@univ-poitiers.fr (M.-L. David).

ttp://dx.doi.org/10.1016/j.micron.2015.05.011
968-4328/© 2015 Elsevier Ltd. All rights reserved.
bottom-up (Godinho et al., 2013) or top-down approaches (Kajita
et al., 2013; Iyyakkunnel et al., 2014). In particular, nanopores in
amorphous silicon coatings produced using such methods have
been revealed to contain a high helium density (Schierholz et al.,
2015). In any case, in order to better predict these effects and their
properties, and to control them, extensive study of bubble forma-
tion and evolution mechanisms under annealing or irradiation is a
prerequisite.

The important parameters required to validate growth models
are the size, morphology, and helium density of the bubbles. The
helium density can then be converted to pressure in the bubbles
through an appropriate equation of state (Trinkaus, 1983; David
et al., 2014). Conventional transmission electron microscopy (TEM)
can be used to obtain the size and morphology of the bubbles, but
the determination of their helium density requires a more complex
approach. One such approach is the measurement of diffraction
contrast features in TEM micrographs (Tillmann et al., 2004). How-
ever it is not well adapted to the study of spherical nano-bubbles.
Indeed, the strain field in that case leads to more complex contrasts
in dark field or bright field imaging than that which is observed for
platelet defects, and these contrasts are tricky to be used for quan-
tification. Another powerful approach is spatially-resolved electron

energy-loss spectroscopy (EELS) using scanning TEM (STEM). This
method has been used for bubbles embedded in various matrices
(Schierholz et al., 2015; David et al., 2014, 2011; Manzke et al.,
1982; Jaeger et al., 1982, 1983; McGibbon, 1991; Walsh et al.,

dx.doi.org/10.1016/j.micron.2015.05.011
http://www.sciencedirect.com/science/journal/09684328
http://www.elsevier.com/locate/micron
http://crossmark.crossref.org/dialog/?doi=10.1016/j.micron.2015.05.011&domain=pdf
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dx.doi.org/10.1016/j.micron.2015.05.011


5 cron 77 (2015) 57–65

2
h
b
2
t
h
t
t
h
f
r
a

e
t
(
e

m
i
e
E
f
a
s
L
O
b
i
v
s
a
i
w

d

2

h
p
t
k
c
p

c
c
t
F
i
2
d

c
a
l
c
p
e
d
t
a
d
I

8 K. Alix et al. / Mi

000; Taverna et al., 2008; Frechard et al., 2009). However, we
ave demonstrated that it can show an adverse effect when helium
ubbles are embedded in silicon or germanium (David et al., 2014,
011), as it can trigger helium detrapping upon electron irradia-
ion from the probe. This has recently been observed in the case of
elium nanopores in silicon as well (Schierholz et al., 2015). While
his process is slow enough for a one-time measurement, it effec-
ively renders repetition of the same measurement unfeasible. This
inders the application of STEM-EELS in a conventional TEM/STEM

or He density measurements during in situ experiments, as those
equire several scans on each analyzed bubble upon, for instance,
nnealing or irradiation.

A possible alternative to STEM-EELS is spectrum imaging in an
nergy-filtered TEM (EFTEM-SI), which is based on the acquisi-
ion of a series of energy-filtered images at different energy-losses
Jeanguillaume and Colliex, 1989; Lavergne et al., 1992; Verbeeck
t al., 2004).

EFTEM-SI has been shown to be a powerful tool to gather infor-
ation in the low loss part of the spectrum, for example for plasmon

maging (Eggeman et al., 2007; Schaffer et al., 2009, 2010; Nelayah
t al., 2009; Sigle et al., 2010) for instance. Moreover, with the
FTEM approach, the illumination conditions are drastically dif-
erent from STEM-EELS, in terms of current density in particular, as

 parallel beam is used instead of a focused probe. This may  reduce
ome effects of electron beam damage, as was recently observed in
iFePO4 (Sugar et al., 2014) and also in polymers (Allen et al., 2011).
ur hypothesis was that helium detrapping under the electron
eam would be negligible with an EFTEM-SI approach. EFTEM-SI

s further useful for the acquisition of maps over large fields of
iew using relatively short acquisition times, and is hence more
uitable than STEM-EELS based approaches when observing a large
mount of bubbles. It is thus a potentially valuable technique to
nvestigate the physical properties of helium bubbles in a statistical

ay.
Here, we describe and validate a method using EFTEM-SI for the

etermination of the helium density in nano-bubbles in silicon.

. Sample preparation

The samples used for this study were implanted with 50 keV
elium ions at a fluence of 7.5·1016 at.cm−2. The implantations were
erformed on mono-crystalline p-type Si wafers. The samples were
hen annealed at temperatures of 500 or 700 ◦C, chosen for their
nown results in terms of microstructure, and expected different
haracteristics of the helium bubbles (size, morphology, He density,
ressure) (David et al., 2011).

After implantation and annealing, the Si wafers were mechani-
ally cleaved, wire-sawed and glued face-to-face, in order to obtain
ross-sections of the implanted material. The samples were then
hinned by diamond disk polishing down to 10 �m in thickness.
inally, they were made electron-transparent via PIPS ion polish-
ng down to 60 nm in thickness or less. The parameters for this step,
.5 keV ion energy and ±8◦ angle, were chosen to avoid sample
amage.

The microstructure of the studied samples is shown in Fig. 1. The
hosen implantation and annealing conditions lead in both cases to

 dense system of bubbles. The bubbles are situated in a wide band,
ocated between 200 and 400 nm from the sample surface. They
an be classified in two groups: small bubbles making up the major
art of the band, and large bubbles forming a line at its deepest
dge. The different annealing temperatures yield different sizes and
ensities of bubbles, with greater diameters and fewer bubbles for

he 700 ◦C samples than for the 500 ◦C samples. More specifically,
fter the 500 ◦C annealing, small bubbles are typically below 5 nm in
iameter, while the larger ones exhibit a mean diameter of 10 nm.

n 700 ◦C annealed samples, the bubble diameter is higher, typically
Fig. 1. Zero loss EFTEM images of Si samples implanted with 50 keV, 7.5 × 1016 cm−2

helium ions and annealed at (a) 500 ◦C and (b) 700 ◦C, filtered over the elastic peak
with a 1 eV slit.

up to 10 nm for the smallest ones, while the largest ones can reach
20 nm in diameter. In this study we  will mainly focus on bubbles
exhibiting a diameter of 10 nm or more.

3. EFTEM helium density determination

3.1. Data acquisition

The microscope used for this study is a JEOL 2200FS with FEG
operated at 200 keV, equipped with an in-column � filter and a
Gatan Ultrascan 2048 × 2048 pixel CCD camera. Prior to data acqui-
sition, the sample is oriented to minimize diffraction contrast in
the observed area and an objective aperture is inserted giving a

collection semi-angle for the spectrometer of 5.65 mrad. A nominal
100k× magnification, resulting in a final 200 nm × 200 nm field of
view on the CCD, was  chosen here in order to observe ten or more
of the large bubbles simultaneously. Since helium densities are to
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elastic peak, approximately. This reduces overall acquisition time,
while increasing the signal to noise ratio on the He K-edge but also
on the Si plasmon that might impact the deconvolution step of the
analysis. A typical acquisition lasts 15 min.
ig. 2. EFTEM images acquired over (a) the Si plasmon and (b) the He K-edge, show-
ng respectively the bubbles and which ones contain helium. (b) Shows that the
ubble on the right of the central group marked by an arrow is empty.

e measured for individual bubbles, a requirement when picking
bservable areas is that bubble superposition has to be as limited
s possible. Ideally, no superposition at all would be perfect, but
n practice superposition at the edges is acceptable, on the condi-
ion that the central area of each bubble does not overlap with any
art of another. In addition, one has to ensure that the chosen area

ncludes mainly filled bubbles. During TEM sample preparation,
ome bubbles can be cut and emptied before observation, while still
etaining their appearance in conventional TEM. Helium chemical
apping by EFTEM can be performed prior to datacube acquisition,

o determine if an area with low superposition contains a major-
ty of helium-filled bubbles. Fig. 2 shows images filtered on the Si
lasmon and on the He-K edge of the area highlighted in Fig. 1a.
s seen, five cavities are clearly evidenced either using underfocus
onditions (Fig. 1a) or using the Si plasmon (Fig. 2a) but only four
f them contain helium (Fig. 2b).

In the end, sample thickness is the parameter that determines
he observability of an area: the probability of superposed bub-
les increases with sample thickness, but the probability of empty
nes decreases with it. We  found that the ideal sample thickness is
round twice the diameter of the largest bubbles, i.e. about 40 nm.

The 2200FS microscope accepts a minimal 0.2 eV step between
cceleration energies for EFTEM, which on the spectra is equivalent
o an 0.2 eV/channel dispersion. This is used to obtain the maximum
mount of points when fitting the signal. The energy-selection slit
as a lower limit of 0.5 eV, which will, for a perfect slit, integrate
he post-filter signal with a boxcar function 0.5 eV wide, at each of
he 0.2 eV steps. The smallest width is ideal to limit the convolu-
ion effects, and thus improve the resolution of the signal, however
articles/dust and the wear effect of the electron beam on the slit

tself over time create band-like artifacts across the image when
erforming EFTEM. Fig. 3 shows an example of stripes clearly visi-
le around the elastic peak, while they are not observed around the
i plasmon for instance. This effect is detrimental to image quality
n general, and can affect further processing (see Section 3.2.1) as it
s not constant across the energy range. Cleaning or even changing
he slit can reduce or remove the stripes. But one can try moving
he stripes out of the observed area just by moving the slit slightly

nd changing the filter excitation. If the effect is still present, the
emaining solution is to increase the slit width, thus decreasing
he stripe contrast. This has the negative effect of increasing the
esulting convolution width, but on the other hand improves the
Fig. 3. (a) Stripes visible near the elastic peak with a 0.5 eV slit. (b) Absence of stripes
on the Si plasmon with the same slit width.

signal/noise ratio. The results shown in this paper were obtained
with a 1.0 eV slit, and 0.2 eV steps between each energy plane.
However, upon further analysis, results obtained using 0.4 eV steps
and an otherwise identical method, differed from 0.2 eV step results
by less than the standard deviation of the measurements, thus
demonstrating that the smallest 0.2 eV steps are not mandatory
for accuracy. Increasing step sizes could also potentially help limit
some of the issues described further.

For signal processing purpose, datacubes are acquired between
−3 and 32 eV, encompassing the elastic peak and the expected
Helium K-edge. During acquisition, the average intensity in the
images will thus change drastically between elastic and inelastic
parts of the spectrum. The spectrum in Fig. 4 depicts this varia-
tion, with an intensity ratio between the elastic peak and the Si
plasmon of more than 20. Saturation or even damage must be pre-
vented on the CCD camera, which is why  the exposure must be
tuned in relation to the maximum intensity. If the entire stack of
energy filtered images is acquired with the same exposure time for
every image, then the intensity of the elastic peak will lead to a
poor signal/noise ratio even in the Si plasmon section. It is there-
fore necessary to change the exposure time during acquisition. The
method used here simply divides the datacube in two, with a short
(typically 0.5 s) exposure time for the elastic peak section and a
longer one (generally ×10) for the Si plasmon and He K-edge sec-
tion. The boundary between the two is usually set to 10 eV from the
Fig. 4. Example averaged spectra from a full bubble, obtained via EFTEM-SI and
STEM-EELS, and magnified (×20) to show the Si plasmon (17 eV) and He  K-edge
(22–24 eV).
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ig. 5. Normalized cumulative histogram of energy drift and the erf(x) fit used to
etermine the parameters of the distribution.

Another important issue is spatial drift: the entire observed
rea can transit out of our 200 nm × 200 nm field of view during
n acquisition. In a datacube, this means that each energy-filtered
mage is slightly spatially shifted relative to its neighbours. This
ranslates to each spectrum being a blend of spectra from different
oints in space. This drift, due to its extent, prevents the study of
ubbles whose diameters are 20 nm or less. Here, drift was limited
y first respecting a waiting/stabilization period before each acqui-
ition. However most of the time, additional manual compensation
ia piezo-electric movement has proven necessary during datacube
cquisition. This manual compensation has to be restricted to the
apses of time during which the CCD is not acquiring an image (the
ser cannot see the sample moving). This procedure also limits data

oss at the edges of the datacubes, thus maintaining a wide spatial
rea available for the analysis.

Besides the spatial drift, energy drift comes into play during
cquisition. Observations show, in accordance with manufacturer
pecifications, that the mean energy of the elastically scattered
lectrons does vary at a pace that interferes with EFTEM as
erformed for this work. This means that the energy between con-
ecutive planes is not constant over time and that an error or
eviation has to be determined from energy-drift measurements.

Determining this deviation was done by repeatedly acquiring
atacubes over the elastic peak only. In order to obtain a high
nough sampling rate compared to the actual acquisition dura-
ion, acquisitions were made at a rate of one every minute and a
alf over periods of about 20 min. The datacubes ranged approxi-
ately from −3 to +3 eV around the initial position of the elastic

eak. The acquisition conditions were otherwise the same as for
ull datacubes, out of sample, for clarity. This experiment was per-
ormed at different times of day, over a period of a few weeks, on a

icroscope whose tension was kept at 200 keV throughout. Spectra
ere extracted, fitted and relative energy drifts were determined.
ssuming a Gaussian distribution of the relative energy drifts, the
umulative histogram was fitted with the error function, see Fig. 5,
o determine the parameters of the distribution: mean energy drift
nd its standard deviation per periods of 90 s. Knowing the expo-
ure time, by successive convolution the correction and error can

e obtained between any two points on the energy-loss axis. Since
his error and deviation increase with time, to improve the accu-
acy of the measurements the bulk Si plasmon has been chosen as
he reference point, as it is the closest fixed feature to the helium
7 (2015) 57–65

K-edge on the spectra. Its position is measured for each individual
datacube in an area empty of bubbles. The resulting energy drift
error is the outcome of the successive convolutions of the energy
drift distribution. The larger the energy between the reference and
the He-K edge, the more convolutions will be needed and thus the
larger the error. In this study, an experimental error of ±0.07 eV
will be systematically used. This value has been calculated for a
24 eV He-K edge position, the highest energy position observed
here. In addition, the correction for the measured mean variation
(−0.0189 eV/90 s) will be performed for each datacube.

3.2. Data processing

Raw EFTEM datacubes require processing in order to extract the
position of the He K-edge.

3.2.1. Realignment procedure
Two effects need to be corrected: spatial drift and non

iso-chromaticity (NIC) (Schaffer et al., 2006). As mentioned in Sec-
tion 3.1, spatial drift can be mitigated but not entirely cancelled.
An additional step must therefore be taken to realign the slices as
well as possible. NIC is related to the energy filter. When acquir-
ing a filtered image, the energy of the electrons is not the same at
every point of the CCD camera, and when acquiring a series of fil-
tered images to obtain a datacube, the resulting spectra are shifted
on the energy axis relative to one another. This might be corrected
by fitting the elastic peak and shifting each spectra to match the
others. While NIC and spatial drift can be corrected in a straight-
forward manner independently, their combination warps the ideal
datacube in space and energy simultaneously. This requires a com-
bined correction of those effects.

This procedure, largely inspired by (Schaffer et al., 2006), was
coded in-house in order to adapt it as best as possible to our sam-
ples. The digital micrograph routine is available on demand (Note1).
It consists of three steps to combine NIC and drift correction: first
drift detection and NIC determination, then application of the spa-
tial correction to both the original datacube and the NIC, and finally
the energy correction of the spatially-corrected datacube with the
spatially-corrected NIC, see Fig. 6.

The NIC map  is determined by measuring the energy position of
a known feature of the spectra at each spatial point of a datacube.
Here, the elastic peak is used as such a feature. Once this first map
is obtained, it is fitted with a third-order 2D polynomial to remove
the noise, and this fit is used as the actual NIC map.

Before the drift detection takes place, a median and a Fourier
filter are applied to the images. The purpose of the median filter
(3 × 3 pixel size) is to remove the high intensity spikes from cosmic
rays and some of the noise present on the filtered images. High and
very low frequencies are then filtered, eliminating noise further as
well as slow intensity variations across the image. The parameters
are chosen to help with the next feature-detection step. The result-
ing filtered datacube is only used for drift detection: the original
data are not modified yet.

The most straightforward approach to measuring drift is image
cross correlation. Two  images of a stack are cross-correlated, and
the position of the maximum correlation gives the drift between the
two. This method is most efficient when observing a moving object
whose appearance remains the same for the duration of the obser-
vation. However, in the case of energy-filtered imaging, the images
are bound to change with the energy. Around bubbles specifically,
the contrast is inverted several times over the acquisition (see
Fig. 2). However, while the contrast changes across the sample, its

spatial repartition, linked to the bubbles, does not move indepen-
dently. An adequate and versatile approach is therefore to detect
drift by relying on contour or edge detection: a spatial-derivative
function is applied to the images, and the resulting edges are cross
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scattering signal obtained with a perfect electron gun (i.e. without
energy spread). However, the noise remaining in the signal requires
a reconvolution step, which leads, for the method applied here, to a
single scattering-signal convolved with a Gaussian function (thick
Fig. 6. Procedure used for the realignment of the datacubes, all

orrelated. In the case of bubbles, it is possible to go further with
hape detection. All the bubbles being roughly circular, detecting
he positions of circular objects in the images and correlating those
ositions allows to determine spatial drift. The parameters chosen

n this work for the shape detection are focused on the larger bub-
les, as they show the greatest contrast. The position of maximum
orrelation is theoretically used for the determination of the drift,
s it is the point of best correlation. In practice, smoother results
ere achieved here by using a correlation-weighted average of the
ost correlated of those points, with a threshold set at 90% of the
aximum. The result is a non-integer drift measurement, which

an be more accurate as spatial drift is unlikely to precisely match
ixel dimensions. This drift calculation is performed once for every

mage pair of the datacube, in order to obtain every possible drift
alue without choosing a particular reference frame. The combi-
ation of those correlation and drift values allows us to determine
he drift for each image relative to all the others. If some image
airs have poor correlation, the corresponding values are calculated
rom intermediate image pairs with better correlation, in order to
btain usable drift values. By weighted averaging, the necessary
rift compensation to be applied to the datacube is obtained. The
rocedure used here follows the work reported in Ref. Schaffer et al.
2004).

This method can leave some images uncompensated. Those that
annot be correlated to any others are usually feature-less, either
ecause of a very poor signal/noise ratio in the concerned section
f the spectrum, or inversely because the different components of
he signal compensate one another, such that the filtered image
ppears uniform in intensity. Since there is no contrast that can
e detected, moving the images does not change the result when
xtracting the spectrum, and therefore those images are placed at
ntermediate positions.

Once the compensation is obtained and applied to the original
atacube, the combination step is necessary to adapt the NIC map
o the now shifted images. This is done by creating a NIC datacube,
ithin which the NIC map  is copied and spatially shifted identically

o the corresponding image for each energy plane. A final datacube
s then created, and the drift-compensated points are moved to
heir correct energy planes according to the NIC datacube. Since it
s nearly impossible that the energy shift matches exactly the 0.2 eV
tep between planes, the procedure involves filling the final points
ith Gaussian-weighted averages of the nearest shifted points. This

s done along the energy axis only, and the weighting parameters
re tuned to eliminate holes in the data, and limit residual non-
sochromaticity and excessive spectrum smoothing.

Fig. 4 shows a typical spectrum that can be obtained in a bubble
sing the procedure described above. For comparison, a spectrum
cquired using the STEM-EELS mode (raw data) in the conditions
escribed in Ref. David et al. (2011) is also shown. As seen, despite a
oss of resolution (1.3 eV in EFTEM against 1 eV in STEM-EELS mea-
ured as the full width at half maximum of the elastic peak) and a
ower signal to noise ratio in EFTEM mode compared to what can
e obtained with the same microscope in STEM-EELS mode, our
 for the spatial drift and non-isochromaticity (NIC) corrections.

experimental conditions and datacube realignment procedure pro-
duce a good He K-edge signal.

3.2.2. He peak extraction
Once the datacube has been corrected of experimental errors,

the spectra are processed to eliminate noise, remove plural scat-
tering and finally extract and fit the He K-edge. The steps of this
procedure are shown in Fig. 7, and detailed in the following text.
The IDL routine is available on request (Note1).

The first step to analyse the data is noise reduction. multivariate
statistical analysis (MSA) is often the method of choice for spectral
data analysis (Bonnet et al., 1999; Lucas et al., 2013), since it allows
removal of noise but also extraction of the components of the sig-
nal that pertain to the composition of the sample. Unfortunately,
noise reduction requires arbitrarily leaving only a reduced num-
ber of components to rebuild the dataset: while on a small dataset
containing a single bubble this works well, on multiple bubbles
there is a risk of smoothing the differences between them, since
there is no spatial discrimination. The decision was therefore made
to use a median filter on the filtered images, which combines the
advantages of faster processing and reduced global averaging of the
features of the signal, if a small enough pixel area is used for the
filter. The signal obtained after this step is shown as a red curve in
Fig. 7.

Multiple scattering is a common issue when dealing with spec-
tra, even in relatively thin (≤100 nm)  samples. This is corrected
by the Fourier Log method (Egerton, 2011), which, in the case
of a perfectly noise-free signal, would result in the actual single-
Fig. 7. Single spectrum extracted from a single full bubble (Si sample annealed at
500 ◦C), and the results from the successive He K-edge extraction steps. (For inter-
pretation of the references to color in the text, the reader is referred to the web
version of the article.)
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Fig. 8. Helium density measured using the integrated intensity method as a function
of  the helium density from the blue-shift method for ten bubbles of the Si sample
2 K. Alix et al. / Mi

lack curve in Fig. 7). Its width is tuned to erase visible artifacts
ithout flattening the signal excessively, which would red-shift

he He K-edge.
In order to remove background signals, four features have to

e fitted and substracted: the elastic peak, the bulk Si plasmon,
he Si/SiO2 interface plasmon, and the cavity plasmon. The cavity
lasmon is fitted with a Gaussian function, while all the others are
tted with pseudo-Voigt functions which matched the signal bet-
er on our data. The elastic peak fit parameters (position, ratio and
idths) are determined by an average of all the spectra in a dat-

cube, while the amplitude is fitted spectrum by spectrum. It is
tted first, independently from the others. Afterward, the bulk Si
lasmon and Si/SiO2 interface plasmon are fitted in a similar fash-

on, except the average spectrum is extracted from a bubble-free
rea to eliminate artefacts introduced by the cavity plasmon. Once
his first dual-plasmon fit is done, it is used as a base fit for all three
lasmons, again spectrum by spectrum. Fitting two pseudo-Voigt
unctions and a Gaussian function simultaneously, i.e. 13 variables
otal, was initially attempted but rarely converged properly, which
s why a fitting loop had to be implemented to override the auto-

atic procedures along with the base-fit step. The fitting windows
re tuned to limit negative intensities ahead of the He K-edge upon
ubstraction of the ZLP and plasmons, specifically the Si plasmon
t window has to remain clear of the expected He K-edge. Here,

 [10:19] eV window was used. The signal fit is shown as a black
ashed curve in Fig. 7. Finally, in this work, a residual signal can
e found across the entire datacube after substraction of the fits,
ituated close enough to the He K-edge to interfere with its mea-
ured position. This is assumed to be the combination of carbon
ontamination, SiO2 plasmon and the remains of improperly fit-
ed plasmons. It is removed by substracting an average sampled at

ultiple points where no bubbles are present, from all the spec-
ra in the datacube. Finally, the extracted He K-edge (blue curve in
ig. 7) is fitted with a Gaussian to determine its position, taking as

 reference the average position of the fitted Si plasmon. As seen in
ig. 7, dashed dot curve, the signal resulting from this procedure is
early zero outside of the bubbles, as expected. This confirms the
eliability of our He-K edge extraction procedure.

. Helium density maps

Helium density nHe can be determined using the integrated
ntensity of the He K-edge (McGibbon, 1991; Walsh et al., 2000):

He = IHe

IZL

1
�Heh

(1)

here IZL and IHe are the integrated intensities of the elastic peak
nd the He K-edge (over 3 eV) respectively, �He is the cross-section
or the 1s → 2p excitation integrated over the collection angle and

 is the thickness of the cavity crossed by the electron beam.
n previous STEM-EELS experiments h bas been estimated as the
omplement to the local thickness measurements of the matrix
Taverna et al., 2008; David et al., 2011; Schierholz et al., 2015) or
y measuring the bubble diameter on the high angle annular dark
eld image from intensity profiles if bubbles can be assumed to be
pherical (Walsh et al., 2000; Frechard et al., 2009). With our set-
p, in the case of EFTEM measurements, it is difficult to record the
nergy loss over a sufficient energy range with a good signal/noise
atio to ensure a correct determination of the local thickness. More-
ver, bubbles are not always spherical as it is clearly the case for
he 500 ◦C annealed sample investigated in this study (see Fig. 1).
herefore, h cannot be determined with a sufficient accuracy and

e had to use an alternative method.

Helium density can also be estimated using the blue shift of the
elium K-edge (Rife et al., 1981; Lucas et al., 1983; David et al.,
011). The high density of helium contained in the bubbles tends
annealed at 700 ◦C (see Fig. 1b). The red line shows the exact match between the
two methods. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of the article.)

to alter the electronic states energies by Pauli repulsion, leading to
a shift in the corresponding EELS edges, which can be linked back
to the density:

nHe = �E

C
(2)

where �E  = E − E0 is the helium K-edge shift as compared to its
position for the free atom. In principle, this method provides a
more direct determination of the helium density providing the con-
stant of proportionality C is known with sufficient accuracy. In this
study we  use the value C = 0.015 at.nm−3 that we  have determined
in previous experiments for similar samples (David et al., 2011).
Moreover, the position, E, of the helium K-edge is determined at
the maximum of the extracted signal and the position for the free
atom, E0 is taken at 21.5 eV. This value is the smallest value we  have
determined from measurements in a bubble during in situ anneal-
ing experiments (Note2). This approach is slightly different from
that which was previously applied in the literature, where a value
Eabs

0 = 21.218 eV (Kuhn, 1962) was  systematically used. The latter is
however only valid for a pure atomic absorption process, while the
physical quantity measured by EELS is Im[− 1/�]. In liquid helium,
a red shift is observed between the maximum of the absorption
part �2 of the dielectric function and the corresponding Im[− 1/�]
(Lucas et al., 1983; Taverna, 2005; Surko et al., 1969). Using Eabs

0
could thus lead to an over estimation of the helium density. Calcu-
lations are currently being performed to confirm a shift for higher
helium density. Another issue is the systematic blue shift of the He
K-edge coming from the instrumental energy resolution. This can
be compensated by subtracting two values (E and E0) measured
using the same method.

Fig. 8 compares the helium density determined in ten of the
bubbles of the sample annealed at 700 ◦C using both the integrated
intensity and the blue-shift methods. These bubbles were chosen
for their spherical aspects to ensure a correct determination of the
thickness, h, crossed by the electron beam using the measurement
of the bubble diameter. Bubbles in bright field conditions have to
be imaged using either under or over focus conditions. An accu-
rate determination of the bubble diameter being hardly feasible
due to Fresnel finges, we have chosen to determine the bubble
diameter by plotting intensity profiles from the image of the elec-

tronic density (image extracted from the datacube, filtered on the
Si plasmon). As seen, both methods lead to very similar results, con-
firming the accuracy of our C value. Moreover, it is worth noticing
that recently published experiments (Schierholz et al., 2015) are
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ig. 9. Helium density map  (d) obtained at room temperature for a sample anne
lasmon (b) and He K-edge (c). (e) Shows two  density profiles taken across the bub

n good agreement with this value. In addition, the points are well
ispersed on both side of the diagonale (red line), indicating there

s no systematic error.
The errors from the energy drift, and from the analysis itself are

valuated to a global 0.15 eV error on the measured He K-edge shift
alues. Each shift measurement is an average made at the center
f each bubble over several pixels, leading to a standard deviation
f 0.05 eV maximum in the data presented here. The global error is
hus found to be 0.2 eV. Thus, the relative error amounts to 10% for a

 eV shift and increases as the shift decreases. Therefore, as helium
ensity decreases, measuring it accurately becomes more difficult.
his is amplified by the difficulty of fitting the He K-edge when the
elium density is small, since the intensity of the He K-edge is small
s well, reducing the signal to noise ratio.

Fig. 9 shows energy-filtered images and helium density maps
orresponding to the sample annealed at 700 ◦C previously shown
n Fig. 1. As seen in Fig. 9a and b, the cavity and Si plasmon images
llow clear localization of the bubbles, while the helium chemical

ap  shows that most bubbles contain helium (Fig. 9c). Moreover,

ig. 9d shows that the density of all the large bubbles can be
etermined, as their localization and the presence of helium on the
elium density map  match the other images. In this sample, it has
t 700 ◦C, and corresponding energy-filtered images for the cavity plasmon (a), Si
arked on (d).

even been possible to partially determine the helium density in
small bubbles as well. However, as could be expected, the smallest
among those do not have enough pixels for statistically mean-
ingful measurements. Note also that we have performed several
successive measurements on the same area (and repeated the
operation on other areas), and we  have not observed any helium
detrapping driven by the electron beam, contrary to STEM-EELS
measurements. This shows that it is possible to determine with
one datacube the helium density over a large number of bubbles
at a time in a non destructive way.

As seen in Fig. 9d, the helium density is remarkably homo-
geneous across bubbles of similar diameter. The bubbles with
diameters in the 20 nm size range (Fig. 9d) exhibit an helium den-
sity of 106 ± 15 at.nm−3. This value is in close agreement with
those determined in similar samples using a STEM-EELS approach
(David et al., 2011, 2014). In bubbles of 10 nm or less, the helium
density is smaller at 80 ± 15 at.nm−3, which might seem in contra-
diction to usual findings. This bimodal distribution is probably due

to the 700 ◦C thermal annealing, which allows equilibration of the
helium contents among both populations of bubbles and/or helium
desorption in the densest bubbles. Annealing at lower tempera-
tures does not lead to a similar state. In fact, density measurements
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ig. 10. Helium density map  (b) obtained at room temperature for a Si sample
nnealed at 500 ◦C, and corresponding Si plasmon filtered image (a).

or the 500 ◦C annealed sample revealed largely inhomogeneous
alues (Fig. 10) for the largest bubbles, ranging from 100 ±
5 at.nm−3 to 190 ± 15 at.nm−3. We  clearly observe two different
teps in the evolution of a condensed bubble layer under thermal
nnealing.

The density profiles in Fig. 9e also show that the measured
elium density decreases in the vicinity of the bubble edges. This
ffect might be due to surface effects as reported in Ref. Taverna
t al. (2008). Further investigations are needed to better understand
his and to identify a way of correcting it.

. Conclusion

We  have developed a procedure allowing for the statistical
etermination of helium density in nanometer sized bubbles in sil-

con using energy-filtered transmission electron microscopy. Using
his method for samples obtained by ion implantation and thermal
nnealing, the helium density in bubbles with sizes in the range
0–20 nm has been successfully measured in a non-destructive
ay. The accuracy of the density measurement is primarily related

o the determination of the helium K-edge energy, which is esti-
ated to be achieved with a 0.2 eV error. Assuming that the

roportionality constant between the K-edge shift and the helium
ensity is robust (David et al., 2011), this is the main error in the
etermination of the helium density in bubbles.

The measurement of helium density in nanometer sized bubbles
as already been achieved in different materials using STEM-EELS
McGibbon, 1991; Walsh et al., 2000; Taverna et al., 2008; Frechard
t al., 2009; David et al., 2011, 2014). Nevertheless, in the case
f silicon, the electron beam was shown to lead to a concurrent
etrapping of helium atoms from the bubbles (David et al., 2011,
014). We  show here that this effect can be suppressed using
FTEM-SI and the procedure described in this work, with a simi-
ar final accuracy. This will allow for successive measurements of
he helium density in a given bubble, for instance in order to deter-

ine evolution mechanisms during in situ progressive annealing
xperiments.

Finally, we note that although the proposed procedure is devel-

ped for silicon, it can be adapted to other materials which might
how similar detrapping in STEM-EELS. This opens the way to a
ersatile method for the complete determination of the state of
elium-filled bubbles, an important step for achieving for a better
7 (2015) 57–65

understanding of irradiated materials in nuclear or microelectron-
ics contexts.
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