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Defocussed TEM contrast from small helium bubbles in copper
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Abstract

The theoretical defocussed contrast of the TEM images of bubbles is computed using simulations based on the two-beam
dynamical theory of electron diffraction. The bubble parameters used are chosen to be typical of the small (~ 2 nm in
diameter) bubbles found in gas-bubble superlattices. Simulated images are calculated for single equilibrium bubbles, for
isolated columns of equilibrium bubbles and for single overpressured bubbles in copper. The calculated images are found to
depend strongly on many parameters: the depth, pressure and radius of bubbles; foil thickness; diffracting vector; excitation
error; defocus level, small deviations from the Bragg angle and number of bubbles included in the column. Representative
examples are presented and comparisons made with experiment. It is concluded that simulations provide a very useful
framework for guiding the broad choice of imaging parameters and provide a basis for the interpretation of the complicated
imaging behavior often encountered in practice. Various methods for measuring bubble radii from TEM micrographs are

assessed. © 1997 Elsevier Science B.V.

1. Introduction
1.1. Gas-bubble superlattice

There have been many experimental studies based on
transmission electron microscopy (TEM) of the small gas
bubbles produced in metals by the ion implantation of inert
gases such as helium. At low temperatures ~ 0.2 T
(where T, is the melting temperature of the metal) the
mobility of vacancies is low and the ordering of bubbles to
form a gas-bubble superlattice is a striking feature. See, for
example, Refs. [1,2]. The superlattice has the same symme-
try as that of the host metal. The bubbles occur at high
concentrations and are of uniform size. Although approxi-
mately spherical, they are frequently faceted. See, for
example, Ref. [3]. Bubble diameters are usually in the
range 1 nm to 2 nm. The lattice constant (a,) for a bubble
superlattice is typically 5 to 8 nm, which is only ~ 20
times the lattice constant of the host metal; the correspond-
ing bubble concentrations are high, ~ 102 m~3,
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Inert gas implantations are accompanied by high rates
of damage in the form of the generation of host intersti-
tial-vacancy pairs. The damage level in the implanted
layer by the end of the helium implantation is estimated to
exceed 10 atomic displacements per atom (dpa). The pres-
sure of gas in the bubble cavity imposes a stress field on
the surrounding matrix. For an overpressured bubble, the
surrounding matrix is in radial compression and tangential
tension, whereas for an empty cavity (a void) the matrix is
in tangential compression and radial tension. An equilib-
rium bubble is one containing gas at a pressure that
precisely balances the surface tension of the metal. In this
case no nett stress is imposed on the matrix beyond the
bubble surface. The bubbles produced at low temperature
are expected to be overpressured and this has been con-
firmed experimentally [4,5]. For a bubble that is overpres-
sured, bubble growth is thought to be by an athermal
process such as dislocation punching {6-10].

The theories of bubble ordering leading to the forma-
tion of the gas-bubble superlattice divide into three classes
according to the relative importance of the following
mechanisms: (i) an elastic interaction between bubbles
[11-13], (ii) the planar diffusion of host interstitial atoms
{14-17] and (iii) an interaction between dislocation loops
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assumed to be punched out from the overpressured bubbles
as they grow [9,18-20]. In their simplest form the disloca-
tion-punching theories are based on the assumption that
there are dislocation loops of diameter comparable to that
of the bubbles retained in the metal ‘wall’ separating
nearest-neighbor bubbles. Johnson et al. (see, for example,
Ref. [1]) have argued that although the presence of discrete
dislocations on this scale is unlikely, nevertheless lobes of
high compression could still be expected to exist in the
matrix between nearest-neighbor bubbles.

1.2. TEM imaging

The TEM imaging of very small bubbles at high con-
centration in the presence of high levels of gas, damage,
dislocations and strain in the matrix poses particular diffi-
culties. The high levels of defects and stress in the im-
planted layer results in the Kikuchi lines being either
completely absent or at least poorly defined. This causes
difficulty in tilting implanted specimens in the microscope
to precise crystallographic orientations. In direct micro-
graphs taken with the electron beam precisely along a
principal zone in the metal, the bubble array is almost
totally obscured by a widespread darkening of the field of
view. (The degree of darkening appears much stronger
than that observed in unimplanted crystals under similar
conditions.) When inspected in detail, this obscuring image
has a granular structure on a very fine scale that is
suggestive of the presence in the implanted layer of small
centers of strain at a concentration comparable with or
higher than the concentration of the bubbles. This raises
the possibility that the field darkening might arise from
small dislocation loops distributed through the bubble ar-
ray.

In previous work it has been found that the field of
view can usually be cleared sufficiently to obtain satisfac-
tory bubble images by tilting the specimen off-zone through
5 to 10° in an arbitrary direction. At this degree of tilt there
are still many diffracted beams contributing to the bubble
images. The bubbles are usually viewed in bright-field
conditions. Usually, a degree of defocus is used to give
bubble images which are dark against a light background.
(The defocus level needed to achieve this has generally
been assumed to correspond to overfocus conditions al-
though, in previous work, this has never been rigorously
tested.) These have become the standard conditions for
imaging ordered bubble arrays. Under these conditions the
bubble images have well-defined edges where the intensity
rapidly rises to the background level and the diameter of
the bubble is simply taken to be equal to the lateral extent
of the image. Some justification for this procedure is
provided by the theoretical analysis of TEM image forma-
tion for cavities by Riihle and Wilkens [21]. However, the
accuracy of measurement of bubble diameters in a practi-
cal case remains uncertain.

Since dislocation loops between bubbles have never

been imaged in TEM studies, it could be argued that such
loops are not present in the bubble array. The alternative
possibility is that, although present in the array, such
dislocations are simply not being imaged in a recognizable
form under the imaging conditions used.

1.3. This work

Much of the research in this area has been stimulated
by an expectation that studies of bubble formation and
bubble ordering will lead to a better understanding of
microstructural development more generally. To clarify the
processes underlying the growth and ordering of bubbles
requires the development of a better theoretical under-
standing of the TEM imaging of small bubbles, especially
in the complicated environment prevailing in the gas-bub-
ble superlattice. This paper reports the results of computer
simulations of bubble images for near two-beam condi-
tions as a contribution towards providing a better theoreti-
cal basis. We concentrate on the imaging of bubbles alone,
and delay reporting on the complications arising from the
possible presence of dislocations, to a later study. Combi-
nations of TEM imaging parameters are investigated which
in previous work have usually been considered only in
isolation, Some representative previous studies [21-28] are
summarized in Table 1. The bubble sizes and spacings
used in the simulations are appropriate for bubbles found
in gas-bubble superlattices.

Computing and modelling limitations mean that simula-
tions are necessarily based on highly simplified models.
Further, there are a large number of adjustable imaging
parameters including the foil thickness, the particular re-
flections excited, the excitation error (a measure of the
degree of specimen tilt) and the amount of image defocus.
An exhaustive investigation of all the possible combina-
tions of imaging parameters that could be encountered in
practice, lies beyond the scope of the present work. Here
we investigate some selected examples in an effort to gain
a better understanding of imaging behavior.

All the simulations are for bubbles in copper. The
particular cases selected for detailed examination are: (i)
the intensity at the center of the image, 1(0), of an
equilibrium bubble as a function of the depth of the bubble
in the foil; (ii) the intensity as a function of radial distance
(i.e., the intensity profile, I( p) vs. p), for the image of an
equilibrium bubble for a range of bubble radii; (iii) the use
of a visibility criterion as a means of determining the
radius of a bubble; (iv) employing ‘through-focal-series’ as
a method of measuring the radius of a bubble; (v) the
‘in-focus’ intensity at the image center, 1(0), for a column
of equilibrium bubbles, containing two or six bubbles, as a
function of the excitation error; (vi) the intensity at the
image center, I(0), for a column of equilibrium bubbles,
containing one, three or six bubbles, as a function of the
degree of defocus (at a constant excitation error); (vii) the
image intensity profile, I(p) vs. p, for a column of
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Table 1
Representative examples of previous work

Author, date

A, 1963 B, 1965 C, 1966 D, 1969 E, 1975 F, 1979 G, 1982 H, 1996
Bubbles
Foil thickness v v v v v
Cavity depth v v v v
Cavity radius v v v v v v v
Cavity pressure v v v v
Cavity stacks v v
TEM
Excitation error v v v Y v v
Defocus level v v v v
Mathematical
Strain included * v v v
Solution H-W DEs N. Int. N. Int. N. Int. N. Int.
Defocus method Fourier Fourier Fourier ®
Bloch waves v Vv
Matrix algebra Y Vv

# If strain is not included then the analysis is restricted to an equilibrium bubble.
® A Fourier method was used to defocus the beam in the |R| > 0 case and numerical integration in the |R| = 0 case, where R is the strain in

the matrix at the bubble surface.
A: Ashby and Brown {22,23].
B: Van Landuyt et al. [24].

C: McIntyre and Brown [25].

D: Ingram [26].

E: Riihle and Wilkens [21].

F: Johnson et al. [27].

G: Foreman et al. [28].

H: This work.

equilibrium bubbles containing one, three or six bubbles,
with the axis of the column in the direction of the incident
electron beam (and so tilted with respect to the matrix);
(viii) the image intensity profile for a bubble with a
non-zero surrounding strain field (i.e., an overpressured
bubble).

2. Electron diffraction theory and the simulation sys-
tem

Two different formulations of the theory of electron
diffraction are used in this paper. An exposition of these
formulations can be found in several sources [21-29] and
so are not repeated here. The first approach ignores the
effects of strain altogether and uses an analytical solution
for the Howie—Whelan differential equations. Numerical
integration is used to defocus the analytical wave function
at the exit surface of the foil.

The second approach includes the effects of a non-zero
displacement field [22]. This necessitates the use of numer-
ical integration to solve the Howie—~Whelan differential
equations. Here we sirulate defocussed images of struc-

tures with non-zero strain fields using an approximate
Fourier series approach instead of the analytical expres-
sions of Riible and Wilkens [21] or the numerical integra-
tion methods of Gruschel et al. [30-32]. This Fourier
series approach has been used previously [28], but on
structures without displacement fields.

The computer simulation and image processing system
has been described previously [3). Subsequent changes
have been the upgrade of the Semper 5 software to Semper
6.3 and the replacement of the Data General MV 4000 by
a Sun Sparcstation 1.

3. The construction of the displacement field

The displacement field surrounding an overpressured
bubble is described by Ingram [26] and by Mindlin and
Cheng [33]. The latter reference gives a displacement field
for various defects, including that of a center of dilatation.
Ingram models the diffraction from a void by using the
displacement field of Mindlin and Cheng with a negative
dilatation.

The simulations here are for a single overpressured
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bubble with no associated dislocation loops. The displace-
ment field around the bubble is taken to be spherically
symmetric.

4. Results and discussion
4.1. General

Because of the large number of possible combinations
of the imaging parameters, a preliminary series of simula-
tions [34] were undertaken to explore the effects on the
calculated bubble image of making broad changes in pa-
rameters such as the foil thickness, the depth of the bubble,
the particular reflections excited, the excitation error and
the amount of image defocus. The exploratory simulations
showed that the image contrast depended strongly on most
parameters. However, to make the detailed investigations
tractable, the simulations were limited to a standard
diffraction vector of g = {200) and changes to the bubble
depth and foil thickness were kept to a minimum.

4.2. Single equilibrium bubble

4.2.1. Defocussed intensity, image center

The analytical solution to the Howie—Whelan differen-
tial equations [29] has been combined with the theory of
Rithle and Wilkens [21] to calculate the defocussed inten-
sity in the image of an equilibrium helium bubble in
copper. The simulation is for a degree of underfocus of
250 nm. (Experimentally, bubble arrays are often first
surveyed in underfocus.) The calculated intensity at the
center of the image as a function of bubble depth, is given
in Fig. 1 for selected values of the excitation error, w. (The
excitation error provides a measure of the degree of tilt of
the specimen away from the angle that satisfies exactly the
Bragg condition.)

The results show that for non-zero excitation errors, the
image intensity depends to some extent on the depth of the
bubble. Whereas for positive tilts the sign of the bubble
contrast remains constant with depth, for the small nega-
tive tilt investigated (w = —1.0), at some depths the con-
trast is reversed. As w is increased beyond 0.3, the mean
relative intensity and the variation in relative intensity with
bubble depth both decrease. For the highest tilt investi-
gated, w= 15.0, apart from small amplitude oscillations
the relative intensity is essentially constant at 1.5 indepen-
dent of the bubble depth.

4.2.2. Overfocus, radial intensity profiles

The same mathematical approach has been used to
calculate intensity profiles across the image of a bubble.
The intensities (normalized to the background- intensity
outside the bubble image) are calculated as a function of
p, a dimensionless variable equal to the distance from the
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Fig. 1. Calculated intensity /(0) (normalized to the background
intensity) at the center of the projected image of an equilibrium
bubble as a function of bubble depth, for selected values of
specimen tilt as measured by the excitation error w. Bubble
depths are in units of the extinction distance, §g. The simulations
are for a bubble radius of 1 nm in a copper foil of thickness
t =1.750¢,, with imaging parameters: underfocus = 250 nm, g =
[200] and E =100 keV.

center of the image normalized to the bubble radius. The
results, presented in Fig. 2 for zero tilt (w =0) and two
values of overfocus, show that as the size of a bubble
increases, the intensity in the central region of the image
becomes increasingly different from the background inten-
sity. Although all the profiles extend with non-zero con-
trast beyond the ideal cut-off value of p=1, for larger
bubbles at least, the contrast beyond the bubble perimeter
is small compared with that for p <1, and tends to be
oscillatory.

It is interesting that under these conditions there is no
meaningful contrast for very smail bubbles (bubbles with
radii ~ 0.5 nm or less). For radii ~ 1 nm, and larger,
better estimates of bubble radius could be made with an
overfocus of 400 nm than with 800 nm. If the bubble edge
is taken at the position (corresponding to the smallest
radius) where the intensity has risen to within say 90% of
the background intensity, the error in determining the
radius of a bubble from measurements on the bubble
image is estimated to be ~ 20% for a bubble of radius 1
nm. The error decreases with increasing bubble radius,
falling to ~ 5% for a bubble of radius 1.5 nm.

4.2.3. Bubble radius, visibility criterion

When viewing a bubble image in a TEM micrograph
by eye, the edge of the image seems well defined. The eye
is sensitive to the differences in intensity between the
bubble image and background, and to sharp changes in the
intensity. Riihle: and Wilkens [21] took both the intensity
difference and the slope of the intensity profile into ac-
count in simulated measurements of the bubble radius.
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Fig. 2. Calculated intensity I( p) as a function of radial position in
the projected image of an equilibrium bubble at depth=17/2
where ¢ is the foil thickness. The radial parameter, p, is the radial
distance normalized to the bubble radius r. (Note the suppressed
zero on the vertical scale). The simulations are for overfocus = 400
nm (a) and = 800 nm (b), with w =0, g =[200], r = 1.675¢, and
E =100 keV.

This was done by means of a visibility modulus, V, of the
form

Va

dl
[1(r)~1(0)];|,

where I(r) is the local image intensity, (0) is the back-
ground intensity and r is the distance from the center of
the image. The radial distance, p, corresponding to the
bubble radius, is the radial distance at which V first has a
local maximum when traversing the intensity profile in the
direction of increasing radius, starting at the center of the
projected image.

Here, this visibility criterion is used to determine p as a
function of bubble radius for the image of an equilibrium
bubble. The range of bubble sizes covered (radii from 0.5
nm to 1.5 nm) corresponds to the range found in gas-bub-
ble superlattices. Data have been drawn from a large set of
profiles of the type represented in Fig. 2(a). The results are
shown in Fig. 3. The p values depart significantly from
the ideal value of p:=1 except at small values of the
bubble radius. It is interesting that a visibility modulus of

the above mathematical form gives rise to discontinuities
at particular bubble radii. The simulation results suggest
that the radius found using this visibility criterion (if
applied uncritically) could be in error by over 60% under
these imaging conditions. As discussed in Section 5, in
practical cases the potential error is expected to be much
less.

4.2.4. Bubble diameter, through-focal series

In an effort to reduce the uncertainties associated with
other methods, an investigation has been made using ex-
perimental through-focal series as a method of determining
bubble diameters. A through-focal series of projected TEM
images of a particular bubble found in helium implanted
copper was taken with the following imaging parameters:
the electron beam directed down B =[011] in the matrix,
g =[200], w=0.0 and electron energy = 120 keV. The
experimental TEM images were collected and stored in
digital form. (The position of zero defocus was reckoned
to be uncertain by + 200 nm.) The ‘extract’ command of
the Semper image processing software allows profiles to
be obtained at different angles across the digitized image
(in the image plane). To minimize the effects of noise, the
following procedure was adopted. The bubble image was
highly magnified so that it was many pixels in lateral
extent. Twenty or more separate parallel line scans were
taken through the digitized image with each new line scan
being displaced laterally by one pixel relative to the previ-
ous scan. The final profile was taken as an average over
these line scans. Even so the final profile still contained
discontinuities resulting from noise and these were suffi-
cient to frustrate attempts to measure the bubble diameter
using the criterion based on the slope of the intensity
profile. For this reason the image diameter was taken to be
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Fig. 3. Calculated radial distance, p, of the maximum in the
visibility modulus, V, as a function of bubble radius over the
range 0.5 nm to 1.5 nm, for the projected image of an equilibrium
bubble at depth = ¢/2 where ¢ is the foil thickness. As in Fig.
2(a), the simulation is for overfocus = 400 nm, w.=Q, g =[200},
t=1.675¢, and E=100 keV.
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the diameter of the first (i.e., smallest diameter) Fresnel
fringe in the image.

For comparison with the experimental profiles, simu-
lated profiles were calculated for bubbles of different sizes
at the various values of defocus used experimentally. The
foil thickness and the bubble depth in the simulations were
1.675¢, and 1.675¢,/2, respectively. The diameter of the
actual bubble was then determined by comparing the ex-
perimental profiles with the simulated profiles. The best fit
with experiment was obtained for simulations based on a
bubble diameter of (2.5 4+ 0.1) nm. The results for these
simulations are shown in Fig. 4. No detailed study has
been made of the effects of varying the bubble depth or the
foil thickness in the simulations.

4.3. Column of equilibrium bubbles

4.3.1. In-focus, central intensity vs. tilt

The gas-bubble superlattice in copper typically com-
prises small (~ 1 nm radius) helium bubbles arranged on a
superlattice of lattice constant ~7 nm. When viewed
along a principal crystallographic direction, the bubbles
can be regarded as being arranged in columnar stacks with
the column axes along the viewing direction. In the case of
the [011] direction ({011) are the close-packed directions
in an fcc lattice), the bubbles in a given column will be
separated by approximately 5 nm. Here, we investigate the
imaging of such stacks by calculating the projected images
for a single column of equilibrium bubbles of bubble
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Fig. 4. The experimentally determined diameter of the first Fres-
nel fringe, as a function of the degree of defocus, for the projected
TEM image of a particular bubble found in helium implanted
copper. The parameters used in the microscope examination were
B =[011), g =[200), w =0 and E = 120 keV. Simulated intensity
profiles, I( p) vs. p, were calculated for different bubble sizes and
different values of defocus (for a foil thickness of ¢ = 1.675§, and
a bubble depth = 7 /2). A comparison of these theoretical profiles
with the experimental profiles found in through-focal series, al-
lowed an estimate to be made of the diameter of the bubble. The
best match was obtained for a bubble diameter of 2.5 nm. The
results of the simulations for this bubble diameter are shown in
the figure (+).

radius 1 nm, and inter-bubble spacing 5 nm along the [011]
column axis.

Patterns of projected bubble images in bright field
micrographs taken with the electron beam directed down
[011] in (011) grains, show that the lateral ordering of the
helium gas-bubble superlattice in copper seldom extends
over a region greater than a square area corresponding to
about six gas bubbles per side. The ordering along the
[011] normal to the grain surface is thought to be similarly
limited in extent and so in the simulations the maximum
number of bubbles included in the column has been re-
stricted to six. (The nature of the ordering of bubbles in a
plane oblique to the surface has been investigated in a
recent experimental study [35]) To space the bubbles
regularly, the foil thickness in a simulation must be in-
creased as the number of bubbles is increased. A column
of six bubbles spaced at 5 nm in copper gives a foil
thickness of about one extinction distance, only. The simu-
lations relate then to the experimental situation in which a
bubble column is located near the thin edge of the foil.

Micrographs of superlattices are usually taken with the
beam tilted away from two-beam conditions to remove
obscuring strain images. The ‘in-focus’ intensity at the
center of the image, /(0), has been calculated as a function
of specimen tilt (as measured by the excitation error w) for
columns containing from one to six bubbles. To make the
simulations tractable, the column axis has been allowed to
move relative to the matrix during the tilt so as to always
keep the column axis parallel to the incident electron
beam. The results for columns of two and six bubbles are
shown in Fig. 5(a), (b), respectively. Such curves are
known as bright field rocking curves. The curves exhibit
large dips in the intensity (around w= —7 and w= +7)
of a magnitude roughly proportional to the number of
bubbles. Johnson et al. [27] attributed the origin of these
dips to transmitted electrons which are multiply diffracted,
so as to be out of phase with the electrons that are directly
transmitted. The resulting cancellation leads to the dips in
intensity.

4.3.2. Central intensity vs. defocus

Experimentally it has been found that with the superlat-
tice tilted away from two-beam conditions, there are de-
grees of overfocus where the bubbles appear dark against a
light background and degrees of underfocus where the
bubbles appear white against a dark background. This is
the expected imaging behavior. However, there are also
degrees of defocus where the imaging is less clearly
defined. To clarify the imaging behavior, the intensity /(0)
at the center of the image of a bubble column has been
calculated as a function of defocus and the number of
bubbles in the column, for the particular excitation error
w=15.

The results, given in Fig. 6, show that the defocus
curves have broad minima in overfocus (defocus values of
200 nm to 300 nm), and broad maxima in underfocus
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Fig. 5. Calculated ‘in-focus’ intensity H0) at the center of the
projected image of a column of regularly spaced, 1 nm radius,
equilibrinm bubbles, as a function of specimen tilt measured in
terms of the excitation error, w. The simulation is for near
two-beam conditions with g =[200]. Curve (2) is for a column of
two bubbles and (b) is for six bubbles. (Such curves are referred
to as bright-field rocking curves.)

(defocus values of —100 nm to —400 nm). This behavior
is consistent with the experimental observations. The pro-
files also show that there are values of overfocus where the
intensity in the center of the image of the column exhibits
reverse contrast (i.e., the transmitted intensity is above

Relative Transmitted Intensity

Pl s

" -
-1000 -500 o 500 1000

underfocus overfocus

Defocus (nm)

Fig. 6. Calculated intensity I(0) at the center of the projected
image of a column of regularly spaced, 1 nm radius, equilibrium
bubbles, as a function of the degree of defocus. The simulation is
for near two-beam conditicas with g =[200] and w = 15.0. Curves
are given for a single bubtle and columns of 3 and 6 bubbles. The
region around zero defocus has been omitted because of the rapid
fluctuations in calculated intensity in this region. (Experimentally,
this region is avoided because there is little bubble contrast for
small values of defocus.)

background in overfocus). This is the case, for example,
for overfocus values of around 150 nm. Similarly, in
underfocus the image of the column can exhibit reverse
contrast and appear dark (for example, at values of defocus
less than — 400 nm).

4.3.3. Overfocus, radial intensity profile vs. No. of bubbles

Simulations have been performed for a column of
bubbles, to investigate the dependence of the radial inten-
sity profile on the number of bubbles in the stack. The
results of the previous section indicate that for the imaging
conditions used there, a minimum in the central intensity
I(0) occurs for an overfocus of 200 nm. Further, as can be
seen from Fig. 6, for a bubble column containing more
than one bubble an overfocus of 200 nm is still sufficiently
close to the minimum that the central intensity 7(0) re-
mains appreciably less than unity. For these reasons an
overfocus of 200 nm is used in the present simulations.
The other imaging parameters are set to the same values as
those used in the calculations summarized in Fig. 6. The
calculated radial profiles for one, three and six bubbles are
shown in Fig. 7. ~

The curve for one bubble has a large central minimum
in the intensity followed by smaller oscillations as p
increases. This predicted behavior is plausible when com-
pared with experiment. For more than one bubble in the
column, the intensity profiles exhibit pronounced oscilla-
tions in intensity near and beyond the perimeter of the
projection of the bubble column on the image plane. The
peaks and the dips in the profiles occur in similar positions
for differing numbers of bubbles in the stack. However,
the amplitudes of the oscillations increase as the number of
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Fig. 7. Calculated intensity I( p) in the projected image of a
column of regularly spaced equilibrium bubbles, as a function of
radial position. The radial parameter, p, is the radial distance
normalized to the bubble radius, r. The simulation is for g =[200],
w=15.0 and overfocus =200 nm. (An overfocus of 200 nm
corresponds to the minimum in the intensity at the center of the
image for a single bubble and is close to the overfocus required to
give an intensity minimum for columns involving more than one
bubble — see Fig. 6.) Curves are given for a single bubble and
columns of three and six bubbles.
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bubbles in the stack increases. Similar dependencies were
found in simulations performed both for other defocus
levels and for w = 0. Experimentally, large oscillations of
this type have not been identified and it could be tempting
to interpret this as demonstrating that the ordering along
the direction of the electron beam must be limited to at
most a few bubbles only. However, as discussed further in
Section 5, the differences between the practical case and
the idealized model used in the simulations means that
drawing such a conclusion could be misleading.

4.4. Single overpressured bubble

The bubble overpressure is the amount by which the
pressure inside the bubble exceeds the equilibrium pres-
sure. An overpressured bubble sets up a strain field in the
surrounding matrix and so has imaging characteristics
different from those of a bubble at equilibrium pressure.
This non-zero strain field necessitates the use of numerical
integration to solve the Howie—Whelan differential equa-
tions. The question arises as to what degree of bubble
overpressure should be used in the simulations, given that
the overpressure needed for bubble growth by dislocation
punching is not known for a bubble in the environment of
a gas-bubble superlattice. There are two major sources of
uncertainty. (i) The overpressure required for dislocation
punching is' expected to be directly proportional to the
shear modulus of the metal — the microscopic (as op-
posed to the macroscopic) shear modulus is simply not
known (although bounds can be placed on it). (ii) Equally,
the effects of backpressure, from the presence of neighbor-
ing bubbles, on bubble growth by dislocation punching are
not known at a detailed level although Dubinko et al. [18]
have done some modelling of this situation for ordered
arrays.

Cochrane and Goodhew [36] investigated the TEM
contrast of an isolated bubble as a function of bubble
overpressure and found that the images exhibited strain
contrast for degrees of overpressure exceeding a threshold
between (.50 to 0.75 GPa. The emphasis in their work is
on small values of overpressure. Given the uncertainties in
the degree of overpressure in the superlattice case, a high
value of overpressure (10 GPa) is used here both to model
as closely as possible the practical case and to enable the
effects of a large displacement field to be gauged.

Many simulations have been performed for overpres-
sured bubbles with a variety of imaging parameters [34]. A
common feature of the simulated images is a departure
from the cylindrical symmetry that is found in the images
of equilibrium bubbles. As an example, the projected
image of a single isolated overpressured bubble, calculated
for a defocus of ~ —340 nm (underfocus), is shown in
Fig. 8. The contrast inside the bubble radius is dominated
by thickness contrast. The large displacement field gives
rise to strain contrast in the form of asymmetrical black

Fig. 8. A simulated projected image of a single isolated overpres-
sured bubble at a defocus of ~ —340 nm (underfocus). The
bubble overpressure (the amount by which the pressure inside the
bubble exceeds the equilibrium pressure) is 10 GPa. The other
parameters in the simulation are g ={200], w= 0.0, E =100 keV,
foil thickness t=1.675§, and bubble depth=1/2. (It is found
that overpressure gives rise to a departure from cylindrical sym-
metry in the image. Note the black and white lobes which extend
well beyond the bubble perimeter.)

and white lobes which extend significantly outside the
perimeter of the bubble.

5. Discussion
5.1. General

As discussed below, it is clear that the simulations
provide a very useful framework for guiding the broad
choice of imaging parameters and provide a basis for the
interpretation of the complicated imaging behavior that is
often encountered in practice. At a detailed level, however,
there are difficulties in assessing how well the simulations
model the imaging of bubbles in the complex environment
of the bubble superlattice. Similarly, it is difficult to assess
the accuracy of the different TEM based methods proposed
for measuring bubble radii. The particular problem here is
the absence of any alternative method for measuring bub-
ble radius that could provide an independent comparison.

The results obtained here for bubble columns are con-
sistent in broad outline with those of Johnson et al. [27]. It
is not possible, however, to make direct comparisons
because of the differences in the situations modelled in the
two cases. Their results were for a fixed foil thickness of
4¢, and for a single cavity diameter of 0.1£,. Hence,
compared with the present work, they examined larger
cavities in much thicker foils. Also, the emphasis in their
work was on cavities produced by 200 keV electron
irradiation of metal halides such as calcium fluoride, rather
than helium implanted metals.



K.J. Stevens, P.B. Johnson / Journal of Nuclear Materials 246 (1997) 17-29 25

In comparing the results of simulations with experi-
ment, a factor to consider is that when imaging bubbles in
the microscope the imaging parameters are normally ad-
justed to give the clearest possible bubble images. Al-
though oscillations of the type predicted by some of the
simulations are clearly observed in practice [34], it has
only been for isolated bubbles that are larger than those
found in the superlattice. In previous work, it is likely that
if oscillations had been present, the microscope parameters
would have been readjusted to minimize them. (The simu-
lations show that even small changes in imaging condi-
tions can have a large effect on the appearance of the
images obtained.) As a result, it is difficult in some cases
to make meaningful comparisons with earlier experiments.

5.2. Single equilibrium bubble

5.2.1. Defocussed intensity, image center

Under the underfocus imaging conditions of Fig. 1, for
positive tilts greater than w = 1.0, the predicted variation
in intensity with depth is relatively small. Such small
variations may not be noticed under experimental condi-
tions. Except for the case w = — 1.0, the image contrast is
light against a darker background (i.e., intensity /back-
ground > 1) at all bubble depths. This behavior is in
accord with the common ‘rule of thumb’ that bubbles
appear dark relative to background in overfocus and light
relative to background in underfocus.

1t is interesting that there are imaging conditions where
the image contrast oscillates from one type to the other as
the depth of the bubble is changed. This is the case here
for w= —1.0, where the contrast reverses for narrow
depth regions near 0.5£, and 1.2£,. This could explain the
common experimental observation that under some imag-
ing conditions there are images that seem to be from
bubbles but which havz contrast opposite to that of the
majority of the bubbles. This type of simulation shows that
the criterion of ‘light bubble images against a dark back-
ground’ cannot be taken as an unambiguous indicator of
underfocus imaging conditions.

For high tilt values, e.g., w ~ 15.0, the relative intensity
in the image center is essentially constant independent of
the bubble depth. This suggests that experimentally, in
underfocus, tilt values around 15 could be used to give all
the bubbles in the array a similar appearance irrespective
of bubble depth.

5.2.2. Overfocus, radial intensity profiles

The images of bubbles with radii below ~ 1 nm have
very little contrast under the imaging conditions of Fig. 2.
For bubble radii of ~ 1 nm and greater, the contrast is that
expected for overfocus conditions with the bubbles appear-
ing dark relative to background. Within the range of radii
investigated, the larger the bubble the better the contrast.
This predicted behavior could explain a recent experimen-
tal observation relating to helium bubble structures in

vanadium [37]. In that work the bubbles in a wedge-shaped
specimen, which covered a range of different thicknesses,
were imaged in the same micrograph (Fig. 2, Ref. [37]
and hence with the same microscope imaging parameters.
The electron beam was directed down (110) in the matrix,
and the bubbles were imaged in overfocus contrast. (The
other imaging parameters were not noted.) It was inferred
that in the thicker regions of the specimen there were small
bubbles near the surface of the specimen with large bub-
bles lying below them. However, under the particular
imaging conditions used, the imaging was dominated by
the largest cavities in the thinned section to such an extent
that the small bubbles lying closer to the surface were not
discernible.

To determine the radius of a bubble from the lateral
extent of a TEM image, some criterion is needed to select
the part of the image that is to be taken as the outer
boundary of the bubble. The results of Fig. 2(a) suggest
that the perimeter of the bubble could be identified with
the position on the image of greatest radial distance where
some decrease from the background intensity can be dis-
cerned and where the intensity continues to decrease with
decreasing radius. One possibility is to associate the bub-
ble perimeter with the position where the intensity has
fallen to some fixed fraction of the background intensity.
The fixed fraction might be taken as 90%, for example.
(The errors in determining bubble radii for this particular
fraction have been examined in Section 4.2.2.)

Another possible approach for locating the boundary of
the bubble on. the bubble image would be to consider
intensity differences from background rather than absolute
intensities. First, the background intensity would be sub-
tracted from all the calculated intensities. Then, provided
the intensity difference from background at the image
center (I, — I, is not small, the intensity differences from
background would all be normalized to the intensity differ-
ence (1, — I,). The edge of the bubble could then be taken
to be the position where the normalized intensity was some
chosen fraction. The uncertainties associated with such a
procedure have not been investigated here, but provided
(1, — L) is not small, they could be less than those associ-
ated with the method based on simply taking a fixed
fraction of the background intensity.

The results obtained here for an overfocus of 400 nm
raise a further possibility for measuring bubble radii. The
calculations show that the intensity at the center of the
bubble image is a monotonically decreasing function of the
bubble radius. This suggests that the intensity at the center
of the bubble image, normalized to the background inten-
sity, could be used to provide a relative measure of bubble
radius independent of the apparent lateral extent of the
bubble image. This relative scale could be calibrated to
give absolute estimates of bubble radii by using the method
based on through-focal series (Section 4.2.2) to determine
the radius of a few selected bubbles to act as standards.
Such a procedure has the attraction that the measurement
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of central intensities can easily be automated using stan-
dard image processing techniques whereas the measure-
ments based on through-focal series are laborious and not
suited to measuring large numbers of bubbles. (Large
bubble numbers are needed if representative bubble vol-
ume fractions are to be determined, for example.)

5.2.3. Bubble radius, visibility criterion

For the profiles of Fig. 2, using the visibility criterion
defined in Section 4.2.3 leads to bubble radii that depart
significantly from the ideal value of p = 1. Except for the
smallest bubbles the predicted values of p are generally
too small. Further, Fig. 3 exhibits discontinuities in p at
particular values of r. This results from an instability in
determining the bubble edge using the visibility criterion
— at certain radii a small change in bubble radius can flip
the position of maximum V from one intensity oscillation
to the next (at larger p) giving rise to a discontinuity in the
apparent bubble radius.

In practice, a number of factors can be identified, such
as those listed in Section 5.3.3., which are likely to damp
out the oscillations and lead to more realistic values of
bubble radii being obtained. Perhaps the most important
factor is that discussed in Section 5.1, namely that in the
practical case imaging conditions, although selected within
broad parameters, are adjusted finally to give images with
well-defined edges free from oscillations and the largest
possible lateral extent. For these reasons the errors result-
ing from using the visibility criterion in practice are proba-
bly much less than those suggested by the simulations.
What the simulations do show, however, is that the crite-
rion must be applied critically if large errors are to be
avoided.

5.2.4. Bubble diameter, through-focal series

The agreement obtained between experimental
through-focal series and simulations in which the bubble
radius is treated as an adjustable parameter provide per-
haps the best confirmation of the validity of the theoretical
basis of the simulations. The results suggest that this is the
most accurate method for measuring bubble radii. How-
ever, the method is complicated and likely to be limited to
measuring a few bubbles only, in practice. As outlined in
Section 5.2.2, this procedure based on through-focal series
might best be used to provide standards for calibrating
those methods which, although they give relative bubble
radii only, are easier to apply to large numbers of bubbles.

5.3. Column of equilibrium bubbles

5.3.1. In-focus, central intensity vs. tilt

The effect of tilting the crystal containing a column of
bubbles, away from two-beam conditions, through an an-
gular range of approximately — 1.5 mrad to + 1.5 mrad, is
shown in Fig. 5. The rocking curves obtained show that
there is little contrast between bubbles and matrix for

in-focus conditions and values of w near zero. Away from
w =20, the effect of bubbles is to introduce additional
oscillations into the curves. A relatively high value of tilt,
w =15, is chosen for the other simulations on bubble
columns. This avoids the oscillations found at low values
of w and matches more closely the experimental situation
where, because of the high levels of damage in the crystal
matrix, it has proved difficult to locate strong two-beam
conditions precisely. Also, although detailed studies have
not yet been done, there is some evidence from simulations
to suggest that for the higher tilt values the bubble images
have a reduced sensitivity, for a broader range of combina-
tions of the other imaging parameters, to changes in both
bubble depth and foil thickness.

In the simulations, the bubble column is allowed to
move relative to the matrix so as to maintain the column
axis along the electron beam direction as the specimen is
tilted. The question arises as to the effects of this approxi-
mation. The Bragg angle for exciting a {200} reflection in
copper with 100 keV electrons, is 10.3 mrad. The extinc-
tion distance for a {200} reflection is 33.4 nm. The excita-
tion error of w = 15 corresponds then, to an extra tilt away
from the Bragg angle of 1.5 mrad. Consider the particular
reflection with reciprocal lattice vector, g =[200], excited
with the electron beam directed down B =[011] in the
untilted specimen. To obtain an excitation error of w = 15,
requires a tilt of 11.8 mrad from this flat-foil condition
with g = [022] as rotation axis. If the tilt is solely about
[022], the bubble column will then be inclined at an angle
of 11.8 mrad with respect to the electron beam. Suppose
that to reduce the intensity of the other matrix reflections
(to obtain near two-beam conditions) the crystal is now
tilted further, but with g =[200] as rotation axis. In prac-
tice a rotation of a few mrad should be sufficient for this
second tilt. However, to estimate the maximum likely
effect suppose this second tilt is made the same as the first,
namely 11.8 mrad. The nett result is a total tilt of approxi-
mately 17 mrad away from the electron beam in a direc-
tion at 45° to g =[200]. At this orientation, for a bubble
column containing six bubbles, an electron that passes
directly through the center of the top bubble in the column
(and is not subsequently scattered) will pass approximately
0.6 nm away from the center of the last bubble in the
column. It is estimated that overall, the approximation will
introduce an error of less than 10% into the apparent
bubble diameter and in broad terms will have little effect
on the imaging behavior predicted by the simulations.

5.3.2. Central intensity vs. defocus

The simulations summarized in Fig. 6 establish several
further important points. Irrespective of the number of
bubbles, good contrast can be obtained in both overfocus
and underfocus. This is consistent with what has been
found experimentally. A suitable measure of the contrast in
underfocus is the ratio of the transmitted intensity at the
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bubble center to the background intensity at positions well
away from the bubble. In Fig. 6 the background intensity
is unity so the contrast in underfocus is simply 1(0).
However, for degrees of overfocus that give dark bubble
images against a light background (e.g., overfocus levels
around 200 nm to 300 nm in Fig. 6) we take the contrast to
be the inverse of this ratio, namely, the reciprocal of K0).
In terms of these definitions the contrast obtainable in
underfocus is similar to that obtainable in overfocus. Ex-
perimentally, overfocus conditions have generally been
preferred. For overfocus, the definition and visibility of the
bubble images in the microscope appear to be superior,
photographic exposures are less critical and more detail
can be seen in the micrographs. These features are consis-
tent with the results shown in Fig. 6. The simulations show
that for overfocus, the background brightness can be in-
creased to provide more detailed images from the matrix
surrounding the bubbles without saturating the bubble
images themselves.

The optimum degre:z of overfocus — the level of
overfocus that gives the best contrast — depends to some
(small) extent on the number of bubbles in the column.
The contrast at the optimum overfocus increases as the
number of bubbles in the column increases. This predicted
behavior is consistent with the excellent overfocus contrast
that can be obtained in practice from ordered bubble arrays
— see, for example, the typical micrographs for copper
and for vanadium given in fig. 1 of Ref. [1], and fig. 1 of
Ref. [38], respectively. Further, for a given number of
bubbles in the column the contrast is not very sensitive to
changes in overfocus over quite a broad range around the
optimum. Finally, if the sizes of bubbles in the column
vary, the results of Section 4.2.2 suggest that the imaging
will be dominated by the largest bubble in the column.
These results too, are consistent with experiment.

5.3.3. Overfocus, radial intensity profile vs. No. of bubbles

The simulations indicate that as the number of bubbles
in the column is increased, the amplitude of oscillations
near and beyond the perimeter of the image increase to a
level comparable with the levels near the image center.
Experimentally, such oscillations have not been identified
in the images of superlattice bubbles. We speculate that in
practice the oscillations may be damped out by factors
such as the beam divergence, coherence effects, bubble
overpressure, bubble ordering and the close proximity of
neighboring bubbles (see Section 5.4), and imperfections
in the bubble ordering. The latter, for example, are known
to strongly affect electron diffraction patterns taken from
gas-bubble superlattices in copper and other metals. The
patterns often contain bubble reflections whose indices are
disallowed under the normal selection rules for the lattice.
The presence of these disallowed reflections has been
explained in terms of imperfections in the bubble ordering
in the form of small random displacements of bubbles
from ideal lattice sites. Such displacements could be ex-

pected to damp out, to some degree at least, the oscilla-
tions predicted from simulations.

5.4. Single overpressured bubble

The main effects of bubble overpressure are to cause a
loss of cylindrical symmetry in the simulated images and,
under some conditions, to push the image contrast out
beyond the actual boundary of the bubble. Under near
two-beam conditions, in the plane of the image the inten-
sity pattern is symmetric about the g-vector of the excited
matrix reflection. In the work of Cochrane and Goodhew
[36] the emphasis is on small degrees of overpressure, in
the region below 1 GPa. The simulations here are based on
10 GPa — a relatively high value of overpressure. Where
overlap is expected, the results of the two studies broadly
agree.

There are many factors not included in the calculations
which might influence bubble imaging. For example, in
practice the environment of any given bubbie will be
complicated by the presence of neighboring bubbles (and
hence on the degree of bubble ordering), and by the high
levels of gas, damage and lateral stress in the implanted
layer [1]. In the simulations the strain field around the
bubble has been taken to be spherically symmetric. How-
ever, as outlined in Section 1, the strain is likely to depend
strongly on crystallographic direction with lobes of high
compression along the dense-packed (110) directions. The
bubble concentrations in the superlattice are so high (10%
per m™ ) that extended images of the type shown in Fig. 8
would extend laterally over the images of neighboring
bubbles. Factors such as these could be expected to strongly
influence the images obtained in practice, and provide a
ready explanation of why extended images of this type
have not been observed experimentally for bubbles in the
superlattice. If the implantation temperature and helium
dose are altered so that larger bubbles are formed in lower
concentrations, the bubble images obtained experimentally
are of the extended type predicted by the simulations [34],
In this case the metal in the implanted layer has a higher
degree of crystalline perfection (as judged from the clarity
of the Kikuchi lines in diffraction patterns) than in the
superlattice case.

6. Conclusion

Although necessarily based on highly simplified mod-
els, the simulations provide a valuable framework within
which to understand the TEM imaging of the small bub-
bles typically found in gas-bubble superlattices. Simula-
tions show that in general bubble images are strongly
affected by many parameters — foil thickness, depth of
the bubble, bubble radius, diffracting vector, excitation
error, bubble pressure, defocus level and for a column of
bubbles, the number of bubbles in the column. However,
for equilibrium bubbles, particular imaging conditions have
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been identified for which the imaging is robust, giving
high contrast images that are relatively insensitive to small
changes in the main imaging parameters.

These imaging conditions, which can be summarized as
near two-beam conditions with an excitation error w ~ 15
and moderate levels of overfocus, are probably close to
those that have been arrived at empirically in experimental
studies of the overpressured bubbles found in bubble lat-
tices. (The imaging parameters used in the experimental
studies are known only very approximately, mainly be-
cause of the difficulties in precisely orienting and imaging
specimens that contain high levels of gas, defects and
stress.) Predictions based on simulations for these particu-
lar imaging conditions show good agreement with experi-
ment. The main results for these conditions, supported by
experiment, include: (i) the larger the bubble the greater
the image contrast; (ii) the larger the number of bubbles
contained in a bubble column, the greater the image con-
trast; (iii) for a given number of bubbles in the column the
contrast is not very sensitive to changes in overfocus over
a quite a broad range around the optimum; (iv) if bubble
sizes vary down the column the imaging is likely to be
dominated by the largest bubble. These and other results
clarify some previously puzzling aspects of bubble imag-
ing.

Other, more general results, include (i) the ‘conven-
tional wisdom’ that bubble images are always dark (below
background intensity) in overfocus and light in underfocus,
does not always apply; (ii) comparisons between a
through-focal series of bright-field micrographs and simu-
lated intensity profiles, although laborious, provide the
best means of measuring the radius of a single isolated
bubble; (iii) overfocus imaging conditions have been iden-
tified where the intensity at the center of the bubble image
relative to background changes monotonically with bubble
radius (a result that raises the possibility that a relative
scale for measuring bubble radius might be based simply
on measuring central intensities); (iv) underfocus imaging
conditions have been identified where the relative intensity
in the image center (for identical bubbles) is essentially
constant independent of the bubble depth (thereby provid-
ing a possible method for identifying the depth deperdent
features of bubble imaging).
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