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Abstract

Recent work on the implementation and applications of a transmission channelling facility on a high-demagnification microprobe is
described. A new measurement geometry is used in which only the useful channelled protons are recorded and the large flux of nonchan-
neled protons, which convey little useful information, is not recorded. This results in transmission channelling images with greatly
improved counting statistics with much lower statistical noise. The use of this new system to provide high-resolution, low-noise images
of lattice defects such as stacking faults and misfit dislocations is demonstrated. A measurement system capable of providing transmis-
sion channelling imaging of lattice defects in real-time is described.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Focused MeV proton beams have been used for many
years to produce spatially-resolved transmission channel-
ling images of defects in thinned crystals [1–4]. In early
measurements the energy spectrum of the transmitted pro-
tons was recorded with a semiconductor detector on the
beam axis while the focused beam scans over the crystal
surface, in a manner similar to scanning transmission ion
microscopy images [5,6]. Channelled protons lose energy
at typically half the rate of nonchanneled protons [7,8].
Any lattice disruption causes additional dechannelling
[9,10] and transmission channelling images showing varia-
tions in transmitted energy reveal the distribution of
defects such as misfit dislocations [3,4,11], stacking faults
[12,13], copper oxide precipitates, exfoliated regions in
smart-cut silicon wafers etc. Much of this work is described
in [14].
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A transmission channelling set-up was recently imple-
mented on a high-demagnification triplet microprobe utilis-
ing quadrupole lenses in which parasitic fields [15] and
many other aberrations which limit the beam spot size
[14,16] have been eliminated. This gives a microprobe
which is capable of focusing beams to about 30 nm
[17,18], with demagnifications of about 60 and 220. Even
in such a high-demagnification system the focused beam
convergence angle used for transmission channelling mea-
surements is only �0.01�. This is still much less than the
planar channelling critical angle of hc = 0.17� for 2 MeV
protons in the silicon (110) planes owing to the very low
beam currents of 1 fA to 1 pA used for analysis.

Many effects were not resolved though in this earlier
transmission channelling analyses owing to insufficient spa-
tial resolutions of 300 nm at best and small variations in
transmitted energy, resulting in low-contrast, ‘‘noisy’’
images. Both these limitations have been overcome [19]
using the NUS high-demagnification microprobe, enabling
the production of high-resolution, high-contrast transmis-
sion channelling images.
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Fig. 1. Energy spectra of 2 MeV protons which are transmitted through a 10 lm thick [100] Si crystal (C) into a semiconductor detector (D) on the beam
axis (solid symbols). Energy spectra are also shown after the beam passes through a 50 lm mylar foil (F) (open symbols). The lower energy threshold of
�1840 keV which this foil imposes on protons transmitted through it is shown by the arrow.
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2. Improving the signal to noise level

The image contrast was greatly increased and the noise
level reduced [19] by placing a foil in front of the semicon-
ductor detector used to record the transmitted proton
energies. Fig. 1 shows a (110) planar channelled and a ran-
dom spectrum for 2 MeV protons transmitted through a
10 lm thick silicon wafer, without and with a mylar foil
in front of the detector. Without the foil all protons are
recorded in both random and channelled alignment, with
a small increase in the energy observed for some protons
in planar alignment owing to their lower rate of energy loss.

The foil thickness was chosen such that it stopped many
lower-energy, dechannelled protons so with the foil in place
only the longer range, high-energy planar channelled pro-
tons which remain channelled all the way through the sam-
ple are recorded. With the foil present, any defect-induced
dechannelling causes significant contrast variations in the
measured proton intensity, resulting in high-contrast,
low-noise transmission channelling images. This measure-
ment geometry also has the virtue of being compact and
is simple to implement within the restricted geometry of a
high-demagnification microprobe.

3. Altering the beam–crystal alignment

Planar alignment of the thin crystal is sufficient for most
imaging requirements using transmission channelling since
planar channelling is more sensitive to defect-induced
dechannelling compared with axial alignment. The use of
a microprobe provides several different alternatives to
varying the beam–crystal alignment, other than use of a
goniometer, for channelling analysis. Since there was little
space in the chamber of the NUS high-demagnification
microprobe to install a goniometer, other approaches to
varying the beam–crystal alignment were explored. A
beam-rocking system provides the ability to tilt a focused
beam spot through angles of several degrees, with the beam
remaining stable on the sample surface to within 2 lm [20].
Another solution is to shift the collimator slits of the
microprobe away from the beam axis [21], resulting in
the beam being tilted with respect to the crystal surface.
A horizontal/vertical collimator displacement of 50 lm
produced a change of 0.13�/0.04� respectively in the beam
tilt with respect to the sample surface. With this procedure
no loss of spatial resolution is observed in a beam spot size
of 60 nm when the beam is tilted by up to 0.5�.

Care is needed however on high-demagnification sys-
tems because the beam angle significantly changes with
scan position over the sample surface. This limits the max-
imum useable area over which an image can be recorded,
and is much more extreme than on a low demagnification
microprobe [22] (as demonstrated below in Fig. 5). This
effect is shown in the transmission channelling image in
Fig. 2, recorded from a 10 lm thick silicon crystal contain-
ing stacking faults. The bright band shows where the beam
passed through planar channelling alignment, the dark
regions on either side show where the beam is in a random
alignment. To maintain the beam/crystal angular variation
to a small fraction of the planar channelling critical angle
means that the scan size in a transmission channelling
image must be restricted to a few tens of microns. This



Fig. 2. Transmission channelling images recorded from the new high-demagnification microprobe over areas of (a) 1 · 1 mm2 and (b) 50 · 50 lm2. The
bright diagonal band is due to the beam becoming aligned with the (110) planar channelling direction as the beam sweeps over the sample surface.
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same process does however provide another means of visu-
ally locating the planar channelling location and another
way of aligning the sample by introducing an offset in the
beam scan position. This is similar to beam rocking though
it does not require any additional scan coils.

4. Results

Fig. 3(a) shows a transmission channelling image of a
stacking fault recorded with a low demagnification micro-
probe and a less efficient counting system in which all
transmitted ions were measured, so the count rate is dom-
inated by the nonchanneled protons which convey little
useful information. Dark/bright regions represent regions
of high/low energy loss respectively. Fig. 3(b) shows trans-
mission channelling image of a single stacking fault in a
[100] silicon wafer at a tilt of 0.10� to the vertically-running
(011) planes, recorded on the new high-demagnification
microprobe. Periodic intensity oscillations are observed
as bright/dark bands and are fully discussed in [19], where
the oscillation wavelength and the ‘decoherence length’ of
the planar channelled protons are determined.
Fig. 3. Transmission channelling images of stacking faults (a) was recorded wi
data collection geometry. The image in (b) was recorded using the high-dem
3.3 · 3.3 lm2 area close to the central fault portion of a stacking fault, indica
High-contrast transmission channelling images of iso-
lated bunches and individual 60� misfit dislocations [23]
in thick, partially-relaxed Si/Si0.95Ge0.05 layers were also
recorded [24] and shown in Fig. 4. The optical DIC (differ-
ential interference contrast) image in Fig. 4(a) shows a
cross-arm running along the (110) and ð1�10Þ planes, and
the transmission channelling images in Fig. 4(b)–(d) were
recorded from within the boxed area. The wide, horizon-
tally-running band produced by the bunch of five disloca-
tions lies along the (110) planes, with two etch pits
visible. A change in contrast is observed at the bunch of
five dislocations, from dark in Fig. 4(b) to dark/bright in
Fig. 4(d). All components of the Burgers vector of 60� dis-
locations were considered in [25] to interpret the above
results.

5. Real-time imaging of lattice defects

The transmission channelling image shown in Fig. 3(b)
took 45 min to collect with sufficient statistics, which was
largely limited by the data acquisition counting rate of
several kHz. In order to speed up data acquisition a new
th a low demagnification microprobe over a 40 · 40 lm2 area with the old
agnification microprobe with the new data collection geometry from a

ted by the box in (a).



Fig. 4. (a) Low magnification optical DIC image. A marker of silver paint was placed at the left edge for subsequent location of this cross. (b)–(d)
Transmission channelling images of the 11 · 11 lm2 boxed area shown in (a). The two oval features are etch pits. Beam tilt angle to the (110) planes is (b)
+0.16�, (c) 0.00�, (d) �0.16�.
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measurement system was built which was capable of
recording transmission channelling images in real-time
and also providing a quick way to rapidly position regions
of interest of the samples.

This was done by turning the low flux of high-energy
planar channelled protons which pass through the mylar
foil behind the sample into a continuous current of ion
induced secondary electrons. The transmitted protons
Fig. 5. Transmission channelling images of stacking faults recorded by displ
protons transmitted through the thin crystals. (a) 200 · 200 lm2 area. (b) 40 ·
flux.
passed through a small aperture and then passed a stack
of very thin carbon foils spaced 1 mm apart. This resulted
in large numbers of secondary electrons produced from
each carbon foil surface. The beam was stopped on a thick
copper block which also generated further secondary elec-
trons. This large secondary electron flux was extracted by
applying an electric field transverse to the grids and accel-
erated onto a P47 plastic scintillator. The resultant light
aying the variation in a continuous secondary electron flux produced by
40 lm2 area. Dark represents regions of low measured secondary electron
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emission was recorded by a photomultiplier and turned
into a continuous d.c. voltage as described in [25]. This
measurement system relies on a stable proton beam current
incident on the sample surface, which is provided by the
NUS Singletron accelerator [26,27]. This can produce a
beam on the sample surface which fluctuates by as little
as 2% [28].

A higher proton beam current is required to produce
transmission channelling images in this mode, typically a
few pA, in order to generate a sufficiently large secondary
electron flux. This measurement system was implemented
on a low demagnification microprobe since there is no
space in the sample chamber of the high-demagnification
system. The spatial resolution of about 1 lm in the images
is consequently low because of these two factors. Images
were displayed by modulating a display screen with a
brightness proportional to the recorded secondary electron
intensity at each pixel, as shown in Fig. 5. Note the signif-
icant scan-induced dechannelling in Fig. 5(a) as the beam
sweeps through (110) planar alignment. These images only
required a few seconds to be generated and recorded and
demonstrate the ability to produce real-time transmission
channelling imaging of lattice defects.

6. Conclusions

A transmission channelling facility has been imple-
mented on a high-demagnification microprobe. This
requires special consideration of the way in which the
beam–crystal alignment is varied, with several possible
alternatives to the use of a goniometer. The measurement
sensitivity has been greatly improved by only recording
the high-energy channelled protons, resulting in transmis-
sion channelling images with lower statistical noise. This
system has provided high-resolution, low-noise images of
stacking faults and misfit dislocations in silicon wafers. A
measurement system capable of providing transmission
channelling imaging in real-time is described.
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