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Abstract

Semiconductor planar processing technology has spurned the development of novel radiation detectors with applications in space,
high energy physics, medical diagnostics, radiation protection and cancer therapy. The ANSTO heavy ion microprobe, which allows
a wide range of ions to be focused into spot sizes of a few micrometers in diameter, has proven to be an essential tool for characterising
these detectors using the Ion Beam Induced Charge (IBIC) imaging technique. The use of different ions and the wide range of available
energies on the heavy ion microprobe, allows the testing of these devices with ionising particles associated with different values of linear
energy transfer (LET).

Quadruple coincidence measurements have been used to map the charge collection characteristics of a monolithic AE-E telescope.
This was done through simultaneous measurement of the spatial coordinates of the microbeam relative to the sample and the response
of both detector elements. The resulting charge collection maps were used to better understand the functionality of the device as well as to

ascertain ways in which future device designs could be modified to improve performance.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Solid state detectors have found a wide range of applica-
tions in radiation dosimetry over the past decade. Silicon
based detectors offer a significant advantage over conven-
tional ionisation chambers, because they can be manufac-
tured with much smaller dimensions and a number of
these devices can easily be arranged in arrays. This offers
the opportunity to measure variations in the energy depo-
sition of the radiation on millimetre or sub-millimetre
scale.
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Most effects of radiation, especially biological effects,
depend on the microscopic distribution of the energy depo-
sition. This can be seen by that fact, that the biological
effectiveness of otherwise equal doses of different types of
radiation are quite dissimilar. Microdosimetry, the study
of microscopic fluctuations in energy deposition, tries to
provide a description of the spatial distribution of
absorbed energy in irradiated matter.

Research into microdosimetry using silicon devices has
been pioneered by Dicello et al. [1] and Rosenfeld et al.
[2]. More recently Agosteo et al. [3] suggested the use of
a AE-F telescope coupled with a converter as a microdos-
imeter in neutron fields. This study investigates the charge
collection properties of the AE-FE telescope, in particular
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the boundaries of the AE region and the influence of radi-
ation damage.

Ton microprobes have proven useful for investigating the
charge collection properties of semiconductor radiation
detectors [4,5]. In microdosimeters edge effects become
important, because the size of the active volume is small
compared to the edge area of the device. This makes it nec-
essary to test the detector response to radiation on a micro-
scopic scale, which can be done using a focussed ion beam,
with a size comparable to the feature size of the device. To
use a microdosimeter in clinical applications, it is necessary
to measure the detector response to a range of ions, which
requires an ion microprobe capable of focusing a wide
range of elements, such as ANSTO’s heavy ion microprobe
[6].

At ANSTO various studies have already been under-
taken investigating the response of various types of detec-
tors and dosimeters to ion irradiation using Ion Beam
Induced Current (IBIC) measurements [7-9]. However, in
order to investigate the correlation between the E and AE
signals of AE-E telescope, this study requires coincidence
data acquisition of the two signals, together with the beam
position information from the microprobe.

2. Experimental

The device studied in this investigation is a monolithic
AE-FE detector, which was developed as a particle telescope
for intermediate nuclear physics experiments. It consists of
a AE and an E stage with a thickness of approximately
1 pm and 500 pm, respectively. An electron micrograph
of the AE-E telescope is shown in Fig. 1. The figure clearly
shows the contact pads in the four corners of the device.
The bottom two are for the common p+ cathode as well
as the AE-detector n+ anode. The top contacts are for an
additional guard rings surrounding the device. A cross sec-
tion of the device is shown as an insert.

The sensitive area of the device is about 1 mm?. The
device is made on a high resistivity n-type silicon wafer
with a buried p+ type implantation (common cathode).
The AE and E anodes were made by As and P implantation
from the front and back surfaces, respectively. On top of
the AE stage of the detector is a ~0.2 um thick metal dead
layer [3].

In order to investigate the response for a range of ion
beams and different linear energy transfer (LET) values,
the device was tested at the ANSTO high energy heavy
ion microprobe using 2 and 3 MeV H, 3 MeV He as well
as 12 and 20 MeV C beams. The LET values for these
beams vary from 0.09 MeV/(mg/cm?) to 4.4 MeV/(mg/
cm?) for 3 MeV H and 12 MeV C, respectively, while the
projected range varies from 100 to 11 um. This range is well
within the thickness of the E stage of the detector and thus
ensures the complete energy deposition in the active
volume.

The ion beam was focused to spot sizes between
Ix1pum® and 2x2pm? using the Oxford triplet
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Fig. 1. Micrograph of the AE-E telescope. The micrograph clearly shows
the 4 contact pads in the corners of the device. The insert shows a cross
section of the device across the common cathode and the AE anode in the
lower section of the device.

(OM155), varying slightly for different ions. This spot size
resulted in 500-1000 ions hitting the sample per second.
For each ion penetrating the detector, the amount of
charge created in the AE and E stage of the detector is mea-
sured separately using two charge sensitive preamplifiers
(AMPTEK A250). To minimise the noise both pre-amplifi-
ers are mounted close to the device in the vacuum chamber.
Coincidence AE and E signals were recorded together with
the x and y position information of the beam. This quadru-
ple coincidence enables us to later analyse the data offline
by various criteria.

3. Results and discussion

Fig. 2 shows the AE-E coincidence spectrum for differ-
ent beam energies and ions. Fig. 2(a) shows spectra for
2MeV H and 3 MeV He, while Fig. 2(b) shows spectra
for carbon beams at 12 and 20 MeV. The measurements
were taken in the centre of the device to avoid edge effects
and give the true performance of the device. The ion beam
was scanned over an area between 70 and 100 pm, depend-
ing on the magnetic rigidity of the ions.

The two figures have different energy scales, because of
the vast differences in the energies deposited in both the
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Fig. 2. AE-E coincidence maps taken at the centre of the AE-E telescope for different ions and energies (2 MeV H, 3 MeV He, 12 MeV and 20 MeV C).

dE and E part of the detector for the different ions. In fact
for 2 MeV H the energy deposited in the AE part of the
detector is close to the noise limit of the system, which is
the reason why a spectrum for 3 MeV H, which was
another beam used in this study, is not shown here. The fig-
ures demonstrate how different ions can be separated, by
these AE-E coincidence measurements in the detector.

With the exception of hydrogen all coincidence spectra
show a tail both in the £ and AE detector signal. While this
tail is on the low energy side for the AE spectrum it is as the
high energy side of the peak for the E spectrum. This sug-
gests that both tails are correlated, that is, events in the two
tails originate from the same particles. The AE-FE coinci-
dence spectra clearly demonstrate that this is the case.
The low energy part of the AE spectrum comes in deed
from the same ions that form the high energy part of the
E spectrum. Hence these tails can only be attributed to pro-
cesses that result in energy deposition shifted from the AE
detector to the E detector.

This can either be channelling of ions in the silicon crys-
tal of the AE detector, thickness variations in the AE part
of the detector, or charge funneling into the E stage. Large
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scale thickness variations can be tested by plotting the dis-
tribution of events, which are in the tail of the AE-E coin-
cidence spectrum as a function of the beam position. These
maps show a random distribution across the analysis area
for both peak and the tail of the coincidence spectrum.
However, thickness variations, caused by any roughness
of the top and bottom interface of the AE detector can
not be seen in the maps if they are short range. Neverthe-
less, this is expected to lead to a broadening of the peak
and not just a tail on the low energy end of the AFE signal.
Hence thickness variations in the AE part of the detector
can be ruled out as a cause of the tail. The random distri-
bution of events from different parts of the energy spectrum
across the scan area, demonstrates the uniformity of the
thickness of the AE detector.

Analysis of the spectra shows, that between 15% and
20% of events are in the tail of the spectrum, regardless
of the ion used. Hydrogen is an exception, because the
energy loss in the AE detector is too small for any energy
variations to be resolved. If channeling is causing the tails
then 15-20% of ions are in the channeled fraction of the
beam. Lugujjo and Mayer [10] have shown that even after
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Fig. 3. AE-E coincidence spectra of 12 MeV C take on the same spot for 10* particles. The second spectrum was taken after 10° events, in a beam spot size
of 2 x 2 ym?. The spectrum shows a clear shift in the signal of the E part of the detector.
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Fig. 4. Energy shift of E and AE peaks as a function of ion fluence for
12 MeV C.

traversing though a 0.2 pm thick Al layer a large fraction of
the beam can still be channeled.

Only limited work was undertaken with heavy ions,
because of the damage introduced by heavy ions. Fig. 3
demonstrates the damage introduced by the focused ion
beam. In this case the beam was not scanned, but was kept
stationary in one spot. Fig. 3 shows AE-E coincidence
spectra taken at an undamaged spot (left) and after 10°
ions (right). In each spectrum the signal for 10* particles
was collected.

The right figure shows the damage introduced in a
2x 2 pum? area by 10° ions of 12 MeV carbon, which is
equivalent to 2.5 x 10'? particles/cm?. 12 MeV is the ion
beam with the highest LET of all the ion beams tested, with
an energy loss of 4.4 MeV/(mg/cm?). Fig. 4 shows the peak
position for the E and AFE signal as a function of the flu-
ence. The figure shows an almost 30% decrease in the
energy signal, which is due to the damage introduced by
the ions. This damage leads to trapping of the charge
and thus a reduced signal size. However, the spectrum of
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the AFE detector shows only a very small change in the peak
position. This can be explained by the fact that the AE
stage is only about 1 um thick and most of the damage is
introduced at the end of the range, which is at 12 pm for
12 MeV C. The energy loss in the AE part of the detector
is about 1 MeV, with the majority being electronic energy
loss and less then 0.1% nuclear energy loss, which causes
the damage. On the other hand the nuclear stopping is
two orders of magnitude larger at the end of range of the
ions. This is reflected in the AE, which show only a minimal
change with ion irradiation. Even after 10° ions into a
2x2um? spot the AE peak shifts by less then 3%. This
shows that even for high energy ions the deterioration of
the AE detector due to ion damage is less of concern.

Although the spectra in Fig. 2 represent the impact of
1.5x 10° ions on the sample, the damage in this case is
minimised by scanning the beam over an area of
70 x 70 pm?. This reduces the a real density and damage
by three orders of magnitude. Hence the effect of ion beam
damage is minimal, consistent with Fig. 4 which shows that
up to a fluence of 0.5 x 10'? jons/cm? the damage is small
and the peak shift is less then 10%.

Fig. 5(a) shows AE-F coincidence spectra taken at the
AE anode in the lower right corner of the device using a
3 MeV He beam. For comparison the coincidence spectrum
taken at the common cathode in the lower left corner is
shown in Fig. 5(b). This spectrum is similar to the coinci-
dence spectrum taken in the centre of the device. However,
the pure E detector spectrum from this part of the device is
different from the spectrum in the centre of the device.
Fig. 6 shows this energy spectrum. The reason why the dif-
ference does not appear in the coincidence spectrum is that
events outside the active region do not create an event in
the AE part of the detector. Therefore these events do
not appear in the coincidence spectrum. Using the coinci-
dence spectrum to select only events in region 1 of
Fig. 5(b), the energy spectrum is identical to energy spec-
trum in the central region. This energy spectrum is also
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Fig. 5. AE-E coincidence spectra taken at the AE anode in the lower right corner of the device with 3 MeV He?" (a) and at the common cathode in the

lower left corner (b).
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Fig. 6. Spectrum of the E detector from the coincidence spectrum of
Fig. 5(b) and total E spectrum. The energy windows for the cuts shown in
Fig. 7 are indicated in the figure.

shown in Fig. 6. This demonstrates how the AE-E device
can be used to discriminate against events from outside
the active region.

To determine, from which location on the device differ-
ent parts of the energy spectrum originate, energy slices
where mapped as a function of the beam position. Fig. 7
shows maps for different energy slices of the E signal, indi-
cated in Fig. 6. The map on the left represents the lowest
energy, while the map on the right is for the high energy
part. The maps clearly show the different parts of the device
visible in the electron micrograph. The map in the middle

represents the energy region in the spectrum selected from
the coincidence spectrum. However, this map also shows
areas outside the active region, which shows that selecting
a region from the E spectrum, includes events from outside
the active area. Higher energy events come from the com-
mon p+ cathode contact pad for both detector parts and
the ring around the device. In this part of the device, the
deposited beam energy is higher, because the AE stage
has been removed. The images also show the contact wire,
which completely stops the ion beam.

The coincidence spectrum of Fig. 5(a) shows additional
features, which are due to the additional structure in this
part of the device. Similar to the spectrum in Fig. 5(b),
the coincidence spectrum shows the main peak with a tail
toward lower energies in AE and higher energies in E, indi-
cated by the region 1. A similar peak can be seen at slightly
lower E and a fifth of the AFE signal (region 2). Mapping
events in the regions indicated in Fig. 5(a) results in the
maps of Fig. 8. The first map of Fig. 8 shows events from
region 1 again showing the active region. The second map
shows events from region 2, resulting from ions hitting the
AE anode of the detector. The region between, the two
peaks (region 3), is shown in the third map, which shows
the border between the active region and the AE anode.
Region 4 is shown in map 4, which is the outside border
of the AE anode, resulting in low charge collection in both
E and AE.

The coincidence spectrum shows that the signal from the
E detector in the region of the AE anode is lower than the
signal from the active region, which is due the additional

1 2

Fig. 8. Maps generated from the AE-F coincidence spectrum of Fig. 5(a), using the marked regions taken at the AE cathode in the lower right corner of

the device.
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Fig. 9. Maps generated from cuts of the AE spectrum (top row) and the E spectrum taken at the AE anode in the lower right corner of the device.

energy loss of the beam in the metal contact at the anode.
The additional energy loss is approximately 150-200 keV,
which is equivalent to a 0.7-1.0 pm thick Al layer of the
contact pad. This additional Al layer should reduce the
channeling in this region, compared to active region of
the device [10]. Surprisingly, the ratio between peak and
tail from both regions are almost the same. However, chan-
neling can only be ruled out as the cause of the tails, by
measuring the response of the device at different tilt angles.
Comparing the AE signal from the two regions, the AE
signal from the contact pad region is much lower. This may
be explained by an edge effect with poor charge collection.
For comparison the maps generated from energy cuts of
the AE and E spectra are shown in Fig. 9. The top row
shows maps generated from the AE detector, while the bot-
tom row is from the E detector. Not surprisingly the maps
from the AFE detector are identical to the maps generated
from the coincidence spectrum. However, the maps from
the E spectrum, show like the maps of Fig. 7 additional fea-
tures of the device. In contrast to Fig. 7 in this case the con-
tact pad appears at a lower energy. This is due to the
additional energy loss in the contact layer on top.

4. Conclusions

We have used coincidence measurements to characterise
a AE-E telescope using various ions such as H, He and C.
The AE-E coincidence spectra show tails for all ion species
(except H), with a peak to tail ratio that is independent of
the ion species and the thickness of the overlayer. This
behaviour is still under study.

Mapping shows that the response of the detector can be
directly linked to various parts of the detector and the
influence of the layered structure of the device.

Artefacts from the AE-pad region are clearly highlighted
by the IBIC characterisation and the problem will be fixed
in a future design. Nevertheless the device can still be used
if the active region is selected using an aperture.

The measurements show that the AFE stage is less
sensitive to radiation damage then the E stage of the
detector.
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