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Abstract

The domain of high-resolution imaging techniques (sub-micron) traditionally belongs to low-energy
ion beams (keV ion microprobe), electrons (transmission or scanning electron microscopy), light (near
field microscopy), or all variants of scanning probe microscopies. Now, nuclear techniques of
analysis, with a nuclear microprobe, have entered this domain, bringing a range of unique techniques
for making images. In addition to conventional techniques like Rutherford (and non-Rutherford)
backscattering spectrometry and particle induced x-ray emission for structural characterisation, new
ion beam analysis techniques have been developed for electrical characterisation as well. Foremost of
these new techniques is ion beam induced charge (IBIC) which has seen an explosion of applications
in the last five years to the study of charge transport properties of a variety of materials including
polycrystalline diamond and silicon. An additional novel technique is ionoluminescence, which may
be used to image various electronic properties of the material. Presented here are some examples of
these imaging techniques in a variety of semiconductor materials. In all these examples, the
specimens display structural inhomogeneities on the scale of 10 micrometres, making it essential to
employ a focused beam.

Introduction

More than 40 laboratories worldwide are equipped with nuclear microprobe systems. In these
laboratories, approximately 25% of the work is directed to the study of problems involving
semiconductor materials [1]. A sequence of reviews of this expanding field is available [2-10] and
complete details of all analytical techniques discussed here can be found in a recent book [11].
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Figure I: Signals from specimens analysed with high and low beam current techniques.

The techniques applied to the analysis of semiconductors with a nuclear microprobe may be divided
into two categories: high current techniques and low current techniques on the basis of the source of
the signal used to make images as shown in Fig. 1. The high current techniques (lOOpA or more) are
those of traditional Ion Beam Analysis: Rutherford Backscattering, Particle induced X-ray Emission,
Ion channeling, and, less frequently, Nuclear Reaction Analysis. These traditional ion beam analysis
techniques are mainly aimed at analysis of the elemental structure of the sample. Low current



techniques (100 pA or less) employ the specimen itself as the detector so the number of incident beam
particles required to form images is considerably reduced compared to traditional techniques. This
allows the diameter of the beam collimators to be reduced with a consequent improvement in
resolution, often well into the submicron domain. One of the most widely applied is ion beam induced
charge, where the charged induced in a sample by the beam is collected and regions of differing
collection efficiency form contrast in images. A list of the physical parameters of the Melboune
nuclear microprobe system appears in Table 1 below.

Applications I - High Current Techniques

Epitaxial growth of diamond on large area synthetic diamond substrates is important to many potential
applications in the microelectronics device industry. A method for the production of large area single
crystal has been devised by Pehrsson et al. [13]. This uses chemical vapour deposition (CVD) to grow
a homoepitaxial layer on a diamond substrate containing a buried damage layer created by ion
implantation. Chemical etching is used to attack the buried layer resulting in the lift off of a large area
slab. A key question is whether the implantation has an effect on the quality of the homoepitaxial
layer. As shown in Fig. 2, growth defects are evident in the surface of the as-grown layers.
Channeling contrast images reveal that, apart from the localised defects, the implantation did not
change the quality of the film. Spectra extracted from the growth defects show no signal from the
buried damaged layer suggesting surface dust masked the original implant. The edges of the masked
region are tilted due to implantation induced swelling and hence nucleated misaligned crystal during
the CVD growth phase.

Another aspect to the growth of CVD diamond is that it may readily be distinguished from natural
diamond on the basis of its luminescence spectrum. Electrons (Cathodoluminescence, CL)
traditionally excite this spectrum, however ionoluminescence, IL, is a novel technique that can also be
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Figure 2: Channeling contrast microscopy images with photo (top right) and RBS spectra from growth
defects in a homoepitaxial diamond film.

used for this purpose. IL has not been widely used in the past, owing probably to the rapid build-up of
damage that can change or otherwise degrade the luminescence spectrum. Where this is well
understood, IL can be useful, particularly as it has the potential to be used in conjunction with
traditional IBA techniques. For example, Fig. 3 shows IL measurements on a CVD film. The ion
beam is able to penetrate through the thickness of the as-grown CVD film to probe the natural
diamond substrate beneath. The luminescence from the CVD layer is lower in energy than the
luminescence from the substrate owing the fact that the luminescence arises from donor-acceptor pairs
that are further apart in the CVD film.



Figure 3: lonoluminescence spectra from a CVD diamond film on a natural diamond substrate. For
comparison, the IL spectrum from a bare natural diamond substrate is also shown by comparison.

By use of several beams of differing range, the unique spectrum from the CVDfilm can be identified.
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Applications II - Low Current Techniques

Here are some examples of electrical characterisation of several different semiconductor materials and
devices. In each case the sample itself is the detector and the microprobe is used to induce charge
which is then collected by appropriate contacts applied to the device (see Fig. 1).

Polycrystalline silicon in photovoltaic cells offers interesting challenges to nuclear microprobe
analysis [13]. Induced charge is collected owing to the presence of a depletion layer at the p-n
junction. Grain boundaries and other defects trap charge reducing the efficiency of the device. The
efficiency of the cell can be imaged with IBIC as shown in Fig. 4. In addition to the obvious grain
boundaries, additional structure is visible within individual grains that appears to be correlated with
surface structure visible in SEM images. A potential advantage of this work with MeV ion beams is
that the range of a MeV ion is comparable to longer wavelengths of light in single crystal silicon. In
addition PIXE has sufficient sensitivity to detect some trace contaminants that perhaps contribute to
the degradation of the charge collection efficiency [14].

Figure 4: IBIC images of grain boundaries in a commercially available poly-silicon solar cell. A
2 MeV He* beam was used for these images.
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Diamond has been proposed for many possible applications in microelectronic devices, particularly as
a radiation detector. High quality polycrystalline diamond films manufactured by the Norton company
have been the subject of extensive study by IBIC (see list of references in [10]). This work has been
done to investigate the charge transport properties of the material by using the focused ion beam to
create electron-hole pairs within the material which are then collected by biased electrodes applied to
the diamond surface (the "energy signal"). On average, the diamond films are about 8 % efficient,
with localised regions in the centres of grains rising to an efficiency of 24 % [15], or greater. High-
resolution IBIC images from within single diamond grains reveal significant structure as shown in Fig.
5. Analysis of spectra extracted from these different regions will allow insights to be gained into the
charge collection mechanisms as a function of diamond growth direction. The charge collection
efficiency from the centres of the most efficient grain in this specimen was about 5 times greater than
the average efficiency of the whole film. The most efficient grain in this specimen appeared to have a
charge collection efficiency of close to 100%.

Future of Microbeams

A variety of new techniques are emerging for new imaging methods employing focused MeV ion
beams. One of these exploits the deeply penetration of the beam to form tomographic images of
microscopic objects smaller than the range of the ion beam [16]. This provided insights into the
growth mechanism of the crystal. An extension of this technique involves PIXE tomography [17]
where the characteristic x-rays are detected instead of the energy loss of the transmitted ions. This
will potentially allow three-dimensional maps of trace elements in microscopic objects to be obtained.

For the future, it would be desirable to have much brighter ion sources to allow smaller probes to be
obtained with a similar beam current to those available now. Apart from this, further advances will
come from probe forming lens systems with even greater demagnification compared to the present
systems that are more closely matched to the characteristics of the ion source and accelerator where
further optimisation is possible [18]. At present the main barrier to further reduction in probe size
appears to be mainly mechanical vibrations and parasitic magnetic fields which limit the resolution to
100 run. Also, more sophisticated instrumentation would be valuable to more fully exploit limited
beam time.

As shown by the many applications here, the ability to make images opens provides a large range of
valuable information. In fact a key common factor in all of these applications presented here is that

Figure 5: High resolution IBIC images of charge collection efficiency in a Norton polycrystalline
diamond. Images made with a 2MeVH beam focused to a sub-micron probe.
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crucial information about the structure and electrical characteristics of the samples would have been



lost had unfocused beams been employed.
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Table 1; Physical Parameters of the Melbourne microprobe.
Accelerator

Object diaphragm
Aperture diaphragm
Object - Aperture distance
Aperture- Specimen distance
Aperture - Scan coils distance
Probe forming lens system

Lens bore radius
Turns per pole

Lens 1 and 4 length

Lens 2 and 3 length
Lens spacing
Working distance (last lens to specimen), WD
Demagnification at shortest WD

X-ray detector (A, d, 6)

Particle detectors (A, n , 9)
(Additional forward detectors can be fitted as
required)
Typical parameters for analysis
Object diameter
Aperture diameter
Beam convergence angle
Beam current for 2 MeV He+

Beam current for 3 MeV IT

NEC 5U pelletron with RF ion source

5 to 200 um diameter
50 um to 3 mm diameter
7250 mm
1200 mm
300 mm
Russian antisymmetric quadruplet of magnetic quadrupole lenses

6 mm
15
30 mm

60 mm
35 mm
150 to 500 mm
26
Si(Li) 30 mm2,33 msr, 135°
PIPS 450 mm', 126 msr, 135°
PIPS 100 mm2, 30 msr, 145°
Annular 300 mm2, 97 msr, 175°
High current techniques

100 um
1 mm
0.16°
200 pA
360 pA

Low current techniques

5 |im
50 um
0.013°
~2fA
~5fA
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