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INTRODUCTION

Nuclear techniques of analysis have played an important role in the study of synthetic and laser annealed diamond in
Melbourne. These measurements have mainly used ion beam analysis with a focused MeV ion beam in a nuclear
microprobe system. A variety of techniques have been employed. One of the most important is nuclear elastic
scattering, sometimes called non-Rutherford scattering, which has been used to accurately characterise diamond films
for thickness and composition. This is possible by the use of a data-base of measured scattering cross sections.
Recently, this work has been extended and nuclear elastic scattering cross sections for both natural boron isotopes have
been measured. For radiation damaged diamond, a focused laser annealing scheme has been developed which
produces near complete regrowth of MeV P implanted diamonds. In the laser annealed regions, proton induced x-ray
emission has been used to show that 50 % of the P atoms occupy lattice sites. This opens the way to produce n-type
diamond for microelectronic device applications. All these analytical applications utilise a focused MeV microbeaxn
which is ideally suited for diamond analysis. This presentation reviews these applications, as well as the technology of
nuclear techniques of analysis for diamond with a focused beam.

ION BEAM INDUCED DAMAGE IN DIAMOND

Ion beam irradiation of diamond introduces damage that can cause degradation of the quality of the crystal. This can
be a problem for both ion beam analysis techniques and ion beam modification processes aimed at the production of
diamond with useful properties. In Melbourne, analysis of diamond is typically done with a focused ion beam which
can result in both lattice damage and considerable swelling of the diamond itself. In the case of measurements of the
crystal quality, Xmm , the swelling of
the crystal results in significant —>•
dechannel ing o f the analysis b e a m and
the consequent degradation o f the
measurement unless precautions are
taken (1) . S ince the tilted crystal
planes at the edge o f the irradiated
region extend over about 10 m m i n
size, i s is s imply necessary to ensure
that the tilted region l ies outside o f the
region of interest. Within the
irradiated region, away from the tilted
edges, the crystal quality in the surface
region i s essentially unaffected by the
analysis beam irradation. T h i s i s
shown be the results i n figure 1 w h i c h
show the Xmm measured as a function
of dose in a diamond crystal. T h e
critical dose, D , , i s where the ti lt ing
of the crystal planes begins to excede
the channel ing critical angle for the
measurement. Further measurements
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Figure 1: Build-up of damage in 1.4 MeV He+ ion irradiated diamond.
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on other materials reveals a similar behaviour (2). More detailed analysis of the damage produced by the ion beam
irradiation of diamond is presently being carried out (3,4).

ION IMPLANTATION AND LASER ANNEALING OF DIAMOND

Diamond is a potentially excellent material for microelectronic applications. With a wide band gap (5 eV) it is
potentially insensitive to thermal noise and with excellent thermal conductivity it can operate at high temperatures.
However a barrier to the fabrication of useful devices is the difficulty of making n-type diamond semiconductor
material. Over the past few years in Melbourne, a scheme has been devised that has the potential to produce n-type
diamond. Nuclear techniques of analysis have been essential for probing the extent of regrowth of the implantation-
induced damage in the diamond crystal lattice and the lattice location of the dopant atoms in the annealed diamond
crystal.

Our previous work has shown that focused laser annealing could partially regrow the damage produced by deeply
buried 2.8 MeV C+ implantation (Rp ±ARp = 1.48 ±0.06 ^m) to a dose of 3xl0Ji C+/cm2 (5,6). In that early study,
Channeling Contrast Microscopy (CCM) was used to probe the lattice regrowth following laser annealing from a
single pulse. That work has now been extended to two new systems: P and As implantation. An example of the result
of laser annealing of the As implanted diamond is shown in figure 2. In this figure, the laser pulse was of highly non-
uniform intensity distribution. However several typical phenomena are visible. High laser intensities have resulted in
the formation of a buried graphitic spot (labeled "laser burned" in figure 2). Intermediate laser intensities have
resulted in laser annealing of the diamond, as seen by the bleaching of the dark damaged diamond.

In the case of P implantation, a new laser annealing scheme has been devised that uses multiple laser pulses of
increasing energy to more ftdly anneal the diamond. This is shown by the histogram in figure 3 which shows the
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Figure 2: Laser annealed As implanted diamond
showing an area of 40x20 |xm .

1 6 12

Pulse Number
Figure 3: Multiple pulse laser annealing scheme for

P implanted diamond^

increasing laser power required to more fully anneal the diamond (7). In this case a diamond implanted with 4.0 MeV
P+ to a dose of lxlO15 P7cm2. It is important to note that a single laser pulse of the intensity corresponding to pulse
number 12 in this scheme on an as-implanted diamond will result in ablation of the dimaond surface down to the end
of range of the original implant. The effectiveness of the multiple pulse annealing scheme is clearly shown in figure 4
which shows results from CCM analysis of a multiple pulse annealed diamond.
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Figure 4: (right) CCM analysis of a P implanted and
laser annealed diamond showing backscattering
spectra from several regions of interest: (a) As-
implanted diamond, (b): multiple pulse laser
annealed spot, (c): unimplanted diamond for
comparison and (d): a randomly oriented diamond.
All data from the <110> axis using a 1.4 MeV H*
microbeam and a detector at a scattering angle of
150°.

a>

13
6

600 900 1000
Energy (keV)

23



350

• » 0

The backscattering spectrum cannot provide information about the lattice site of the implanted atoms owing to their
very low concentration at the end of range. Instead it is possible to use the Proton Induced X-ray Emission (PDCE)
signal. However this is challenging,
since the yield of x-rays is very low
as the P concentration at the end of
range is about 18ppm. It is
necessary to use a highly optimised
system including a large area x-ray
detector (80 mm2) in close geometry
(~15mm). Figure 5 shows the PKE
channeling data from the P
implanted diamond. The yield of P
x-rays from the laser annealed
regions of the diamond is about 50%
of the yield from P in regions where
the P is randomly sited in the lattice.
This suggests partial substitution of
P on the diamond lattice and
electrical measuremnts are now in
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progress to determine the electrical
activity of the substituted atoms.

NUCLEAR ELASTIC CROSS SECTIONS

Figure 5: PLXE channeling data on P implanted diamond.
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In the examples of ion beam analysis of diamond presented here, advantage has been taken of the enhancement in the
back scattering cross section that occurs as a result of the breakdown in the Rutherford scattering law owing to the
projectile comming within range of the strong nuclear
force. Measurement of these cross sections to produce a
data base allows simulated spectra to be fitted to
experimental data (8). An example of this is shown in
reference (9) of these proceedings where the thickness of
synthetic polycrystaline diamond films have been
measured by 3 MeV H* backscattering. In addition, the
ion induced luminescence has been studied and
significant differences between films grown under
different growth conditions have been observed.
Recently this work has been extended to the measurement
of the elastic scattering cross sections for both natural
isotopes of boron. This may allow measurement of boron
concentrations in thin diamond films. Such films can be
made self supporting allowing the boron and carbon
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signals to be resolved in the backscattering spectrum.
Preliminary data showing the yield from IOB and n B in a
thin natural boron film as a function of energy are shown
in figure 6.

Figure 6: Yield at 170° from natual boron for H+

irradiation.
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