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Abstract
Single-crystal AlN films on SiC were irradiated at 145 K with 1.0 MeV Au+
ions in a wide range of ion fluences. The accumulation of disorder on both the
Al and N sublattices in AlN has been investigated in situ using conventional
Rutherford backscattering spectrometry (RBS) and non-RBS along the 〈0001〉-
axial channelling direction. The results suggest that a disorder saturation
stage is attained following an initial disorder increase at doses less than 10
displacements per atom (dpa). A continuously amorphized layer was not
formed in AlN for doses up to 208 dpa. Similar disordering behaviour is
observed for the Al and N sublattices. The lattice disorder produced at 145 K
is thermally stable at room temperature; further irradiation does not induce
disorder recovery. The microstructures in the irradiated AlN exhibit both
amorphous and crystalline domains at the stage of disorder saturation. The
implanted Au does not show significant redistribution during the ion irradiation
or room-temperature annealing.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Aluminium nitride (AlN) has a direct bandgap of 6.2 eV at room temperature, which is
the largest among the well-studied wide-bandgap semiconductors. The material and its
alloys have been the subject of extensive research for advanced optoelectronic and photonic
applications [1]. Recently, an AlN light-emitting diode (LED) with an unprecedented
wavelength as small as 210 nm (deep ultraviolet) was successfully fabricated based on both Mg
(p-type) and Si (n-type) doping [2]. In addition, AlN also has been proposed as an electrical
insulator for fusion reactors because of its high resistivity, small neutron capture cross sections,
high melting point, and good thermal, mechanical and chemical stabilities [3, 4].
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Donor and acceptor dopants must be incorporated into the AlN structure prior to device
applications. Traditional doping by diffusion is not an option for AlN due to its high thermal
stability. Ion implantation has proven to be an effective method for dopant incorporation in
many semiconductor materials. It offers the advantage to implant nearly any combination of
dopants and solid materials with precise control of the dopant concentration, area and depth.
However, ion implantation produces lattice disorder that is detrimental to device performance.
A successful application of ion implantation depends on a fundamental understanding of the
accumulation and recovery of ion-beam-induced disorder, as well as the dopant behaviour in
the material. Ion implantation also provides a convenient means to study radiation effects
in AlN and to assess or predict its performance under high-radiation environments, which
are important for fusion energy systems. Over the past decade, significant research efforts
have been devoted to the study of implantation effects in similar wide-bandgap materials,
such as gallium nitride (GaN) and silicon carbide (SiC). In contrast, few reports [5–8]
on ion-implantation-induced damage and dopant behaviour in AlN are available. The
current knowledge about the disordering and amorphization processes in AlN is still very
limited. This study reports for the disorder accumulation and dopant behaviour in AlN
using both ion backscattering in channelling geometry and transmission electron microscopy
(TEM).

2. Experimental procedures

The undoped AlN single-crystal films (∼14.0 μm thick) used in this study were epitaxially
grown on 〈0001〉-oriented 6H-SiC substrates. Both ion irradiation and disorder measurements
were performed using the 3.0 MV tandem accelerator within the Environmental Molecular
Sciences Laboratory (EMSL) at the Pacific Northwest National Laboratory (PNNL) [9, 10].
Specimens were implanted 60◦ relative to the surface normal using 1.0 MeV Au+ ions to
various fluences ranging from 2.3 to 424 Au+ nm−2 at 145 K. The irradiation geometry was
chosen to produce shallow damage and implants that could be readily measured in situ by He+-
ion backscattering, while the low temperature provided a condition to minimize simultaneous
defect recovery during the irradiation. The typical ion flux for the irradiation was of the order
of 0.12 Au+ nm−2 s−1.

Following irradiation, channelling analyses were performed in situ using 2.0 MeV He+
Rutherford backscattering spectrometry along the 〈0001〉 axial channelling direction (RBS/C)
at a scattering angle of 150◦. The irradiated sample was maintained at the irradiation
temperature (145 K) until the RBS/C analysis at the low temperature was completed. Thermal
annealing in vacuum was followed at room temperature for 72 h. The same RBS/C method
was used to study the temperature response of the disorder in AlN. Simultaneous analysis of
the disorder on both the Al and N sublattices in AlN was then conducted using the enhanced
backscattering of 14N(α, α)14N at an incident energy of Eα = 3.5 MeV and a scattering angle
of 150◦. The depth resolution of Al at the surface for the non-RBS/C analysis corresponds
to ∼35 nm, which is slightly worse than that (∼27 nm) for the conventional 2.0 MeV He+
RBS/C method. The analysing beam had an angular dispersion of less than 0.05◦ and induced
negligible damage in the investigated depth region during the channelling analyses. The
random-equivalent spectrum was obtained by averaging four spectra collected in the virgin
(unirradiated) and the highest-fluence (424 Au+ nm−2) areas with fixed polar angles of −7◦
and +7◦ off the surface normal, respectively, while the tilting angle was rotating back and forth
in a range from −3◦ to +3◦. Note that the arithmetic mean of the two AlN spectra from the
implanted area is nearly identical with that from the virgin area except for the slightly lower
scattering yields in the surface region (30–130 nm), where a high Au concentration is present.
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Figure 1. A sequence of the selected 2.0 MeV He+ RBS/C spectra for a 〈0001〉-oriented AlN film
(∼14 μm thick) on 6H-SiC irradiated 60◦ off the surface normal with 1.0 MeV Au+ ions at 145 K.
Also included are an average random spectrum and a 〈0001〉-aligned spectrum from a virgin area.

A cross-sectional thin foil of AlN irradiated to 366 Au+ nm−2 at 145 K and stored at
room temperature was prepared for TEM examination by standard tripod wedge polishing,
followed by 4.0 and 2.5 keV Ar+ ion-beam thinning to electron transparency. One piece of
virgin AlN was glued face-to-face with the irradiated sample. The Ar+-ion sputtering process
was carried out at room temperature without causing observable lattice disorder to the TEM
samples. The TEM experiment was conducted using a JEOL 2010 microscope at EMSL under
an operating voltage of 200 kV. The specified point-to-point resolution was 0.194 nm. All
images (1024 pixels × 1024 pixels) were digitally recorded with a slow-scan charge-coupled
device camera.

3. Results and discussion

3.1. Disorder accumulation and stability

A series of 2.0 MeV He+ RBS/C spectra for AlN irradiated to various Au+ fluences at
145 K is shown in figure 1. Some of the spectra for the intermediate fluences are omitted
in the figure for clarity. Also included in figure 1 are both an average random spectrum (see
section 2) and a 〈0001〉-aligned spectrum from a virgin area. The depth scales on the upper
abscissa for elements Al and Au are referenced to the atomic density of the AlN single crystal
(3.26 g cm−3). The minimum yield χmin obtained from the ratio of the aligned virgin spectrum
to the random one just behind the surface peak is ∼10%. This is a relatively large value
compared to what is typically a few per cent for nearly defect-free AlN single crystals. The
main reason for this is the presence of an amorphous surface layer (∼20 nm thick), which
has been observed from the TEM experiment in this study (data not shown). However, the
as-received AlN in the deeper region has a high crystalline quality, as confirmed by the TEM
results (see section 3.2). The random spectrum in figure 1 corresponds to a yield level from
an amorphous AlN. From figure 1, the backscattering yields from the implanted Au are well
resolved from the AlN spectra, which allows for a simultaneous analysis of lattice disorder
and dopant profiles. In addition, the peak areas of the Au have been used for an accurate
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Figure 2. Depth profiles of the relative disorder on the Al sublattice in AlN obtained from the
spectra shown in figure 1 and other unplotted spectra. The solid lines are the spline fits to the data.

determination of the relative ion fluence. It should be noted that there was a negligible depth
shift of the Au peak when RBS was performed along the random orientation (∼7◦ off the
surface normal). This may be due to the fact that the total energy loss of the He+ ions
occurs primarily in the outgoing path; a small reduction in the stopping powers of the incident
channelled He+ ions does not noticeably modify the depth scaling.

Based on the RBS/C spectra shown in figure 1, the relative disorder on the Al sublattice
is obtained through an iterative procedure [11–13], where the dechannelling yield is assumed
to be proportional to the level of structural disorder. The experimental results of the relative
Al disorder for ion fluences ranging from 2.3 to 424 Au+ nm−2 are shown in figure 2 as a
function of depth. Fully amorphized and defect-free phases correspond to unity and zero,
respectively, on the vertical scale. At 5.4 Au+ nm−2, the damage peak is well defined with
the peak maximum located at ∼104 nm. The damage peak position gradually shifts to a larger
depth as the ion fluence increases in the low-fluence regime. This behaviour may suggest that
Al interstitials diffused towards the bulk during the Au+ irradiation at 145 K. Above a fluence
of 26 Au+ nm−2, the disorder tends to saturate at a level of ∼0.75. The observed profile
broadening in figure 2 is largely a result of the disorder saturation over the depth, which is
consistent with the disorder saturation over the local dose, as will be discussed below. Full
amorphization that can be detected by ion channelling does not occur up to the highest fluence
(424 Au+ nm−2) applied in this study.

In order to estimate the local dose in displacements per atom (dpa), the displacement rate
as a function of depth is needed. In this study, the displacement rate has been obtained from the
SRIM2006 simulation [14] under the assumption of threshold displacement energy of 50 eV
for both Al and N sublattices in AlN [15]. The dose has a linear dependence on ion fluence
with a conversion factor of 0.4912 dpa/(ion nm−2) at the damage peak (104 nm). It should
be pointed out that the simulation used the database of stopping powers for Au+, Al+ and N+
ions in AlN in a low-energy range (a few eV–1 MeV). In general, the stopping power values
for particles at low velocities are not as accurate because there are very few experimental data
available for fitting the parameters in the SRIM2006 package. Thus, it is not anticipated that
the depth scales for both the ion projected range and the displacement rate are precise from the
simulation. A depth correction followed by a normalization procedure should be used in order
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Figure 3. Relative disorder on the Al sublattice, observed along the 〈0001〉 axis, as a function
of dose at the depth of 104 nm in AlN irradiated at 145 K (downward triangles) and annealed in
vacuum at room temperature for 72 h (upward triangles), respectively.

to obtain a more accurate dose at any given depth. In addition, sputtering effects also modify
the depth scale, particularly for MeV heavy ions. More discussion regarding the corrections for
depth, dose and dopant profiles will be provided in a separate paper.

The dose dependence of the relative Al disorder at the depth of 104 nm in AlN irradiated at
145 K is shown in figure 3. There is a gradual increase in the disorder below a dose of 10 dpa,
followed by disorder saturation at the level of ∼0.7 at higher doses up to 208 dpa. From the ion-
channelling analysis, full amorphization is not observed under the irradiation conditions. The
results for the same sample stored at room temperature for 72 h are also included in figure 3.
The two sets of data fall on the same curve within experimental error. Thus, there is not a
measurable defect recovery at room temperature for AlN under experimental conditions. The
stability of the defects in AlN at room temperature is expected because a previous report [6]
has indicated that Au+-ion-implantation-induced defects in AlN are stable up to 1273 K.

The gradual increase in the disorder level at low doses is attributed primarily to elastic
collisions induced by the energetic Au+ ions, which cause atomic displacements from the
lattice sites. Apparently, the results in figure 3 indicate that Frankel-pair recombination in
AlN at 145 K is less efficient than the defect production during the Au+-ion irradiation below
a dose of 10 dpa. In addition to the generation of point defects, small defect clusters are also
likely to be produced in AlN within the collision cascades due to a high density of energy
deposition from the heavy-ion irradiation; these clusters are expected to be stable at 145 K and
are unlikely to recover during the irradiation. For lighter-ion irradiation, the recombination rate
could be closer to that of defect production because fewer defect clusters, if any, are generated
during the irradiation. A recent report [5] has shown that disorder saturation in AlN irradiated
with Ar+ ions was attained at low disorder levels of 0.05–0.15 over a wide range of dose, and
the behaviour has been interpreted as due to defect overlapping and recombination during the
ion irradiation. The presence of the disorder saturation stage in this study occurs at a much
higher level (∼0.7). The result suggests that the Al interstitials (and also N interstitials, see
below) produced during the Au+-ion irradiation at 145 K are mobile in the irradiated crystal
structure. This is not unexpected because self-interstitial atoms in Si-irradiated AlN were found
to be mobile even at 80 K [16]. Similar behaviour of disorder saturation in GaN irradiated with
O+ [17] and Au+ ions [18] was also observed at medium-high doses and was attributed to the
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Figure 4. 〈0001〉-aligned spectra for AlN irradiated to an ion fluence of 59 Au+ nm−2 at 145 K and
subsequently annealed at 300 K for 72 h, obtained from (a) 2.0 MeV He+ RBS/C and (b) 3.5 MeV
He+ non-RBS/C. Also included are random and 〈0001〉-aligned spectra from a virgin area.

mobile interstitials that migrated and accumulated or annihilated at the surface and dislocation
loops [19, 20]. Similarly, the disorder saturation in AlN may also be a result of rapid interstitial
migration and efficient annihilation, as will be further discussed in section 3.2.

In order to simultaneously study disorder on both the Al and N sublattices in AlN, a
resonant He+-ion scattering for N was selected. At an incident energy of 3.2–3.5 MeV for
analysis of the disorder region, the cross section for N at a scattering angle of 165◦ is flat, with
a value increased by a factor of ∼1.6 as compared to 2.0 MeV He+ RBS, while that for Al
remains nearly unchanged [21]. Figure 4 shows a comparison of the scattering spectra of the
2.0 MeV He+ RBS/C and 3.5 MeV He+ non-RBS/C for the same AlN sample irradiated to an
ion fluence of 59 Au+ nm−2 at 145 K. Although the Al damage peak is distinctive and can be
readily used for disorder analysis from the conventional RBS/C, the N damage peak is not well
resolved. In contrast, both the Al and N peaks are well defined in the case of 3.5 MeV He+
non-RBS/C, which provides a convenient means to analyse the disorder on both the Al and N
sublattices in AlN.

The relative disorder at the depth of 104 nm on the Al and N sublattices in AlN irradiated
at 145 K and stored at room temperature for ∼72 h is shown in figure 5. These data were
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Figure 5. Relative disorder on both the Al and N sublattices, observed along the 〈0001〉 axis, as a
function of dose at the depth of 104 nm in AlN irradiated at 145 K and subsequently annealed at
room temperature for 72 h.

Figure 6. HRTEM micrographs for (a) a bulk area in the unirradiated AlN and (b) a region of
disorder saturation in AlN irradiated to 366 Au+ nm−2 at 145 K and stored at room temperature.
The inset images show the selected-area electron diffraction patterns for the samples.

obtained using a straight-line approximation for subtracting the dechannelling contributions,
which is simpler for extracting the disorder on the N sublattice and leads to similar values of
disorder at the damage peak as compared to the iterative procedure that was used for figures 2
and 3. From figure 5, the two data sets follow the same curve (solid line) within experimental
error. This result suggests that the disordering behaviour for the two sublattices observed along
the 〈0001〉 axis in the irradiated AlN is similar over the applied doses ranging from 1 to 208 dpa
at 145 K. Some small differences between the data in figures 3 and 5 could originate from depth
deviation and data analysis.

3.2. Microstructures of the irradiated AlN

Figure 6 shows the high-resolution cross-sectional TEM images with the zone axis [11̄00] for
unirradiated and irradiated AlN. For the unirradiated sample in the bulk shown in figure 6(a),
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clear basal-plane fringes are exhibited without much planar distortion or dislocations observed.
Some grey contrast in the image is caused by the local lattice stress. The inserted electron
diffraction image shows a pattern of bright spots with the 〈0001〉 axis indicated. The diffraction
pattern suggests that there is only one crystalline phase involved without amorphous materials.
Slightly stretched spots outside the centre confirm the small lattice stress. These results suggest
that the sample had a high crystalline quality in the bulk. In contrast, the irradiated AlN in
figure 6(b) at the depth of disorder saturation (366 Au+ nm−2 at 145 K) shows both nanoscale
crystalline and amorphous domains. These crystalline domains are well aligned with the
substrate crystal. Unlike polycrystalline materials with a random distribution of orientation,
which is equivalent to an amorphous material from the ion-channelling point of view, such an
aligned structure contributes to the channelling effects, as illustrated in figure 1. The diffraction
pattern in figure 6(b) shows diffuse bright halos that are characteristic of amorphous materials,
in addition to the regular bright spots from the crystalline AlN, which is consistent with the
observation of the HRTEM image (figure 6(b)).

Apparently, the amorphous phase was not produced by a single-ion cascade or direct
impact process because the dose in this depth region has reached 180 dpa. This is consistent
with a recent report [5] that has indicated that a single Ar+-ion impact in AlN produces only
point defects due to a high force constant and a low cross section for damage production. It is
likely that the local amorphization in AlN (figure 6(b)) at the high dose was achieved as a result
of defect interaction and defect-stimulated processes. It may be worthwhile to note that the
microstructure in figure 6(b) is different from what was observed for the ion-irradiated GaN that
showed a high density of dislocation loops (stacking faults) [19, 22] in the disorder saturation
regime and randomly oriented crystalline domains [19] at higher doses. Since the crystalline
domains in figure 6(b) have a dimension of the order of only 10 nm or less, interstitials produced
within the crystalline domains could diffuse rapidly to the crystalline/amorphous interfaces that
serve as effective sinks for them. In addition, some interstitials may combine with uncorrelated
vacancies or be absorbed by dislocation loops on their pathway to the interface. Besides, it
cannot be excluded, in principle, that vacancies within the crystalline domains undergo similar
processes. These interstitial processes, and possibly vacancy processes as well, are believed to
contribute to the nearly perfect balance between the defect formation and annihilation, which is
responsible for the disorder saturation in AlN during the Au+ irradiation. In general, the more
mobile the point defects are and the lower the dose rate is, the larger the retained crystalline
domains should be.

3.3. Dopant behaviour

The atomic percentage of the implanted Au in AlN is plotted in figure 7 as a function of depth
for various ion fluences at 145 K. With the increase of ion fluence, the Au peak gradually shifts
towards the surface. At low fluences (5.4 Au+ nm−2 and lower), the Au peak maximum is
located at ∼107 nm. A total depth shift of ∼26 nm to a lower value occurs at the ion fluence
of 424 Au+ nm−2. This shift originates primarily from ion sputtering of the surface during
the Au+ irradiation. Experimentally, both optical interferometry and step-height profilometry
measurements for the irradiated spots with the high fluences were attempted, but neither of
the techniques could accurately determine the crater depth. This is partly due to material
transparency and surface roughness. For the spot with the highest ion fluence (424 Au+ nm−2),
the crater depth is expected to be ∼26 nm (figure 7).

Also expected from the sputtering effects is the Au peak broadening. The experimental
data indicate that there is a nearly linear dependence of the full width at half maximum
(FWHM) on ion fluence over the applied fluence range in this study. The FWHM of the Au
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Figure 7. Depth profiles of the implanted Au in AlN obtained from the spectra shown in figure 1
and other unplotted spectra. The solid lines are the Gaussian fits to the data.

profile in figure 7 increases from 90 nm at 2.3 Au+ nm−2 to 115 nm at 424 Au+ nm−2. This
represents a width broadening of 25 nm, which is numerically comparable to the peak shift of
26 nm for the highest fluence. The result suggests that a significant Au diffusion during the ion
irradiation did not occur during the ion irradiation. After sample storage at room temperature
for 72 h, measurements for the Au profiles were repeated. There is no evidence that shows
any measurable diffusion of the Au in the irradiated AlN (data not shown). In addition, the
analysing beam of either 2 or 3.5 MeV He+ ions does not promote Au diffusion at room
temperature. This behaviour is similar to that of the Au implants in SiC [23], but exhibits a
sharp contrast to that in GaN, where both the Au and N were found to diffuse towards the
surface during ion irradiation or thermal annealing [20, 24].

4. Summary

The disordering behaviour on the Al and N sublattices in AlN is similar, exhibiting a gradual
increase in the disorder level below a dose of 10 dpa, followed by a disorder saturation at
a level of ∼0.7 over a wide dose range from 15 to 208 dpa. A continuously amorphized
layer is not formed in AlN irradiated up to the highest dose at 145 K. It appears that Al
interstitials tend to diffuse towards the bulk during the Au+-ion irradiation at low temperature.
The primary microstructural features at the disorder saturation stage are the coexistence of
nanoscale amorphized and aligned crystalline domains. The interstitials produced during the
Au+-ion irradiation in AlN at 145 K are highly mobile and can readily diffuse and annihilate
at the crystalline/amorphous interfaces. On their pathway, interstitials could combine with
uncorrelated vacancies or be absorbed by dislocation loops to recover the defects. Similar
processes for vacancies cannot be excluded in principle. These processes are believed to
contribute to the observed disorder saturation. In addition, the disorder produced at 145 K is
stable at room temperature, even with the presence of the He+-ion irradiation. The implanted
Au in AlN does not diffuse significantly during ion irradiation at 145 K or during room-
temperature annealing. The energetic He+ beams also do not promote Au diffusion in the
irradiated AlN at room temperature.
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