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1. Introduction

In the past decades, light-emitting diodes (LEDs) based on group
III-Nitride semiconductors changed the way we are illuminating

the world. Blue light fromGaN LEDs is par-
tially converted into yellow light, leading to
white emitting LEDs with efficacies of over
200 lumen per Watt. In addition to the
highly optimized blue-emitting LEDs,
emitters for the UV range received great
interest lately. In terms of efficiency,
LEDs emitting in the UV-B and UV-C
regimes are lagging behind their blue
and UV-A pendants, due to physical restric-
tions as well as technological challenges
that have to be surpassed to achieve higher
efficiencies. Those challenges comprise the
threading dislocation density (TDD) and
transparency of the AlN growth substrate
or template, light outcoupling, doping,
and point defect control, as well as process-
ing challenges due to excessive wafer
bow caused by differences in thermal

expansion coefficients between LED stack and substrate.
UV-C LEDs for disinfection/sterilization purposes exhibit the

largest germicidal efficacy around an emission wavelength of
265 nm.[1] Coincidentally, AlN––being one of the key compo-
nents of such UV LEDs––possesses a prominent absorption
line at a photon wavelength of 265 nm (corresponding to
�4.7 eV photon energy). This is closely linked to the incorporation
of excessive amounts of carbon into the crystal during its growth,
according to the existing literature.[2–5] In this study, we will
amend this interpretation and put forward an experiment that
suggests the currently dominating interpretation of the 265 nm
absorption line may be incomplete. Based on our data, the role
of the nitrogen vacancy and the interplay between this intrinsic
defect and carbon impurities have to be revised. These insights
open the door for further improvement of UV LEDs.

Indeed, carbon is incorporated unintentionally as an impurity
during crystal growth and often stems from sourcematerials such
as MO precursors (in metal–organic vapor phase epitaxy,
MOVPE) or powders (in physical vapor transport, PVT), as well
as reactor components such as crucibles or susceptors. Even
though to a certain extent, carbon contamination can be influ-
enced by the growth conditions such as temperature, supersatu-
ration, V/III ratio, and pressure,[6] as well as by the crystal
orientation[7] and reactor design, it is challenging to fully suppress
carbon incorporation in MOVPE and PVT growth of AlN crystals.

Carbon acts as an amphoteric dopant in AlN depending on the
lattice site that it is incorporated on.[8] The deep UV absorption
band at �4.7 eV (265 nm) is until now believed to be caused by
carbon on nitrogen sites (CN), which act as an acceptor.[9] With a
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The commonly observed absorption around 265 nm in AlN is hampering the
outcoupling efficiency of light-emitting diodes (LEDs) emitting in the UV-C
regime. Carbon impurities in the nitrogen sublattice (CN) of AlN are believed to be
the origin of this absorption. A specially tailored experiment using a combination
of ion implantation of boron, carbon, and neon with subsequent high-temper-
ature annealing allows to separate the influence of intrinsic point defects and
carbon impurities regarding this absorption. Herein, the presented results reveal
the relevance of the intrinsic nitrogen-vacancy defect VN. This is in contradiction
to the established explanation based on CN defects as the defect causing the
265 nm absorption and will be crucial for further UV-LED improvement. Finally,
in this article, a new interpretation of the 265 nm absorption is introduced, which
is corroborated by density functional theory (DFT) results from the past decade,
which are reviewed and discussed based on the new findings.
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high concentration of electrically active acceptors at growth tem-
perature, the Fermi level shifts toward the valence band, gener-
ally favoring the formation of compensating donors. Apart from
extrinsic donor-type impurities such as oxygen[5,10,11] and sili-
con,[12] the compensation of CN acceptors by the incorporation
of nitrogen vacancies (VN) as shallow donors has been reported
in PVT growth.[8] The occurrence of a high concentration of
nitrogen vacancies and carbon impurities seems to go hand in
hand, which is a typical behavior for compensation. Presently,
the attribution of the absorption band at �4.7 eV to carbon on
nitrogen sites seems to be the consensus in the literature,
whereas the consequent formation of nitrogen vacancies due
to compensation has not been explored rigorously.[2,4,5]

Recently, the overall interpretation has already been challenged
by Jin et al. who conducted annealing experiments on bulk
crystals. They observed a decrease of the�4.7 eV absorption after
annealing, whereas SIMS measurements even showed a small
increase in carbon concentration after annealing. Nitrogen
vacancies are instead proposed as a possible cause of the absorp-
tion band.[13]

To deepen the understanding of the �4.7 eV absorption band
in AlN, we present the results of a tailored experiment using ion
implantation followed by high-temperature annealing (HTA) of
AlN thin films on sapphire that allows us to decouple the effects
from the incorporation of carbon and nitrogen vacancies.
Implantation into pure materials has two effects: First, it can
provide a very controlled impurity concentration (i.e., carbon)
spanning multiple orders of magnitude without relying on indi-
rect control through tuning growth conditions. Second, the
impact of high-energy ions leads to a plethora of native point
defects, mostly Frenkel pairs of vacancy and interstitial, which
are generated when atoms are displaced from a lattice site into
an interstitial position. While Frenkel pair generation is more
probable for the nitrogen sublattice, AlN is in general exception-
ally resilient to irradiation with high-energy particles.[14] Defect
self-recombination (or dynamical annealing), which takes place
when high-energy ions knock back atoms onto their respective
lattice sites during implantation, is reported to be very efficient
in heavily irradiated AlN crystals, leading to very high threshold
fluences for amorphization, in fact making full amorphization
almost impossible to occur.[15] Consequently, no randomly ori-
ented crystalline domains or dislocation loops/localized stacking
faults were observed in implanted AlN.[16] Due to this, AlN crys-
tals with a high concentration of native point defects can be
obtained by ion implantation without reaching the limit for
amorphization or inducing any unwanted structural defects that
may obfuscate the optical properties. Only because of the
discussed resilience to irradiation, AlN is suited for the
herein-discussed experiment since high levels of ion fluences
are needed to observe the distinct absorption band in thin films.

Recently, the recrystallization of several 100 nm thick
AlN/sapphire templates using HTA has gained a lot of interest
as a means of manufacturing epitaxial layers with a very high
crystallinity. First introduced by Fukuyama et al., who employed
an N2–CO atmosphere to prevent decomposition at high anneal-
ing temperatures of up to 1700 °C,[17] the HTA technique has
been developed further by Miyake et al. using the so-called
face-to-face-approach.[18] Apart from reducing the dislocation
density of AlN thin films, we apply the HTA technique in this

study to fully recover the implantation damage. Since the defect
recombination of Frenkel pairs has been reported to largely occur
at temperatures below �1400 °C,[19] a very high degree of recov-
ery of irradiation-induced crystal damage can be assumed after
annealing at 1700 °C. Therefore, intrinsic point defects can be
expected to dominate the optical properties before annealing,
whereas optical properties will be controlled by implanted impu-
rities after annealing. The experiments reported here have been
designed in a way that this separation leads to a deeper insight
into the origin of the 265 nm absorption band in AlN.

To observe these differences before and after annealing,
though, the AlN starting material has to exhibit a high degree
of transparency, i.e., low initial concentration of optically active
point defects prior to the implantation. Physical vapor deposited
(PVD) AlN films fulfill these requirements.

Here, we report on a systematic investigation of absorbance
spectra for samples implanted with varying fluences of carbon
and two reference species (neon, boron) before and after
HTA. The ion fluence and ion energy of both, boron and neon
have been chosen to lead to comparable defect distributions after
implantation. In comparison to carbon, boron is an isoelectronic
group III species and neon does not form any chemical bonds in
AlN and likely diffuses out of the lattice upon annealing.
Comparing these six types of samples (boron, carbon, and neon
implanted before and after HTA) allows us to obtain new infor-
mation on the origin of the absorption band at 265 nm. Our
results discussed in more detail below suggest that the interpre-
tation of CN being the sole cause of the �4.7 eV absorption band
in AlN may be incomplete. Based on our experimental insights,
the involvement of nitrogen vacancies as compensating donors
in the formation of the �4.7 eV absorption band in AlN should
be reconsidered. Our comprehensive model is fully compatible
with experimental results and principally compatible with
theoretical calculations of formation energies (density functional
theory, DFT) published by other groups to date.

2. Results and Discussions

Due to the similar atomic masses of boron, carbon, and neon, the
implantation damage, like displacement per atom (dpa) and
the concentration of defects as a function of ion energy and also
the implantation profiles, are quite comparable (see Figure 1a).
Since neon has a higher atomic mass than boron and carbon, the
damage profile for neon shows a high-energetic tail, as shown in
Figure 1b (blue curves). The normalized vacancy concentration
was calculated using displacement energies of aluminum
and nitrogen obtained from ab initio molecular dynamics
simulations reported by Xi et al.[14] (ED,Al¼ 94.1 eV and
ED,N¼ 38.8 eV). As a result, a vacancy ratio of approximately
[VN]/[VAl]¼ 2.4 has been obtained. The calculated damage profile
for boron implantation using E¼ 40 keV yields peak VN concen-
trations �50 times higher than the peak boron concentration
(excluding dynamical annealing during implant at room temper-
ature). If one takes the atomic sublattice density and the peak VN

concentrations into account, amorphization is expected to occur
for ion fluences greater than �7� 1015 cm�2, cf. Figure 1b
marked in purple (VN concentrations equals the atomic density
of the N-sublattice).
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Respective defect concentrations for boron implantations at
40 keV with ion fluences of 1� 1014 to 5� 1016 cm�2 have, there-
fore, been used as reference values to cover a broad range of
point defect concentrations. To match these damage profiles, car-
bon and neon implantation were conducted at implantation ener-
gies of 47.5 and 70 keV, respectively (see Figure 1a). The ion
fluences for carbon and neon can now be adjusted to match
the boron damage profiles (see Figure 1b). The respective adjust-
ment factors are 0.41 for Ne and 0.81 for C implantations. To
maintain a better overview, the neon and carbon implanted sam-
ples will be abbreviated with their equivalent boron fluence, thus,
e.g., 4.05� 1016 cm�2 of carbon implantation equal sample
C5E16, since 5� 1016 cm�2 is the boron fluence creating the
same concentration of point defects in comparison to an actual
fluence of 4.05� 1016 cm�2 of carbon ions. All implantation
parameters are listed in Table 1.

Even though the theoretical amorphization threshold is sur-
passed for the two highest ion fluences, high-resolution X-ray
diffraction (HRXRD) measurements confirmed that the AlN
layers remain largely monocrystalline, even at these highest
ion fluences, which is in line with the strong dynamical anneal-
ing in AlN during implantation at room temperature.
Nevertheless, an increasing degree of disorder is indicated by
the drastically increasing diffuse scattering, leading to an
increase in background signal for the peak intensities around
the AlN (0002) Bragg peak for ion fluences of 1� 1016 and
5� 1016 cm�2 (see Figure 2). In contrast, ω-2θ scans still confirm
an epitaxial orientation even for the samples with high fluences,

i.e., B1E16 to B5E16 (Figure 2). As is evident from the Bragg peak
shifting to smaller 2θ angles and the observation of a shoulder on
the left side of the former, an expansion of the lattice in the
c-direction occurs, which is in line with reports from literature
where an increase in lattice constant has been explained by
the high density of generated Frenkel pairs, a situation which
we also expect at high implantation fluence.[19] X-ray diffraction
(XRD) reciprocal space maps (not shown here) confirm that the
damaged layer is partially strained to the substrate and
the increase in lattice constant predominantly occurs in the
out-of-plane direction, i.e., c-direction, a behavior which contri-
butes to the reported irradiation resilience of AlN.

After implantation, the samples showed an amber color for all
fluences used in the experiment. As expected, the intensity of the
coloring increases with implantation fluence. Since coloring
was observed independently from the implant species, it is
reasonable to assume that intrinsic point defects cause the
absorption leading to the amber color. In addition, transmittance

Figure 1. a) Normalized depth distributions of the implanted ions (dotted lines) and VN defects (solid lines), as calculated by TRIM simulations.
b) Calculated VN density for varying ion fluences. In purple: Theoretical amorphization threshold for AlN.

Table 1. Sample overview of the three different implantation series and
the used parameters.

B series
sample
names

Fluence at
40 keV [cm�2]

C series
sample
names

Fluence at
47.5 keV
[cm�2]

Ne series
sample
names

Fluence at
70 keV [cm�2]

B1E14 1� 1014 C1E14 0.81� 1014 Ne1E14 0.41� 1014

B1E15 1� 1015 C1E15 0.81� 1015 Ne1E15 0.41� 1015

B1E16 1� 1016 C1E16 0.81� 1016 Ne1E16 0.41� 1016

B5E16 5� 1016 C5E16 4.05� 1016 Ne5E16 2.05� 1016

Figure 2. Coupled ω-2θ scans around the AlN (0002) reflex showing the
presence of a strained layer at diffraction angles below the main Bragg
peak and an increasing diffuse background due to disorder.
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measurements revealed a broad and strong decrease in the trans-
mittance (increase in absorption) in the UV range (cf. Figure 3a
for exemplary transmittance measurements of the samples
B1E14 to B1E16). Since the broad transmittance loss of the
as-implanted samples is superimposed with the thickness
fringes (dashed curves in Figure 3a), the identification of defect
bands is not straightforward. Nevertheless, a strong drop of
transmittance around 265 nm can clearly be identified. It is this
absorption that was previously attributed to carbon on nitrogen
sites (CN) by Collazo et al. in 2012.[2] This interpretation has been
repeated several times and seems to be widely accepted in the
AlN community up to now.[4,12,20–25] Interestingly, the broad
absorption is vanishing almost completely after the HTA process
(see Figure 3a). At the same time, the samples are losing their
amber color, becoming fully transparent to the bare eye. A direct
comparison between a boron as-implanted and annealed sample
with an ion fluence of 1� 1016 cm�2 is shown in the photograph
in Figure 3b. The transmittance spectra after HTA for both the
implanted (green solid curves) and non-implanted (blue dashed
curve) sample are almost identical to each other (see Figure 3a).
We conclude that HTA is a suitable tool to cure the majority of
intrinsic point defects that were formed during ion implantation
(i.e., Frenkel pairs). It is, therefore, justified to assume that the
combination of implantation and HTA obviously leads to the
incorporation of boron on metal sites in AlN without additional
optically active point defects detectable by absorption measure-
ments on such thin films.

Comparing the spectra between different implant species
(boron, carbon, and neon) in the as-implanted state, as shown
in Figure 4, the samples exhibit similar spectra independently
from the implanted species, namely a strong absorption at
265 nm. This is the first indication that the 265 nm absorption
line cannot be solely related to carbon but the intrinsic defects
caused by ion implantation should also be considered as a poten-
tial cause. Typically, transmittance measurements can be sup-
ported by complementary luminescence measurements. This is
not possible in the case of ion-implanted samples, since the vast

amount of defects quench all potential luminescence even under
heavy electron irradiation in a cathodoluminescence setup. Before
the transmittance results are analyzed in more detail, a brief
remark concerning the relation between absorbance and trans-
mittance should be made. In our experiment, we are measuring
transmittance. A loss of transmission, however, is a sum of
absorption and reflection. Therefore, our experimental measure-
ment is given as Y¼ log10(I0/Itransmitted)¼�log10(T ).

[26] Thus, a
value of Y¼ 1 means that 90% of the received photons do not
reach the detector. Since the loss channels may be either absorp-
tion or reflection and thus absorbance as an axis labeling may be
misleading, the vertical axis is labeled as �log10(T ). Still, for pur-
pose of ease, themeasured signal will be referred to as absorbance

Figure 3. a) Transmittance spectra of the boron implant series before and after annealing, normalized to a bare sapphire wafer. The distinct transmittance
drop in the UV-C is marked in red. b) Photograph of an as-implanted and annealed AlN/sapphire sample implanted with boron ions to an ion fluence of
1� 1016 cm�2.

Figure 4. Measured absorbance spectra of all three different implantation
series. The data was referenced to a non-implanted sample to suppress
thin film fringes. The spectra show two distinct bands with transmittance
losses that can be related to VAl and most probably VN.
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hereinafter, where “loss of transmittance” would be more precise.
As a second remark, if one would use the (in this case physically
incorrect[26]) well-known and often-used expression derived from
the Lambert–Beer law, the calculated absorption coefficient for
B1E14 to B1E16 would yield values between 30.000 and
100.000 cm�1 at �4.7 eV, respectively.

To suppress thin film fringes that complicate the identification
of absorption or reflection components, an as-deposited sample
from the same process was used as the reference sample for the
measurement of I0.

We would like to highlight the excellent agreement between the
absorbance of the boron and carbon implanted samples for implan-
tations with a nominally identical concentration of intrinsic point
defects, as shown in Figure 4. These results demonstrate the power
of TRIM to predict damage profiles after implantation experi-
ments.[27] Nonetheless, the neon implanted sample shows slightly
stronger absorbance. This may be attributed to the fact that the cal-
culated adjustment factors are not exact and that the Ne defect pro-
file is slightly different, as seen in Figure 1b for higher depths.

In addition to the dominant 265 nm absorption band, Figure 4
reveals a distinct second absorbance peak at 370 nm/3.35 eV for
the as-implanted samples. The second peak can likely be attrib-
uted to VAl, which was predicted by theoretical calculations to
yield an absorption at 3.4 eV.[28] It was also observed in proton-
and neutron-irradiated samples.[29,30] Recently, Cardoso et al.
implanted Eu into AlN and measured two excitation bands at
270 and 367 nm, which agrees excellently with our measured
absorption bands.[31] A lower intensity in absorption for VAl is
also in line with our TRIM results, referring to the calculated
vacancy ratio of 2.4. In our measurements, both bands rise in
intensity with increasing implantation fluence, thus higher
intrinsic point defect density in the sample. The broad and steady
increase of absorption in the visible spectral range up to a
wavelength of 550 nm may be attributed to an interplay between
intrinsic point defects, since it can be observed in all samples
independently from the implantation species. This broad

absorption band is the reason for the amber-colored appearance
of the samples. We also want to point out that extended defects
like randomly oriented domains or localized stacking faults
(i.e., dislocation loops) are unlikely to be the source of any sig-
nificant absorption, since AlN is known for not showing these
features even at high implantation fluences of 4� 1016 cm�2.[16]

Regarding the strong absorption that is centered at 265 nm, we
now want to refute the established interpretation in the literature
that attributes this distinct absorption solely to carbon impurities
on nitrogen sites. Since the 265 nm absorption can be observed
in samples grown with different kinds of techniques like PVT,
MOVPE as well as hydride vapour phase epitaxy and was now
additionally reported in implantation experiments with different
species including but not limited to carbon, we want to conclude
that intrinsic point defects (most likely VN) are strongly involved in
this absorption and the real role of carbon may need to be revised.
A comprehensive model for this will be suggested in the subse-
quent section, which is based on DFT calculations published over
the past decade. These existing calculations from the last years will
be reviewed and critically checked against the new model.

Transmittance spectra measured after HTA for samples with
all three different implant species are shown in Figure 5. After
HTA, the strong absorption bands, which were prominently seen
in the as-implanted samples, are no longer visible. For all three
types of implant species and fluences, the transmittance spectra
after HTA show no distinct absorption in the ranges discussed
above. After annealing, the boron and neon series both exhibit
similar spectra compared to the as-grown, non-implanted, and
annealed reference sample. Like the boron and neon implant
series, the carbon series shows no distinct absorption around
265 nm, but interestingly a drop of transmittance in the deeper
UV-C down to the wavelength of fundamental bandgap absorp-
tion. Furthermore, this absorption increases with increasing
implantation fluence, i.e., the concentration of carbon impuri-
ties. This result underlines that CN is indeed involved in optical
transitions causing absorption losses in the UV-C range.

Figure 5. Transmittance spectra for all three different implantation series after high-temperature annealing (HTA). The measured data is referenced to a
bare sapphire wafer. For the carbon series, one can observe a steady decrease of the transmittance below 250 nm for the lower fluences and a drastic
deterioration of the optical quality for the highest fluence up to the red spectral range.
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However, it does not seem to be the exclusive cause of the
�4.7 eV absorption band, but rather may be responsible for a
broader range of optical transitions, potentially involving other
extrinsic impurities or intrinsic defects. The sample with the
highest carbon concentration shows a steady decrease of
transmittance towards smaller wavelengths, already setting in
in the red spectral range. Consistently to the transmittance data,
the sample with the highest carbon concentration shows a
gray–green coloring to the human eye after HTA. For this sam-
ple, the HTA either was not able to recover all the implantation
damage, or high-carbon concentrations may lead to a wide range
of different energetic transitions inside the bandgap due to
carbon-related disorder or point defect states.

In the following, a model is suggested that further supports
the statement of VN being involved in the UV-C absorption
consistently to observations in different experiments in the liter-
ature. The argumentation is based on defect formation energy
calculations published over the past decade. In all samples
described in the literature, the measured density of carbon impu-
rities scales with the UV-C absorption, as long as oxygen or sili-
con (both donor-type defects) are lower in concentration.[3–5,23,32]

Thus, a correspondence between C and Si/O seems to exist.
Especially in Al-rich growth conditions, carbon incorporates as
an acceptor on nitrogen sites (CN).

[2,8,33] With an increasing con-
centration of CN, the Fermi level decreases towards the valence
band, leading to a reduction in the formation energy of compen-
sating donors. Compensation can be accomplished by donor-type
impurities like oxygen and silicon, or by the formation of the
right type of intrinsic point defects with donor character, e.g.,
VN. Gaddy et al. calculated that in the presence of carbon, VN

will occur as a compensating donor under Al-rich to balanced
growth conditions.[8] Especially in Al-rich conditions, the concen-
trations of VN and CN converge.[8] In N-rich conditions, CN will
be compensated mostly by CAl in the absence of other donor-type
species, e.g., oxygen or silicon. Experimentally, quenching of

�4.7 eV absorption via Si incorporation was shown by Gaddy
et al.[12] This behavior is a consequence of the amphoteric nature
of carbon in AlN, since both CN and CAl have comparable forma-
tion energies with EForm of CAl being lower than for VN under
these conditions.[2,8,33] For example, for MOVPE-grown layers,
it was already reported that low supersaturations, e.g., obtained
by pulsed growth modes that include Al-rich growth phases, lead
to prominent absorption around 265 nm.[4] Assuming that every
AlN crystal that incorporates only carbon impurities forms VN as
a compensating defect, the experimental results from the former
literature are still consistent with our interpretation of VN as the
potential source of the UV-C absorption. Since the formation
energy of ON is lower than for VN in N- and Al-rich growth con-
ditions for all positions of EF in the bandgap[28] (there are also
calculations showing a lower formation energy for VN than for
ON at EF< 1 eV[9]), one has to expect a decrease of the intensity
of the distinct absorption band around 265 nm as soon as oxygen
is incorporated, if its origin is in fact VN. This effect was indeed
already described in literature several times for PVT
growth.[5,10,11,34] Furthermore, Hartmann et al. found an empir-
ical relation between carbon and donor-type impurities to achieve
transparent crystals.[5] Additionally, we want to give a counter-
argument to the occasionally stated hypothesis that the n-type
behavior of oxygen-doped AlN leads to quenching of the former
carbon-related absorption, as suggested by Irmscher et al.:[24]

Since our samples do not show the 265 nm absorption band
before implantation, the reduced transmittance in the given
range after boron and neon implantation cannot be a result from
carbon impurities in the first place. We presume that the absorp-
tion of the ion-implanted samples is reduced during HTA of AlN
on sapphire by two effects: First, annealing of the excess intrinsic
point defects, i.e., Frenkel pairs at comparably low temperatures,
and second, diffusion from oxygen into the AlN that tends to
occupy the nitrogen vacancies due to the lower formation energy
of ON compared to VN.

[19,28] As a last argument, even the absence

Figure 6. Suggestedmodel for management of the 265 nm absorption band during AlN growth based on density functional theory (DFT) calculations and
experimental results from the literature.[2,5,8,9,12,24,28,33,35]
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of the 265 nm absorption in N-richer growth conditions shown
by Tillner et al. fits this model, since the amphoteric nature of
carbon leads to self-compensation with reduced VN formation,
as stated earlier and simulated by Gaddy et al.[4,8] Finally, the
whole argumentation follows calculations and results that were
already available in the literature. Only the addition of this
new set of experiments, i.e., ion implantation as a means of con-
trollably introducing carbon impurities and purposefully creating
vacancy-type defects in high-quality AlN using optically inactive
reference species, enables a deeper understanding of the funda-
mental nature of the 265 nm absorption band.

As a guidance, the relation between formation energies and
interplay of point defects regarding their compensation described
earlier is simplified in the flowchart in Figure 6, which shows the
case for an idealized experiment: The amphoteric nature of car-
bon impurities in AlN leads to self-compensation, as long as
growth happens in nitrogen-rich conditions due to the similar for-
mation energies of CAl and CN and the lower formation energy of
CAl compared to VN. In aluminum-rich conditions, the formation
energy of CAl increases relatively to the formation energy of VN

and ON. If no oxygen is supplied, this leads to the compensation
of the acceptor CN with the intrinsic point defect VN. Contrary, as
soon as enough oxygen is supplied during growth, the acceptor
CN is mainly compensated by the donor with the lowest formation
energy ON. As soon as enough oxygen is incorporated, none or
merely a suppressed absorption around �4.7 eV is measurable.

To conclude, the authors concede that pinpointing the exact
mechanism for the occurrence of the �4.7 eV absorption band in
AlN is indeed very challenging due to the tight connection between
CN as an acceptor-type defect and its potential compensator VN. Our
results indicate that a distinct absorption centered at �4.7 eV may
also be caused by intrinsic defects introduced during ion implanta-
tion with different species, irrespective of the carbon concentration.
Further, purposefully designed experiments are necessary to prop-
erly distinguish the effects of CN and VN on the optical properties of
AlN crystals. In light of the reported findings, a critical reexamina-
tion of the origin of the �4.7 eV absorption band may be necessary.

3. Conclusions

Our experiments imply that intrinsic point defects can be fully
recovered during HTA of AlN thin films grown on sapphire
substrates. The observations suggest that the 265 nm absorption
may be caused by VN rather than CN as commonly assumed in
literature until now. Concurrently, the experimental design pro-
vides new insights into the 265 nm absorption band of AlN crys-
tals and opens the interpretation of UV absorption for a revision.
Transmittance measurements, combined with specially tailored
implantation experiments based on Monte Carlo simulations
allowed to identify that intrinsic point defects play a major role
in this absorption band. Finally, we suggested a full model for the
formation of VN and its role in deep UV absorption in AlN in the
presence of typical, hard to avoid impurities, oxygen and carbon.

4. Experimental Section
Nominally 300 nm thick commercial AlN samples fabricated by PVD

on c-oriented sapphire substrates have been used for all experiments.

The as-grown samples exhibit a nanocolumnar morphology with
c-oriented, Al-polar grains. XRD rocking curve full width at half maximums
for the (0002) and (10-12) reflex of�200 arcsec and�2500 arcsec, respec-
tively, indicate highly c-oriented crystallites. Even though the twist angle of
PVD AlN is comparably high, such films are still single-crystalline in
nature.[36] Typically, sputtered AlN templates can be used as nucleation
layers for GaN buffers with low screw- and mixed-type dislocation densi-
ties. To ascertain the best possible comparability, samples from the same
deposition runs were used for the same implantation species. For plan-
ning the different implantation experiments, the freely available software
package TRIM (“Transport of Ions in Matter”) was employed. The Monte
Carlo simulation TRIM is based on a binary collision approximation
between the implanted species and the atoms of the target material.

In addition to the normalized implant species distributions, TRIM also
calculates the amount of vacancy defects generated per unit length per
implanted ion. The profiles shown in this publication were calculated using
104 single implantation events. The mathematics and theory of TRIM,
i.e., Monte Carlo simulations and ion implantation are described in detail
elsewhere.[37]

Boron (Bþ) ions were implanted into full 2" AlN-on-sapphire wafers in a
commercial Varian ViiSta HCS system using BF3 as a source by repeatedly
moving the samples through the ion beam with a top-hat profile. The
boron implantations were performed with an acceleration voltage of
40 kV. Neon (70 keV) and carbon (47.5 keV) ions were implanted into
18� 18mm samples by scanning the ion beam across the sample.
The samples were tilted by 6° to 7° with respect to the incident ion beam
to avoid channeling phenomena.

The HTA was carried out inside a cold-wall vacuum furnace, using an N2

atmosphere at ambient pressure. All components inside the furnace con-
sist of porous Al2O3 (thermal isolation), sintered Al2O3 (tube, sample-
holder), AlN (oxygen getter), and molybdenum (heater). Thus, annealing
takes place in a low-oxygen, pure N2 atmosphere. The samples were
annealed in a face-to-face configuration to suppress thermal decomposi-
tion.[18,38] After loading, the furnace was evacuated to 50 mbar and purged
three times with pure N2. After reaching 200 °C, the atmosphere
was changed additionally two times to reduce moisture content.
Subsequently, the temperature controller was set to 1700 °C with a maxi-
mum heating rate of 8 Kmin�1 and dwell time of 3 h after reaching
Tdwell. After three hours of dwell time, the heater was turned off and
the samples cooled passively, while purged with 5 slm of N2 during heating
and cooling.

To obtain information on the optical characteristics of the as-grown,
as-implanted, and high-temperature-annealed samples, transmittance meas-
urements were carried out using a JASCO V-670 UV–vis spectrometer. The
transmitted light was collected using an integrating sphere mounted into the
spectrometer. The data was acquired using a bandwidth of 0.1 nm and a scan
speed of 100 nmmin�1. If not described differently, bare sapphire wafers
were used as a reference sample for the transmittance measurements.

The structural quality of the AlN layers after implantation and HTA were
analyzed using a Panalytical X’Pert Pro HRXRD setup. The extent of crystal
damage resulting in the presence of a strained layer and disordering was
derived from coupled ω-2θ scans of the symmetric (0002) reflex and recip-
rocal space maps of the symmetric (0002) and asymmetric (10–15) and
(�1015) reflexes. In addition, the structural quality of the layers was
assessed by acquiring ω-scans (rocking curves) of several AlN reflexes
in symmetric and skew-symmetric geometry.[39]
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