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Abstract

We have investigated the impact of thermal annealing gaseous atmosphere of argon, nitrogen and forming gas on
the structural and optical properties of thin polycrystalline AIN films subjected to high-energy zirconium ions
implantation. X-ray diffraction, Raman spectroscopy, scanning electron microscopy and atomic force micros-
copy measurements show that the structural and morphological properties of the Zr-implanted AIN films depends
on the annealing gaseous environment. The post-implantation annealing under argon atmosphere yields the low-
est structured surface roughness with increased grain size. Photoluminescence spectroscopy revealed multiple
point defects and defect complexes related emission bands in the visible range. A series of absorption bands have
been observed using photoluminescence excitation spectroscopy. The origin of the emission or absorption bands
is identified and attributed to various types of point defects and defect complexes, theoretically reported for AIN.
New emission and absorption peaks at 1.7 eV (730 nm) and 2.6 eV (466 nm), respectively, have been identified
and attributed to the (Zra-Vn)° defect complexes.

good mechanical strength [8], negative electron af-
finity [10-12] and high piezoelectric coefficient [13].
These unique properties make AIN a potential candi-
date for optoelectronics devices [9,14,15], microe-
lectromechanical systems (MEMS) [16], surface
acoustic wave sensors (SAWSs) [17] and electro-optic
modulators [18].

1.Introduction

During the last decades wide-bandgap materials like
[11-Nitride semiconductors and diamond attract con-
siderable attention for their potential applications in
the field of high-power electronics, photonics, sens-
ing, and quantum information processing [1-7].
Among the I11-Nitrides materials, AIN has the widest

direct bandgap of (~ 6 eV) [8], high thermal conduc-
tivity (about 320 W/m-K) [8], excellent optical [9]
and dielectric properties, low dielectric constant and

Furthermore, point defects and defect complexes in
AIN have recently received considerable attention
due to their ability to act as qubits with a spin
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character that can be tuned by strain engineering [19—
21] and their application for the room-temperature
quantum emitter [22] . Indeed, negatively charged ni-
trogen vacancies, group 1V impurity (Ge, Sn, Ti, Zr)
- vacancy pairs, and more recently large metal ion
(Y, La, Zr, and Hf) - vacancy pairs in AIN, have been
theoretically reported as promising qubit candidates
[19-21]. These studies have shown, in particular,
that the formation of Zr-vacancy pairs is energeti-
cally favorable in AIN while such defects have spin-
triplet ground states with an electronic configuration
similar to that of the nitrogen-vacancy centers in di-
amond. It is possible to generate this type of defects
using a post-growth ion-implantation technique. This
can be achieved firstly by bombarding a lightly Zr-
doped AIN film with low-energy protons (necessary
to create vacancies in the doped film) or secondly by
directly implanting heavy Zr ions into an uninten-
tionally doped film. In both cases, it is necessary to
perform a post-implantation thermal annealing treat-
ment to remove most of the implantation damage and
to promote the formation of Zr-vacancy pairs. The
first method requires an optimization of the deposi-
tion conditions to obtain a film with the right doping
level, which has not yet been done within our group.
Moreover, it is still difficult to obtain this type of film
commercially. The second method, which we have
advocated for this study, controls the Zr concentra-
tion via the implantation dose and the depth distribu-
tion of these atoms through the choice of implanta-
tion energies. However, the damage and defects
caused by the implantation of heavy ions in the AIN
film are more important. It is therefore essential to
study the influence of thermal annealing conditions
on the structural and optical properties of the im-
planted AIN films. So far, the impact of different ion
species (Si, Cd, Ag, Hf and Ti) on the structural prop-
erties of ion-implanted AIN thin films have been re-
ported [23-29], but further studies are needed to bet-
ter understand the influence of thermal annealing
conditions on these properties. In this work, we re-
port on the impact of high energy implantation of Zr
ions and subsequent annealing in various gaseous at-
mosphere on the structural and optical properties of
polycrystalline AIN thin films. Ti and Hf ions can
also create defect complexes of interest for quantum

technologies, but we chose Zr ions for their
intermediate atomic humber and because, to our best
knowledge, Zr-implanted AIN films have never been
studied before. A special attention has been devoted
to the generation, and identification of optically ac-
tive point defects and defect complexes. This study
paves the way to future studies exploiting these lu-
minescent defects for example for single-photon
source technologies.

2.Experimental Details

AIN thin films were deposited by a reactive DC mag-
netron sputtering (MS) technique on (100) oriented
silicon (Si) substrate. Prior to the deposition process,
the substrates were cleaned ex-situ using a standard
RCA cleaning process carried out in two steps, called
SC1 and SC2. The substrates were then rinsed with
deionized water and dried under N2 gas flow, prior to
loading them in the sputtering chamber for the depo-
sition. A commercial high purity Al disc with a di-
ameter of 33 cm was used as a target, sputtered at 10
KW operating power. The sputtering process was car-
ried out in an atmosphere composed of a mixture of
high purity Ar and N2 gases. The flow rates of gases
were regulated by two mass flow controllers and the
total gas flow rate (Ar+N2) was kept constant at 70
sccm. The gas flow rates were monitored to maintain
a constant pressure of 3 mTorr in the chamber during
the sputter-deposition process. The substrates were
radiatively heated to an on-substrate temperature of
350 °C and the holder was biased negatively to
—37 V. The film thickness was measured using ellip-
sometry (Optiprime-TF system) and was found to be
of 1 um.

AIN samples of 5 X 5 mm? were cut out of an 8-inch
wafer. Before implantation, the samples were
carefully cleaned with acetone, isopropyl alcohol and
water. Ion implantation was performed at room
temperature, using Zr ions at different kinetic
energies (250 keV, 1 MeV, 1.75 MeV, and 2.5 MeV).
The fluence is fixed at 1 X 10* ion/cm? for each
energy. The depth distribution of displacement
damages and Zr atoms in the host material is
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estimated using SRIM 2013 [30] simulations (Figure
1).
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Figure 1. Depth profile of (a) displacement damage and
(b) implanted ions concentration for the different ion im-
plantation energies, according to SRIM simulations. The
implantation fluence was 1 x 10'*ion/cm?,

To partially repair the structural damage caused by
ion bombardment, the implanted samples were an-
nealed in a quartz tube furnace. Post-implantation an-
nealing was performed under different atmospheres
including argon, nitrogen and forming gas (FG,
95 % nitrogen + 5 % hydrogen) at 1050°C for 1h.
Since the AIN films can be easily oxidized when they
are exposed to air at high temperature, we allow the
samples to cool down to room temperature at a rate
of 5°C/min, in the furnace, keeping the same anneal-
ing gaseous atmosphere.

The samples’ structural properties were character-
ized using a combination of techniques. The film sur-
face morphology was assessed using a Zeiss 1540

XB scanning electron microscope (SEM) operated at
20 kV. The surface topography and root-mean-
square (RMS) roughness of the films were character-
ized by atomic force microscopy (AFM) measure-
ments using a Dimension Icon Bruker system in a
non-contact mode. The crystalline structure of the
AIN films was investigated through for & — 26 scans
and rocking curve measurements using a Bruker (D8
Discover Model) X-ray diffractometer with high-in-
tensity Cu-Ko radiation (1 = 1.5406 A) . Micro-Ra-
man measurements were carried out at room temper-
ature using a backscattering configuration. A
Labram-800 Raman spectrometer equipped with a
nitrogen-cooled charge-coupled device (CCD) was
used to record the Raman spectra. A He-Ne laser of
wavelength 632.8 nm was used at a constant power
of 1.3 mW as the excitation source and a 50 x mi-
croscope objective was used to focus the laser beam
to a spot diameter of about 3 pm on the sample sur-
face.

The quantities of O, H and C present in the AIN sam-
ples were depth-profiled by Elastic Recoil Detection
by Time-of-Flight (ERD-TOF) analysis [31] using a
Co 40 MeV ion beam incident at 15° from the sur-
face. The recoils are detected at 30° with respect to
the beam axis, except H where it is at 46°, through a
beam-absorbing foil. The energy spectra were con-
verted to elemental depth profiles using Allegria
software [32].

The photoluminescence (PL) spectra were obtained
at room temperature using a 1m-spectrometer (SPEX
model) equipped with a cooled photomultiplier tube
(Hamamatsu R2658 model). A 266 nm pulsed UV
laser source providing 8 mW was used as an excita-
tion source where the excitation beam was focused
onto the sample surface on a spot diameter of about
200 pm. The laser beam was nearly perpendicular to
the c-plane surface of the AIN films and the PL sig-
nals were recorded using a conventional lock-in tech-
nique. Photoluminescent excitation (PLE) spectra
were obtained using a 200-W Xenon lamp connected
to a monochromator (Princeton Instrument SP-
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Sample c(A) strain (%) Raman Ez(high) Raman Ez(high) Annealing
peak position (cm™) peak width (cm™)  atmosphere
As-dep AIN 4.984 0.08 659.5 16 -
Zr/AIN (as- implanted) 5.024 0.88 662.0 40 -
Zr/AIN: Ar 4.992 0.24 661.9 17 Argon
Zr/AIN: N 4.992 0.24 661.5 17 Nitrogen
Zr/AIN: FG 4,985 0.10 661.0 16 Forming gas

Table 1. Lattice parameter, c-axis strain, Raman E2(high) peak position and peak width for the different AIN films.

2300i). A second monochromator and a silicon pho-
todiode were used for the detection of photons
reemitted by the samples at specific wavelengths.

3. Results and Discussions
3.1 Structural characterization

Figure 2 shows the XRD spectra (6 — 26) of the as
deposited AIN films Zr-implanted and after their an-
nealing under different gaseous atmosphere at
1050 °C for 1h. The as-deposited film presents fea-
tures at 36° and 76.3° corresponding to the (0002)
and (0004) AIN diffraction peaks [33]. For the Zr-
implanted film (Zr/AIN), these peaks are shifted to
lower diffraction angles while they return almost to
their original positions after annealing. The shift of
the diffraction peaks is attributed to a change in the
strain amount in the AIN layer as a result of the im-
plantation and decreases significantly upon thermal
annealing. The c-lattice parameter’s values can be
determined from the Bragg’s law and the relationship
between the distance separating the (0007) atomic
planes and the parameter c. The strain amount in the
AIN films can be determined using the expression

B¢ — £ %bulk \where ¢y = 4.980 A [34] is the c-
c Cbulk

lattice parameter of the bulk AIN material. The val-
ues of the c-lattice parameters and the strain amount

in the different AIN layers, extracted from the dif-
fraction patterns of Figure 2, are given in Table 1.
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Figure 2. 6-26 XRD patterns of the AIN films before and
after Zr implantation and annealing under various atmos-
pheres. The dashed line shows the position of the (0002)
peak for the as-deposited AIN film. A peak related to the
Si substrate is also shown.
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For the as-deposited film, since no other peaks are
observed in the XRD pattern, we conclude that the
AIN polycrystalline film is purely c-axis oriented.
For the sputtered films the intrinsic defects, lattice or
domain mismatch and different thermal expansion
coefficients are three main sources of residual stress.
However, as reported by J.X. Zhang et al. the large
lattice mismatch (42.7%) between AIN films and Si
(001) substrate is the main contribution for the inter-
nal stress in the formed film [35]. Partial strain relax-
ation in the AIN layer is usually realized by the gen-
eration of interface steps and dislocations at the
AIN/Si interface[36]. XRD measurements show that
the residual amount of strain along the c-axis of this
film is about 0.08%.

For the as-implanted film (Zr/AIN), the amount of
strain induced in the c-axis direction reaches a value
of 0.88%. A similar behavior, resulting from the im-
plantation induced damage, has been observed for
ion-implanted GaN films [37]. The low intensity
peaks observed at 36° and 76.3°, corresponding to
the diffraction peaks of the as-deposited film, indi-
cates that a small fraction of the film retains its struc-
tural properties even after ion-implantation. For post-
implantation annealed samples, the strain along the
c-axis slightly depends on the thermal annealing con-
ditions with values ranging from 0.10% to 0.24%.
The (0002) and (0004) diffraction peaks are narrower
than those of the Zr- implanted sample but wider than
those of the as-deposited films. This behavior indi-
cates that the crystalline quality of the film is par-
tially restored after the thermal annealing treatment.
The influence of the annealing gas atmosphere on the
width (FWHM) of the XRD peaks is best illustrated
using m-scans. The XRD rocking curves of the AIN
films annealed under Ar, N2 and FG are shown in
Figure 3, for a detector position centered on the AIN
(0002) peak. The rocking curve of the as-deposited
film is also shown for comparison. The values of the
full width at half maximum (FWHM) of these peaks
are also indicated in Figure 3. The broadening of the
XRD peaks results from both size and strain fluctua-
tions in the various AIN crystallites forming the film,
as well as amorphous zones in the as-implanted sam-
ple. The results show that the thermal annealing

performed under a forming gas atmosphere is the
most effective treatment to restore the crystalline
quality of the implanted film.
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Figure 3. (0002) XRD rocking curves of the annealed

AIN films using different gas atmospheres (Ar, N, and

FG). The rocking curve of the as-deposited film is shown

for comparison.
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Figure 4. Raman spectra of the annealed AIN films using
different gas atmospheres (Ar, N, and FG). The Raman
spectra of the as-deposited and the as-implanted AIN
films are shown for comparison. The dashed line shows
the position of the Ez(high) vibrational mode for the as-
deposited film.
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Figure 4 illustrates the Raman spectra of the annealed
AIN films using different gas atmosphere (FG, N2
and Ar). The Raman spectra of the as-deposited and
the as-implanted AIN films are shown for compari-
son. The laser excitation power of 1.3 mW is low
enough to avoid sample heating. The spectra can be
reproduced by a sum of the three broadened peaks,
corresponding to the active Raman vibration modes
of the wurtzite structure of the AIN crystal: namely
the A1(TO), Ez(high) and E1(TO) modes [38]. There
are different broadening mechanisms already ob-
served for crystalline AIN and thin film of AIN nano-
crystallites. These include: i) inhomogeneous broad-
ening mechanisms due to strain fluctuations in the
layer [39], ii) asymmetric line shape features caused
by crystallite size effects on the g = 0 allowed
modes and on the phonon dispersion relation [40,41],
and iii) homogeneous broadening mechanisms re-
lated to the finite phonon lifetime related to the pho-
non interaction with the crystallite boundaries [42].
Different fit functions (Gaussian, Lorentzian or
Voigt) have been used in the literature [35, 37-39],
but since we are interested in the effect of the fabri-
cation process (ion implantation + annealing) on the
position of the different allowed Raman modes and
their related peak linewidths, we have simplified the
analysis by using a sum of Lorentzian functions for
each sample’s spectrum, except for the Zr/AIN sam-
ple which shows a clear gaussian spectral line shape.
The positions of these peaks are compatible with re-
ported values for the w-AlIN crystal [44—46]. For the
as-implanted sample, heavy ion implantation in co-
valently bond materials usually results in the for-
mation of amorphous zones featuring wider distribu-
tion of bond angle and interatomic distances than in
the crystal that lift the selection rules and result in
much broader Raman peaks [47], as observed in Fig.
4 and Table 1. For the annealed samples, the width
of the main Raman peak, associated with the
E2(high) mode, comes back to its initial value, in the
as-deposited film. This is consistent with a restored
crystalline quality for the samples annealed in Ar, N

and FG atmosphere. This peak is also slightly shifted
towards higher frequencies, compared to that of the
as-deposited sample. The observed shifts are about
2.4, 1.9 and 2 cm™ for samples annealed under an at-
mosphere of Ar, N2 and FG, respectively. These Ra-
man shifts are consistent with the amount of residual
strain values in these films, deduced from the XRD
measurements.

Figure 5 shows the ERD-TOF depth profiles of O, H
and C elemental species, for the different AIN films.
According to the lattice parameters we found by
XRD and knowing their composition, the density of
our films is 9.5 x 1022 at/cm®. Hence, the depth
scale in these graphs corresponds approximately to
nm. It is worth pointing out the depth profiles cover
only about 1/10 of the film thickness, near the sur-
face. The C content is below 0.4% in all films and
extends through the layer. It remains about the same
of all samples. These are indications that it was in-
troduced during the deposition process, probably as
a result of low levels of organic molecules contami-
nation in the deposition chamber. However, there is
no excess C peak on the surface of the films, so post-
treatments do not introduce additional C contamina-
tion. The H content is below 0.6% for all films, ex-
cept for the film annealed under FG atmosphere,
where a constant value of ~ 0.9% is reached. Hydro-
gen typically favors the passivation of dangling
bonds.

All films present an O content near the surface,
which extends about 20 x 10 at/cm? in depth,
which corresponds to ~ 20 nm. For the as-deposited
film, the O content reaches about 13% at this free
surface. Given the nanostructure of the films (see be-
low), the incident ions hit the surface at various an-
gles during the ERD-TOF measurement, resulting in
a broadening of surface peaks. This depth profile is
therefore compatible with the formation of a native
aluminum oxide (Al203) on the surface of the film,
which is typically up to 10 nm thick for pure Al. De-
spite the low oxygen content in the furnace, thermal
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annealing under Ar or N2 atmosphere promotes the
incorporation of oxygen at the surface and in the AIN
film, in which case it is detectable at ~1% levels at
depth of up to 150-200 nm in these films. While in-
herently quantitative, ERD-TOF sensitivity is lim-
ited to ~0.1%. Some O contamination is probably

present deeper in the sample given its high reactivity
to Al.

It is interesting to note that the O-profile for the an-
nealed film under the FG atmosphere is almost iden-
tical to that of the as-deposited and as-implanted
films. It thus seems that the H passivation of the dan-
gling bonds limits the incorporation or diffusion of O
in the film. According to our interpretation, this sur-
face passivation phenomenon can also influence the
residual strain in the film. Indeed, limiting the oxy-
gen content in the AIN film during thermal annealing
should promote the transfer of Zr interstitials into
substitutional sites (Zrai) and thus reduce the internal
strain, consistent with the micro-Raman and XRD re-
sults. Otherwise, the formation of VaL-On defect

FN
=]

complexes is favored over substitutional Zrai defects,
as predicted by DFT calculations [19-21].

Figure 6 shows the SEM and AFM topographical im-
ages of the different AIN films. The morphology of
the as-deposited film was quite uniform and dense
with a mean surface grain diameter of 41 nm and a
RMS surface roughness of 1.5 nm. The ion implan-
tation process alone does not noticeably alter the film
morphology. Larger and relatively flat polycrystal-
line flakes (grain size > 59 nm and RMS surface
roughness of ~ 0.91 nm) are found on the surface of
the films annealed under an atmosphere of Ar and N.
A summary of the statistical values of RMS surface
roughness and grain size are given in Figure 7, for all
samples. The reorganization of atoms on the film sur-
face is governed by thermal activation process.
Higher number of dangling bonds help diffusion and
reorganization of the atoms on the surface of these
films, resulting in larger grains. For the film annealed
under the FG atmosphere, the H-passivation of these
bonds hampers these mechanisms and help preserve
the as-deposited structure.
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Figure 5. ERD-TOF depth profiles of O, H and C elemental species, for the different AIN films.
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Figure 8. Room-temperature PL spectra of the different
AIN thin films. The insert shows the best fitting curve of
the PL spectrum of the Zr/AIN: Ar film, obtained using a
sum of five Gaussian-like emission bands.

3.2 Optical characterization

The influence of ion implantation and thermal an-
nealing process on the optical properties of AIN thin
films were investigated using PL and PLE spectros-
copies. Figure 8 shows the PL spectra of the different
AIN films, except for the as-implanted film which
shows a very weak PL signal due to amorphization
and the presence of a large density of non-radiative
recombination centers. Spectra of Fig. 8 show the
presence of several emission bands in the visible
range, between 420 nm and 770 nm. The different
spectra can be reproduced using a sum of up to five
Gaussian-like emission bands, centered around 1.7
eV, 2eV, 22¢eV,25eV and 2.8 eV. The insert in
Figure 8, shows the best fitting curve of the Zr/AIN:
Ar PL spectrum, obtained using a sum of five Gauss-
ian-like emission bands.

Further discussion of the influence of the fabrication
process on the different defects that may exist in our
AIN films has to be given, before interpreting the dif-
ferent PL features. Heavy ion bombardment creates
a high density of amorphous zones and point defect
clusters. Upon annealing, this usually results in a zoo
of point defect complexes with complicated anneal-
ing dynamics [48]. In addition to the point defects,
the O impurities incorporated during the deposition
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process, mainly exists in the form of substitutional
atom on N sites (On). ERD-TOF results indicates
non-negligible amount of C through the layers. How-
ever, according to the literatures, the C-related levels
are in 4-6 eV range, which is far from the area of our
PL study [49-51]. Therefore, we do not study the C-
related defects in this paper. Also, as a result of the
implantation, Zr atoms can substitute other atoms of
the lattice structure (Zrai), acting as point defects
and/or defect complexes such as vacancy-interstitial
aggregates. The non-homogeneous distribution of
these defect complexes may result in a large fluctua-
tion of the internal strain in the implanted layer.
Thermal annealing promotes the displacement of va-
cancies and atoms to reduce the overall strain in the
film. This can be accomplished in several ways: i)
annihilation of vacancies with Al and N interstitials,
ii) annihilation of vacancies by the transformation of
O and Zr interstitials into substitutional defects, iii)
formation of complex vacancy-substitutional impu-
rity such as Vai-On complexes and iv) dissociation
of vacancies — interstitials aggregates. Up to date, the
energies of formation and dissociation of these point
defects and defect complexes are still poorly known
in AIN. Meanwhile, ab-initio calculations using the
DFT method can nevertheless be used to predict the
existence of the defects most likely to form. These
theoretical studies[19-21], notably predicts a lower
formation energy for the Va-On complex compared
to that of the Zrai substitutional defect. This may help
understanding the influence of the annealing condi-
tions on the relative intensity of the different emis-
sion bands, as will be seen later.

Theoretical and experimental results showed that Vn
and Vai point defects have shallow energy levels be-
low the conduction band and above the valence band
extrema, respectively[52,53]. Oxygen substitutional
defect (On) and their related defect complexes, such
as Vai — On, have also been reported as an important
defect in AIN [54-58]. Based on these studies and
other DFT calculations [19-21,59], the suggested

origin of the different emission bands is given in Ta-
ble 2 showing also the optical transition schemes in-
volving these most common defects. The experi-
mental evidence and identification of most of the ab-
sorption energy levels and some of the emission en-
ergy levels, has not been yet experimentally pre-
sented. The emission band appearing around 2.8 eV
can be attributed to transitions from the Vai levels to
the valence band (VB) [59,60]. The AIN bandgap en-
ergy is sensitive to the internal strain, as reported by
H. Seo et al. [19]. This is most likely the origin of the
slight shift of emission band at 2.8 eV, observed from
one sample to the other in accordance with the strain
variation revealed by XRD and Raman measure-
ments. The second higher energy emission band,
centered at ~ 2.5 eV, is associated with transitions
from the (Vai— On) levels to the VB [61]. There is
also a slight shift in this band, from one sample to
another, which can still be associated with changes
in the internal strain in the films. The emission bands
at 2.2 eV and around 2.0 eV can be associated to the
VN — (V¥a-30n) transitions [62]) and to the emis-
sion related to (Va—On) energy levels [63],
respectively. These four emission bands, between 1.9
eV and 2.9 eV, are present in the spectra of all
samples, except the 2.8 eV band that seems to quench
upon annealing under a forming gas atmosphere.
Indeed, the annealing under a Forming gas might
promote the incorporation of the Zr atoms into
substitutionnel sites (Zrai) which reduce the number
of Vai sites resulting in significant decrease of
corresponding emission intensity in Zr/AIN :FG
sample.
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Suggestions transitions Absorption/ Energy (eV) Reference Energy (eV)
Emission (previous works) Expt. (this work)
VB—Va Absorption 3.4 [59] 3.2
(VA|*ON)2_+VN+—>(VA|*ON)_+VNO AbSOfptiOﬂ 3.03 [59] 3.0
VAV IN)—=(VZA-V) Absorption 2.49 [59] 2.7
(Zra-Vn)° Absorption 2.83 [21] 2.6
Va—VB Emission 2.77,2.78 [59,60] 2.8
(Va—On)—VB Emission 2.53 [61] 25
VN—(Var—On) Emission 2.16 [62] 2.2
(Var—On) Emission 2.05 [63] 2.0
(Zra-Wn)° Emission 1.91 [21] 1.7

Table 2. Suggested transitions for absorption and emission bands seen between 1.7 and 3.25 eV.

The most striking results are the increase in the
intensity of the emission band peaked at 2 eV and the
appearance of a new emission band at 1.7 eV, after
the post-implantation annealing treatment. The
enhancement of the PL intensity at 2 eV is explained
by an increase in the density of the Vai-On defect
complexes, while the appearance of a new emission
band at 1.7 eV would be due to the formation of Zral-
Vn defect complexes. However, the transition energy
associated with later defect complexes in strain-free
AIN, has been predicted by Varley et al.[21], around
1.9 eV. The position of our emission band at 1.7 eV
seems to be redshifted by the residual strain in the
AIN film. Optical experiments in the presence of
external stress will be required to confirm this
interpretation. In comparison with other samples, the
Zr/AIN:Ar shows the most intense and resolved
emission peaks. Therefore, we will focus on this
sample for deeper analysis on the origin of the
transition energy by PLE. Absorption spectroscopy
measurements are very useful for confronting
experimental results with theoretical predictions.
Figure 9 shows the PLE spectra of the Zr/AIN:Ar
film, detected at the energy position of the main
emission bands at 1.7 eV, 2 eV, 2.2eV and 2.5eV.
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=

2.5V

22eV

1.7 eV

PL Intensity (arb. Units)
o
PLE Intensity (arb. Units)

Energy (eV)

Figure. 9 Photoluminescence spectrum (shaded surface)
and photoluminescence excitation spectra (colored solid
lines) of the Zr-implanted and Ar-annealed AIN film. The
PL spectrum is obtained using a laser source at 266 nm
and the PLE spectra are obtained using a wavelength tun-
able source and a detection at specific energies, indicated
by the colored arrows on the PL spectrum.

The three emission bands at higher energy appear to
be correlated with three main absorption bands,
peaked at 2.7 eV, 3.0 eV and 3.2 eV. Hybride
functional calculation [59] predicted that the isolated
aluminum vacancies are responsible for the
absorption band around 3.4 eV. The observed
absorption band at 3.2 eV might be related to this
VB—Vai optical transition. For the 3 eV absorption
band it might originate form the charge transfer
between a (Va® - On)?” complex defect and a V™ in
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its vicinity, as predicted by DFT calculations [59].
The absorption band at 2.5 eV is most likely related
to optical transitions involving the Vai in a 3- charge
state and Vn in a + charge state (VA +VN*— Va2 +
VnO) [59]. The slight shift of ~ 200 meV observed
between experimental and theoritical predictions
might originate from the residual strain in the AIN
films. Finally, the PLE spectrum detected at the 1.7
eV emission band shows at additional narrow
absorption band at 2.6 eV. This narrow band is very
likely related to (Zrai -Vn)° defects [21], that has
been theoretically expected to have a S=1 spin char-
acter. There has not been a previous experimental re-
port for Zr related defects in AIN. However further
experiment is necessary to investigate the spin char-
acter of these defects.

4. Conclusion

In summary, we have investigated the effect of Zr
implantation and thermal annealing under different
gas atmospheres on the structural and optical proper-
ties of polycrystalline AIN films. Results show that,
after annealing under Ar and N atmosphere, samples
show a higher amount of strain in comparison with
the as-deposited AIN. These results could be inter-
esting for strain engineering of AIN. Moreover, after
annealing under the forming gas atmosphere, the re-
sults indicate a nearly full implantation damage re-
covery of the AIN film. Different emission and ab-
sorption bands related to complex defects are identi-
fied by PL and PLE measurements. Our ion implan-
tation and annealing process gives rise to the
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