
Accepted paper 
 

 

 

 

J. Cardoso, J. Gwenolé, D.Nd. Faye, A.M. Siladie, B. Daudin, E. Alves, K. Lorenz, T. 

Monteiro, M.R. Correia, N. Ben Sedrine.  

Eu3+ optical activation engineering in Al Ga1-N nanowires for red solid-state nano-emitters. 

Applied Materials Today, Elsevier, 2021, 22, pp.100893. 10.1016/j.apmt.2020.100893.  



 1 

Eu3+ optical activation engineering in AlxGa1-xN nanowires  

for red solid-state nano-emitters 

J.  Cardoso,*,† G. Jacopin,⊥ D. Nd. Faye,‡ ,⸸ A. M. Siladie,‖ B. Daudin,‖ E. Alves,‡ K. Lorenz,‡,⸸ T. 

Monteiro,† M. R. Correia† and N. Ben Sedrine*,† 

†Departamento de Física e I3N, Universidade de Aveiro, Campus Universitário de Santiago, 

3810-193 Aveiro, Portugal 
⊥Univ. Grenoble Alpes, CNRS, Grenoble INP, Institut Néel, 38000 Grenoble, France  

‡IPFN, Instituto Superior Técnico, Campus Tecnológico e Nuclear, Estrada Nacional 10, 

P-2695-066 Bobadela LRS, Portugal 
‖Univ. Grenoble Alpes, CEA/CNRS Group, “Nanophysique et Semiconducteurs”, F-38000 

Grenoble, France 
⸸Instituto de Engenharia de Sistemas de Computadores – Microsystems and Nanotechnology 

(INESC-MN), Rua Alves Redol, 1000-029 Lisboa, Portugal 

*Correspondence to jose.cardoso@ua.pt, and nbensedrine@ua.pt  

ABSTRACT 
 

In this work, Eu3+-implanted and annealed AlxGa1-xN (0 ≤ x ≤ 1) nanowires (NWs) grown on GaN 

NW template on Si (111) substrates by plasma-assisted molecular beam epitaxy are studied by 

µ-Raman, cathodoluminescence (CL), nano-CL, and temperature-dependent steady-state 

photoluminescence. The preferential location of the Eu3+-implanted ions is found to be at the 

AlxGa1-xN top-section. The recovery of the as-grown crystalline properties is achieved after rapid 

thermal annealing (RTA). After RTA, the red emission of the Eu3+ ions is attained for all the 

samples with below and above bandgap excitation. The 5D0 → 7F2 transition is the most intense 

one, experiencing a redshift with increasing AlN nominal content (x) from GaN to AlN NWs. 

Moreover, AlN nominal content and annealing temperature alters its spectral shape suggesting the 

presence of at least two distinct optically active Eu3+ centers (Eu1 and Eu2). Thermal quenching 

of the Eu3+ ion luminescence intensity, I, is found for all the samples from 14 K to 300 K, being 

the emission of Eu3+-implanted AlN NWs after RTA at 1200 ℃ the most stable (I300 K/I14 K ~80%). 

The GaN/AlN interface in this sample is also found to have a key role in the Eu3+ optical activation. 
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1. INTRODUCTION 
 

The nanowire (NW) configuration in semiconductor systems such as oxides, nitrides, and 

arsenides is highly promising for the next generation nanoscale photonic, optoelectronic and 

photovoltaic devices thanks to the characteristic large area to volume ratio [1–3]. In particular, for 

light-emitting devices, it was demonstrated that group III-nitride (III-N) NWs can achieve higher 

light extraction compared to their 2D counterparts [4,5]. Furthermore, the efficient strain relaxation 

during NW growth allows the use of highly lattice-mismatched substrates (e.g., silicon) with a 

reduced density of extended defects compared to thin-film epitaxy, facilitating their compatibility 

with current microtechnology. III-N nanostructures, with a direct and tunable bandgap energy from 

6.2 eV (AlN) to 0.7 eV (InN), have shown unique properties suitable for light-emitting diodes 

(LEDs), micro-LED technology, and solid-state lasers operating in a wide range of the 

electromagnetic spectrum [6–12]. 

The implementation of micro-LED emissive displays requires a monolithic integration of 

independently controlled red-green-blue (RGB) LEDs to attain high emission efficiency and 

thermal stability [13]. Blue and green LEDs are obtained by InxGa1-xN bandgap/nanostructure 

engineering. However, when further increasing InN content, necessary to achieve red emission, 

the efficiency is greatly reduced due to lower crystalline quality and increased 

piezoelectric/spontaneous polarization [14,15]. Thus, a practical and viable strategy is needed to 

improve the efficiency of III-N red-emitters for monolithic integration of RGB LEDs. 

The incorporation of the rare-earth (RE) trivalent europium ions (Eu3+) into III-N layers [16–23] 

and nanostructures [24–32] was proved as an excellent strategy to obtain red emission 

characterized by the sharp and stable Eu3+ intra-4f 6 transitions. This approach was successfully 

implemented for in situ Eu3+-doped GaN-based emitting devices [31,33–38], with Eu3+-related 

luminescence external quantum efficiency (EQE) values reaching ~29% at room temperature (RT) 

and ~48% at 77 K [39]. In order to sustain the EQE value up to RT, it is important to overcome 

the RE thermal quenching. Indeed, as a possible solution, it was proposed that wider bandgap 

semiconductors show weaker RE thermal quenching [40,41], therefore paving the way to further 

explore the incorporation of RE in AlxGa1-xN and AlN hosts. 

As an alternative to in situ RE incorporation, ex-situ ion implantation constitutes a suitable 

method to obtain a controlled doping profile with concentration even beyond solubility limits 

[18,25,26,32,42–47]. This technique requires post-implantation thermal annealing to recover the 

implantation-induced damage and to optically activate the RE ions. Nevertheless, previous reports 

indicate that the ion implantation-induced damage decreases with increasing AlN content in 

AlxGa1-xN layers [48–50], which is an additional argument to explore such materials. To the best 

of our knowledge, studies on ternary AlxGa1-xN:Eu3+ over the entire range of AlN content were 

only performed in layers and revealed a reduced thermal quenching with enhanced Eu3+ 

luminescence efficiency for high AlN content hosts [18,51,52]. Besides, Eu3+-implantation in III-N 

NWs can play a key role for improving Eu3+ luminescence efficiency [26–28]: on the one hand, 

NWs are expected to be less affected by residual implantation-induced damage compared to 2D 

structures [25]; and on the other hand, Eu3+-implantation occurs not only on the upper surface 

(c-plane) but also on side facets. Although this increases the complexity of implantation damage 

build-up since crystallographic surface planes can lead to distinct damage in GaN during 

implantation [53,54], it provides an additional parameter to control the distribution of Eu3+ and 

defects within the NW via the implantation geometry [25]. Furthermore, it was shown that the 
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formation of extended defects during ion implantation is reduced for NWs as compared with thin 

films [25]. 

Therefore, exploring Eu3+-implantation of AlxGa1-xN NWs turns out to be a very promising 

strategy for efficient red light-emitting devices with expected lower implantation damage, lower 

thermal quenching, higher efficiency, and higher light extraction. In the present work, the Eu3+ 

luminescence, achieved after RTA, is studied with emphasis on the most intense 5D0 → 7F2 

transition. Both excitations, above and below the hosts’ bandgap energies, are explored in detail. 

At least two main Eu3+ centers whose optical activation depends on both AlN nominal content and 

annealing temperature are identified. The temperature dependence of this emission is evaluated in 

order to explore its thermal stability in these nanostructures. The contribution of the GaN/AlN 

interface to the optical activation of these centers is also highlighted. 

 

2. EXPERIMENTAL SECTION 
 

The AlxGa1-xN NWs with different AlN nominal content, x (0 ≤ x ≤ 1), were grown in 

nitrogen-rich conditions by plasma-assisted molecular beam epitaxy (PA-MBE) on Si (111) 

substrates. The substrate temperature was varied between 850-930 ℃ depending on x; the substrate 

was continuously rotated to promote homogeneous NW growth [55]. A 3 nm-thick AlN buffer 

layer was deposited prior to NW growth to improve their vertical orientation [56]. The GaN NW 

template was grown on the AlN buffer layer, followed by the growth of AlxGa1-xN NW sections  

[57]. The obtained NW structure (Fig. 1a), in terms of density and dimensions of each section, 

depends on x, as indicated in Table 1. The existence of fluctuations in the AlN molar fraction along 

the growth axis (c-axis) was demonstrated in these NWs, and it was found to dominate the 

structural and optical properties of AlxGa1-xN NWs at the nanoscale [57–60]. 

Eu3+-implantation was realized at room temperature (RT) using 300 keV Eu3+ ions with a fluence 

of 1014 cm-2 at a tilt angle of 45º with respect to the c-axis (Fig. 1a). During implantation, the 

samples were rotated for a more homogeneous distribution of Eu3+ ions and implantation-induced 

defects [25,61]. Such implantation geometry favors that Eu3+ ions are mostly incorporated in the 

AlxGa1-xN top-section, being their insertion in GaN NW template unlikely to occur due to 

shadowing effects caused by the high density of NWs and their longitudinal dimensions.  

Monte Carlo simulations, obtained by SRIM 2013 code [62], predict a projected range of ~40 nm 

and ~55 nm, for GaN and AlN respectively (maximum Eu3+ concentration ~2.3-2.5×1019 cm-3). It 

is important to note that SRIM does not consider the three-dimensionality of the NWs and therefore 

the projected range may be slightly different. Indeed, unlike layered structures for which the ions 

only impinge on the top facet, for oblique incidence the ions can impinge on the sidewall facets of 

the NWs, causing a higher estimated doped thickness than predicted by SRIM. 

Post-implantation rapid thermal annealing (RTA) was carried out for AlxGa1-xN (x > 0) NWs 

during 30 seconds under nitrogen (N2) flow at 1000 ℃ and 1200 ℃. For GaN NWs (x = 0), RTA 

was performed at 1000 ℃ only, since higher annealing temperatures may induce severe damage in 

GaN due to nitrogen out-diffusion [63]. A common strategy to protect GaN for annealing 

temperatures above 1000 ℃ is the use of an AlN cap layer [64,65]. Thus, by annealing AlxGa1-xN 

(x > 0) NWs at 1200 ℃, it is not expected to strongly damage the GaN NW template, as it is 

protected by the AlxGa1-xN top-section [57]. Similar annealing conditions were reported to 

successfully achieve the recovery of the lattice damage introduced by the implantation and the 

optical activation of RE3+ ions in III-N layers [66,67] and nanostructures [26–28]. 
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Table 1 summarizes the AlxGa1-xN NWs studied in this work, and the used Eu3+-implantation 

and RTA conditions. The samples’ labels and their structural characteristics (NWs density and 

dimensions of each section) are also included. 

Table 1. Structural characteristics of the AlxGa1-xN NWs studied in this work: typical length (h in nm), average diameter (d in nm), 

and NWs density (cm-2). (N/A: not applicable). 

AlxGa1-xN x = 0 x = 0.3 x = 0.5 x = 0.75 x = 1 

 AlxGa1-xN-asgr (as-grown) 

AlxGa1-xN NWs 

top-section 

d 

N/A 

~35 ~40 ~45 ~175 

h ~225 ~260 ~225 ~500 

GaN NW 

template 

d ~35  ~40 ~35 ~75 

h < 200 < 200 < 200 ~1500 

GaN NWs 
d ~35 

N/A 
h ~750 

NWs density ~1.5×1010 ~2.5×1010 ~5×109 

Eu3+-implantation 
AlxGa1-xN-asimp (as-implanted) 

Eu3+ fluence of 1014 cm-2, 300 keV, 45º tilt vs c-axis 

Rapid thermal 

annealing (RTA) 

AlxGa1-xN-1000 

RTA at 1000 ℃ for 30 s in N2 ambient 

AlxGa1-xN-1200 

N/A RTA at 1200 ℃ for 30 s in N2 ambient  

 

Scanning electron microscopy (SEM) of the AlxGa1-xN-asgr samples was performed using a 

Zeiss Ultra-55 system. Figs. 1b and 1c show representative SEM images of the Al0.3Ga0.7N-asgr 

NWs in side-view and top-view, respectively. In Fig. S1 (Supplementary Information), 

representative SEM images for the other NWs are depicted. Due to their density and dimensions, 

the vertical NWs exhibit partial coalescence caused by their bundling, as reported by Kaganer et 

al. for GaN NWs [68]. Radial growth of the AlxGa1-xN NWs top-section is observed for high AlN 

nominal contents (Fig. S1e for x = 0.75, and Fig. S1g for x = 1 in Supplementary Information) due 

to limited diffusion of Al atoms along the sidewalls towards the top [69]. This effect also 

contributes to the coalescence of the NWs at the top-section. Moreover, substrate surface coverage 

(fill factor) is lower for AlxGa1-xN NWs (0 < x < 1) in comparison to AlN NWs (Figs. S1d, S1f, 

and S1h in Supplementary Information), which reduces the shadowing effects during 

Eu3+-implantation and increases the probability of Eu3+ to reach the GaN NW template.  

RT µ-Raman measurements (Horiba Jobin-Yvon HR800) were performed on AlxGa1-xN NW 

ensemble (beam spot ~1 µm2), under 441.6 nm excitation line (He-Cd laser) in backscattering 

geometry 𝑧(𝑥,·)𝑧̅ to reduce the Si (111) substrate contribution. The beam was focused using a 

×100 magnification objective (NA = 0.9, f = 0.1 cm). 

PL measurements were carried out on AlxGa1-xN NW ensemble (beam spot ~5 mm2) using the 

325 nm (3.8 eV) excitation line (He-Cd laser) with an excitation power density of about 0.5 W/cm2. 
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Such energy allows above bandgap excitation for GaN NWs (x = 0) and below bandgap excitation 

for AlxGa1-xN NWs (x ≥ 0.3 in our samples). The PL signal was measured in a dispersive system 

SPEX 1704 monochromator (1 m, 1200 grooves/mm) coupled to a water-cooled Hamamatsu R928 

photomultiplier tube. The samples were mounted in a cold finger of a closed-cycle helium cryostat 

and the temperature was controlled between 14 K and 300 K.  

CL measurements were conducted on AlN-1000 and AlxGa1-xN-1200 (x > 0) NW ensembles 

(beam spot ~2 µm2), at 5 K, under 5 kV acceleration voltage. The electron beam leads to the 

excitation of all the luminescence mechanisms present in the material, especially the creation of 

electron-hole pairs allowing above bandgap excitation.  

It is important to mention that in CL, PL, and µ-Raman measurements, the average optical 

response of a few hundreds of NWs is collected simultaneously. Furthermore, a 5 kV acceleration 

voltage used in CL measurements results in a lower penetration depth compared to PL. In other 

words, the CL response comes predominantly from the NWs top-section (~70-190 nm), while the 

PL optical response is mainly from the GaN/AlxGa1-xN interface and the GaN NWs template (up 

to ~80 nm below the interface) due to the lower absorption of the used laser line in the AlxGa1-xN 

NWs top-section for x > 0. 

Additionally, AlN-1200 NWs were dispersed on a foreign Si substrate, allowing nano-CL 

measurements on individual NWs, at 5 K, under 10 kV acceleration voltage. 

 

3. RESULTS AND DISCUSSION 
 

3.1. Structural and vibrational properties 
 

Wurtzite (WZ) III-N semiconductors belong to the 𝐶6𝑣
4  space group with four atoms in the 

primitive cell, occupying 𝐶3𝑣 sites. At the Brillouin zone (BZ) center, q = 0, six optical modes are 

active in first-order Raman scattering processes A1(TO), A1(LO), E1(TO), E1(LO), E2
H, and E2

L. 

In the backscattering configuration 𝑧(𝑥,·)𝑧̅, E2
L, E2

H, and A1(LO) phonons are allowed according 

to the selection rules [70]. For ternary alloys such as AlxGa1-xN, A1(LO) is characterized by a one-

mode behavior (phonon frequency varies continuously from the A1(LO) of one end binary to that 

of the other one with the mode strength remaining almost constant), while E2
H exhibits a two-mode 

behavior (two impurity modes: E2
H (GaN-like) and E2

H (AlN-like), close to the frequency of the 

respective binaries), which blueshifts with x [71–73]. Nevertheless, it is important to consider that 

their behavior could be influenced by strain and compositional effects, while  E2
H (GaN-like) could 

also be affected by the possible superposition with the alloy E1(TO) phonon [71–73]. 

Fig. 2a illustrates representative normalized µ-Raman spectra of the Al0.3Ga0.7N-(asgr, asimp, 

1000, and 1200) NWs. The calculated phonon density of states (DOS) for GaN and the 

disorder-induced Raman spectrum for erbium (Er)-implanted AlN layers are included for 

comparison [74]. Fig. S2 (Supplementary Information) depicts the µ-Raman response of all the 

samples acquired in the same conditions. It should be mentioned that the allowed A1(LO) phonon 

was not detected in these experiments. Except for AlN-asgr presenting E2
H (GaN) and E2

H (AlN), 

AlxGa1-xN-asgr exhibit an asymmetric response in the E2
H (GaN) region (blue rectangle in Fig. 2a 

and Fig. S3a). The presence of this asymmetry (to higher frequencies) and its higher full width at 

half maximum (FWHM) when compared to E2
H (GaN) of the binary, suggest more than one 

contribution. For Al0.3Ga0.7N-asgr, such response can be deconvoluted into two phonons (section 

S2.2. in Supplementary Information): E2
H (GaN) at 568 cm-1 associated with the GaN NW 
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template and E2
H (GaN like) at 571 cm-1 related to the alloy top-section. The resulting active 

phonons for all the samples are summarized in Fig. 2b and Table S1 (Supplementary Information).  

We found that all AlxGa1-xN-asgr samples exhibit the E2
H (GaN) phonon at 567-568 cm-1 

(experimental error of ±1 cm-1) indicating that both GaN-asgr NWs and GaN NW template are 

nearly-relaxed on Si (111) substrate (dotted line in Fig. 2b indicates the strain-free value of 

567.6 cm-1 [74]). For AlxGa1-xN-asgr (x = 0.3, 0.5, and 0.75), the E2
H (GaN-like) phonon (within 

the dashed rectangle in Fig. 2b) is composed of one or two components, indicating possible 

compositional fluctuations within the same NW or in different NWs, as discussed in other works 

[57,75]. AlxGa1-xN-asgr E2
H (GaN-like) frequencies are found to be lower than the ones obtained 

for AlxGa1-xN layers [73], which can be due to i) the tensile strain introduced by the growth of 

AlxGa1-xN on the GaN NW template, and/or ii) the lower AlN content compared to the nominal 

value. For the AlN-asgr, the E2
H (AlN) phonon located at 655 cm-1, is slightly redshifted with 

respect to the strain-free value (657.4 cm-1 [74]), evidencing a tensile strain in the AlN section as 

a result of their growth on GaN NW template with higher in-plane lattice parameter 

(aGaN = 3.189 Å and aAlN = 3.112 Å [76]). 

After Eu3+-implantation, the lattice damage induces a higher absorption in the affected region. 

Thus, the µ-Raman signal (double absorption in backscattering geometry) and the signal-to-noise 

ratio (SNR) are strongly reduced. The µ-Raman spectra of the Al0.3Ga0.7N-asimp (Fig. 2a) exhibits 

disorder-activated second-order Raman scattering processes involving phonons from the entire 

BZ. As a result, the feature located at the E2
H phonon mode shows an asymmetry at the 

low-frequency side (orange rectangle in Fig. 2a), while the asymmetry is observed at the 

high-frequency side in Al0.3Ga0.7N-asgr. A thorough analysis in the E2
H (GaN) region reveals the 

presence of a strain-free E2
H (GaN) phonon originating from the GaN NW template region not 

affected by Eu3+-implantation, and an additional contribution located at 562 cm-1 from the GaN 

NW template region affected by Eu3+-implantation (detailed in section S2.2. in Supplementary 

Information). The decrease of the E2
H (GaN-like) contribution confirms that the AlxGa1-xN 

top-section is the most affected by Eu3+-implantation. One can notice that a similar behavior is 

obtained for AlxGa1-xN-asimp (with 0.3 < x < 1). When it comes to AlN-asimp, the E2
H (GaN) 

phonon originating from the GaN NW template keeps the same frequency, while the E2
H (AlN) 

experiences a redshift (Fig. S2b in Supplementary Information), indicating that Eu3+-implantation 

affects the AlN top-section. The obtained phonon redshift can be associated with hydrostatic 

tensile stress within the implanted volume, in good agreement with X-ray diffraction and 

molecular dynamics results on RE-implanted GaN NWs [25,77,78]. In GaN-asimp and 

AlN-asimp, we have estimated quasi-hydrostatic tensile stress (𝜎xx ≈ 𝜎𝑦𝑦 ≈ 𝜎zz) of ~1 GPa 

(section S2.3. in Supplementary Information). 

After annealing, Al0.3Ga0.7N NW ensemble shows a µ-Raman response dominated by first-order 

scattering processes at the BZ center (Fig. 1a), similar to the one of the Al0.3Ga0.7N-asgr. This 

result, together with an improved SNR for the highest annealing temperature, is consistent with a 

recovery of the as-grown crystalline structure. Furthermore, we confirm that the 

implantation-induced tensile stress gradually decreases after annealing for the binaries (Fig. S4 in 

Supplementary Information). 

 

3.2. Emission properties 
 

3.2.1. Above bandgap excitation of AlxGa1-xN-1200 (x > 0) 
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While the Eu3+ free ion intra-4f 6 transitions, such as from 5DJ (J = 0,1,2) to 7FJ (J = 0-6) multiplets, are 

forbidden by electric dipole according to Laporte selection rules, they happen to be partially 

allowed when the ions are introduced in a host material, since the crystal-field perturbation leads 

to the admixture of states with different parities [79,80]. Besides, crystal-field perturbation 

together with 4f electron spin-orbit coupling and electrostatic interaction contribute to the splitting 

of the energy levels in different Stark levels [81]. In III-N hosts, Eu3+ ions likely incorporate into 

cation substitutional sites (𝐶3𝑣 symmetry) [82], which leads to 7F1 and 7F2 multiplets splitting into 

two (one doublet and one singlet) and three (two doublets and one singlet) distinct levels, 

respectively. Slightly different Eu3+ environments (e.g., substitutional cation site surrounded by 

cation/anion vacancies) can lower the symmetry and lift the degeneracy [44,81,83], reaching a 

maximum number of three and five levels for the 7F1 and 7F2 multiplets, respectively. The 
5D0 → 7F0 transition is characterized by its singlet character, i.e. no crystal field splitting is allowed 

for 5D0 and 7F0 levels, implying that the number of the observed 5D0 → 7F0 transitions corresponds 

to the number of non-equivalent active sites if accidental overlaps are not considered 

[32,44,81,83,84].  

Fig. 3a represents 5 K CL spectra of AlxGa1-xN-1200 NW ensembles (x > 0) with well-resolved 

characteristic sharp luminescence lines of the Eu3+ intra-4f 6 shell transitions, for which the most 

intense emission corresponds to the 5D0 → 7F2 transition. The intensity of each spectrum was 

normalized to the corresponding 5D0 → 7F2 transition. The observation of intra-4f 6 shell transitions 

indicates that the implantation and annealing conditions successfully achieved the activation of the 

Eu3+ ions in these hosts. The CL spectra magnified around the intra-4f transitions are shown in 

Figs. S5a-S5f (Supplementary Information). Table S2 (Supplementary Information) summarizes 

the Eu3+ peaks extracted and the corresponding assignments. Fig. 3b shows a magnification around 

the 5D0 → 7F0 transition for the AlN-1200 sample and reveals that at least two non-equivalent 

active sites (590.2 nm – shoulder and 590.4 nm) are formed. The possible presence of a third Eu3+ 

peak (broad peak at 591.8 nm) cannot be discarded.  

The evolution of the integrated CL intensity of the 5D0 → 7F2 transition as a function of AlN 

nominal content is represented in Fig. 3c. For AlxGa1-xN-1200 (0 < x < 1), the intensity is similar 

independently on x, while for x = 1, it increases by an order of magnitude. This may be explained 

by the higher intensity ratio 𝐼 D0 
5  

→ F2 
7 𝐼 D1 

5  
→ F1 

7⁄ found for AlN-1200, suggesting a higher radiative 

recombination probability from the excited state 5D0 instead of 5D1 for the Eu3+-implanted AlN 

NWs. Since luminescence properties are affected by the host’s crystalline quality, a higher 
5D0 → 7F2 CL intensity for AlN-1200 might indicate a lower structural damage inflicted by ion 

implantation. Furthermore, when comparing the integrated intensity of the 5D0 → 7F2 transition 

for AlN-1200 and AlN-1000 (also included in Fig. 3c), the value is doubled for the highest 

annealing temperature. This result demonstrates that the annealing temperature is a crucial 

parameter for the optimization of the Eu3+ emission and the efficient recovery of the as-grown 

crystalline properties.  

In order to localize the Eu3+ emission in the NWs with the highest CL intensity, nano-CL was 

performed on dispersed AlN-1200 NWs. Fig. 4a shows the SEM image of the dispersed NWs 

(Fig. 4a) consisting of two coalesced NWs at the AlN top-section. Nano-CL intensity maps 

integrated at distinct central energies 4.722 eV (262 nm, Fig. 4b), 3.404 eV (364 nm, Fig. 4c), and 

1.989 eV (624 nm, Fig. 4d) are also shown. The choice of the central energy of 4.722 eV comes 

directly from the AlN-1200 CL spectrum (Fig. S6 in Supplementary Information), which cannot 

be associated with AlN near band edge (NBE) expected to be > 6 eV, but with defects emission 

from AlN [85,86]. In turn, 3.404 eV corresponds to the NBE emission from GaN NW template. 
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The NW heterostructure consisting of an AlN NW top-section and GaN NW template is clearly 

resolved in Fig. 4. In this analysis, it is important to mention that the spatial localization of 

recombination processes is dependent on the carrier diffusion length, which is about 70 nm for 

electrons in GaN NWs [87]. Fig. 4d indicates that the distribution of optically active Eu3+ centers 

is preponderant in two regions: AlN top-section and GaN/AlN interface, with the latter revealing 

the most intense Eu3+ emission at 1.989 eV. 

As mentioned above, when incorporated in III-N hosts, Eu3+ ions tend to occupy cation 

substitutional, or near-substitutional, lattice sites, which favor the achievement of the trivalent 

charge state Eu3+. Depending on the surrounding environment, two dominant optically active Eu3+ 

centers are observed in GaN hosts and are usually identified as Eu1 and Eu2 [30,88]. Mitchell et al. 

ascribed Eu1 (at higher energy) and Eu2 (at lower energy) to complex defects involving 

substitutional Ga sites (EuGa) and different next-neighbors in the crystalline lattice: nitrogen 

vacancies (VN) and cation vacancies (VGa), respectively [89]. Theoretical studies revealed that these 

complexes have a stable configuration [90]. Additionally, it was demonstrated that electrical 

excitation of GaN:Eu devices favors the excitation of the Eu2 center (also labeled as OMVPE7) 

[35,91]. In fact, ion implantation might induce a high concentration of cation and nitrogen 

vacancies (VIII and VN), leading to the incorporation of Eu3+ions in cation sites and to the formation 

of complexes with the generated point defects, which can provide energetic levels within the host’s 

bandgap able to assist Eu3+ excitation. Recently, two dominant optically active Eu3+ centers (Eu1 

and Eu2) were identified by photoluminescence in Eu3+-implanted AlN NWs, with similar spectral 

shape to the corresponding Eu1 and Eu2 centers in GaN [26].  

Warnick et al. determined theoretically the migration barriers for VIII and VN in GaN and 

Al0.3Ga0.7N. In strain-free GaN, the energetic barriers of VN and VGa were found to be similar, while 

in Al0.3Ga0.7N, the migration energy was found higher for VN and lower for VIII compared to GaN. 

When Al0.3Ga0.7N samples are subjected to strain, the migration barriers for VIII are reduced, while 

VN barriers keep the same value. Since the diffusion rate increases exponentially with the decrease 

of the migration barrier energy, the mobility of VIII is higher in strained regions, as is the case of 

the GaN/AlN interface [92]. Moreover, the annealing process necessary to optically activate the 

Eu3+ ions leads to a reorganization of the crystalline lattice, allowing not only the a reduction of 

the density of defects introduced by implantation but also the diffusion to energetically favorable 

locations [92]. Therefore, as indicated in Fig. 4d, the regions corresponding to AlN NW top-section 

and GaN/AlN interface can affect the optical properties of the Eu3+ ions differently, because of the 

different surrounding environment, the lattice and defects dynamics after implantation and 

annealing. 

 

3.2.2. Above and below bandgap excitation: the 5D0 → 7F2 transition 

 

Fig. 5a displays a magnification of the 5 K CL and 14 K high-resolution (HR) PL spectra for 

AlxGa1-xN-1200 (x > 0) NW ensembles around the most intense transition, 5D0 → 7F2. For the 

annealing temperature of 1000 ℃, HR PL spectra for AlxGa1-xN-1000 NW ensembles is shown in 

Fig. 5b. On the one hand, CL enables above bandgap excitation of AlxGa1-xN  for which the Eu3+ 

emission is possible through all the excitation mechanisms. On the other hand, PL obtained using 

3.8 eV laser excitation, i. e. below AlxGa1-xN (x ≥ 0.3 in our samples) bandgap energy, Eu3+ 

emission can be achieved through direct and indirect processes. In a direct process, the excitation 

is resonant with an excited electronic state of the ion (4f or 5d), while indirect processes occur by 

energy-transfer (ET) from the host to the 4f electrons subsystem through non-radiative Auger-type 
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mechanisms. These mechanisms have been discussed by different authors for GaN-based layered 

structures [18,93–95]. Following Lozykowski et al. [95], the most probable excitation mechanism 

occurs through ET from excitons bound to isovalent traps to 4f electrons created by RE ions. Fig. 

5c describes the defect-trap mediated ET model for the excitation/emission of Eu3+ ions in 

AlxGa1-xN NWs. For above bandgap excitation (GaN NWs), two mechanisms are possible: 

i) creation of excitons in the host followed by their localization at the defect-traps; and 

ii) localization of one of the carriers at the defect-traps, and subsequently the localization of the 

other. In both cases, a non-radiative recombination and ET leaves 4f electrons in an excited state, 

resulting in intra-4f emission. For below bandgap excitation (AlxGa1-xN NWs, x ≥ 0.3) only the 

second mechanism is allowed. 

As mentioned above for AlN-1200, at least two 5D0 → 7F0 transitions were observed (Fig. 3b), 

indicating that at least two optically active centers are involved, as also confirmed by the different 

relative intensities of the most intense 5D0 → 7F2 three peaks in PL and CL (Fig. 5a). Moreover, it 

is possible to observe that PL favors Eu2 in comparison to CL, i.e. the ratio IEu2/IEu1 is higher in 

the PL spectrum. This agrees with the nano-CL results since the central energy of 1.989 eV 

corresponds to the Eu2 center and its optical contribution is higher at the interface GaN/AlN 

(Fig. 4d). We remind that the CL response of the NW ensemble comes predominantly from the 

NWs top-section, while the PL experiments provide information not only from the NWs 

top-section but also from the GaN/AlxGa1-xN interface and the GaN NW template.  

For Al0.5Ga0.5N-1200, CL and PL spectra show nearly identical luminescence response, while 

for AlxGa1-xN-1200 (with x = 0.3 and 0.75), these spectra exhibit similar shape with slightly 

different peaks’ resolution and energy, which can be associated with compositional fluctuations in 

the NWs and different resolution of both techniques. Alloy disorder and/or compositional 

fluctuations felt by the RE ions also contribute to the increase of the broadening of the 5D0 → 7F2 

emission [18,51,67]. A tentative representation of the spectral shape evolution with the AlN 

nominal content is shown in Fig. 5d. Here, the lower (higher) energy center Eu1 (Eu2) contribution 

is represented with luminescence intensities of IEu1 (IEu2). When considering such representation, 

the ratio IEu2/IEu1 is found to decrease when x increases. For the annealing temperature of 1200 ℃, 

it is possible to tune the Eu3+ optical active center by changing the nominal AlN content, which 

verifies that the relative abundance of the Eu3+ centers is extremely sensitive to the surrounding 

environment.  

The annealing temperature is a parameter of utmost importance for device development and 

performance because it can affect the contribution of the different Eu3+ centers [30], as defined 

here by the ratio IEu2/IEu1. Furthermore, it was demonstrated that the electrical properties of 

Eu3+-implanted/annealed diode structure degrade when subjected to high temperature and 

high pressure annealing at 1400 ℃ [47]. For GaN:Eu3+ layers capped with AlN, it was reported 

that the Eu2 center is predominant for annealing temperatures of 1300 ℃ [88], while an opposite 

behavior was recently reported in AlN:Eu3+ NWs showing that Eu2 is favored for rapid thermal 

annealing treatments at 1000 ℃ [26]. Therefore, the evaluation of the impact of the annealing 

temperature in the Eu3+ emission is needed. To do so, the behavior of the 5D0 → 7F2 transition for 

the AlxGa1-xN-1000 NW ensembles is explored as a function of x and its behavior compared to that 

of the AlxGa1-xN-1200 samples. For the AlxGa1-xN-1000 (Fig. 5b), the behavior of the Eu3+ active 

center, shows an opposite trend when compared to the one observed for AlxGa1-xN-1200 NWs. In 

fact, while GaN-1000 and Al0.3Ga0.7N-1000 show a higher contribution of the Eu1 center 

(i.e. IEu2<IEu1), the contribution of the Eu2 increases for AlN-1000, which indicates that the ratio 

IEu2/IEu1 increases when x increases. Note that for Al0.5Ga0.5N-1000 and Al0.75Ga0.25N-1000 
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samples, the emission exhibits a shoulder at the high-energy side (grey rectangle in Fig. 5b) that 

could be associated with GaN NW template (detailed in section S3.3 in Supplementary 

Information).  

Moreover, as seen in Fig. 6, a redshift of the 5D0 → 7F2 transition components is observed when 

x increases, in agreement with reports on AlxGa1-xN:Eu3+ layers [18,29,51]. This shift is due to the 

higher expansion of the 4f-orbitals in AlN caused by the larger electron affinity of Al compared to 

Ga [51]. 

 

3.2.3. Below bandgap excitation: temperature dependence of 5D0 → 7F2 transition 

 

Temperature-dependent HR PL measurements at 14 K and 300 K are shown for 

Al0.3Ga0.7N-(1000, 1200) and AlN-(1000, 1200) samples (Figs. 7a and 7b, respectively). The 

evolution for all the temperatures and all the implanted samples are shown in Fig. S8 

(Supplementary Information). The optical center Eu1 (Eu2) is highlighted with violet (orange) 

dashed line. When increasing the temperature from 14 K to 300 K, the PL spectra become less 

resolved due to the phonon broadening, rendering the distinction of the optically active Eu3+ 

centers even more difficult. In addition, competitive thermally-induced non-radiative processes 

cause an overall decrease of the Eu3+ intensity (Figs. 7a, 7b and S8). Such thermal quenching 

results from the ET to either radiative and/or non-radiative defects in the vicinity of each Eu3+ 

center. Moreover, for AlN hosts, the ratio IEu2/IEu1 decreases with temperature, indicating that Eu1 

is thermally more stable. For the ternaries, the peak broadening renders the identification of such 

behavior more difficult. The different quenching behaviors of AlxGa1-xN-1000 and AlxGa1-xN-1200 

NW ensembles is better seen in Fig. 7c which represents the evolution of the ratio of the 5D0 → 7F2 

integrated PL intensity at 300 K and 14 K, I300 K/I14 K, versus x. For the annealing temperature of 

1000 ℃, we note that the thermal quenching is lower for the ternary alloys when compared to GaN-

1000 NWs and characterized by I300 K/I14 K ~50%. The fact that a strong quenching is present in 

the AlxGa1-xN-1000 (with x > 0.5) NWs can be tentatively associated with the predominance of the 

Eu2 center, which is highly sensitive to temperature in AlN hosts. However, the thermal quenching 

is reduced for AlxGa1-xN-1200 NWs when the AlN nominal content increases, reaching its 

maximum for AlN-1200 NWs and characterized by the highest I300 K/I14 K value of ~80%. This 

effect can be explained by the higher contribution of the thermally stable Eu1 center with respect 

to the Eu2 center for the annealing temperature of 1200 ℃. 

 

4. CONCLUSIONS 
 

To summarize and conclude, the incorporation of Eu3+ ions in implanted and annealed AlxGa1-xN 

NWs was studied by µ-Raman and nano-CL, being observed that the AlxGa1-xN top-section is the 

most affected region. A partial recovery of the implantation-induced damage was obtained after 

RTA as confirmed by µ-Raman. RTA also provided the optical activation of the Eu3+ ions, being 

possible to be excited with above (CL) and below (PL) bandgap energies. The 5D0 → 7F2 transition 

is the most intense and its energy redshifts from GaN to AlN NWs. It was found that its spectral 

shape depends on two effects: AlN nominal content and annealing temperature, indicating that 

such behavior is attributed to at least two optically active Eu3+ centers (Eu1 and Eu2). In this sense, 

the ratio IEu2/IEu1 increases with x for the lower annealing temperature while the opposite trend is 

verified for the higher annealing temperature. In addition, temperature-dependent PL evidenced a 

thermal quenching of the Eu3+ luminescence, for which AlN-1200 NWs show the lowest 
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quenching (I300 K/I14 K value of ~80 %) compared to the rest of the samples. Thus, the interplay 

between the AlN nominal content and the annealing temperature can be used to tune the optical 

contribution of Eu3+ centers in AlxGa1-xN NWs. This significant result can help to optimize the 

optical activation of Eu3+ centers in III-N semiconductors since some of them are favored under 

electrical excitation for red light-emitting diodes. Therefore, it can be a viable route to improve the 

efficiency of these devices. 
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S1. SCANNING ELECTRON MICROSCOPY (SEM) 

 

Representative SEM images of the AlxGa1-xN as-grown (AlxGa1-xN-asgr) nanowires (NWs) are 

exhibited in Fig. S1 for x = 0 (a, b); x = 0.5 (c, d); x = 0.75 (e, f); and x = 1 (g, h).  

 

Fig. S1: Representative SEM images of the GaN-asgr (a, b), Al0.5Ga0.5N-asgr (c, d), Al0.75Ga0.25N-asgr (e, f), and AlN-asgr (g, h) 

NWs in side-view and top-view, respectively. Vertical side arrows correspond to the different NW segments. 

 

S2. µ-RAMAN 
 

S2.1. µ-Raman response of the AlxGa1-xN NWs 

Fig. S2 depicts the µ-Raman spectra of the NWs (a) AlxGa1-xN-asgr, (b) as-implanted (AlxGa1-xN-

asimp), (c) after rapid thermal annealing (RTA) at 1000 ℃ (AlxGa1-xN-1000), and (d) after RTA at 
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1200 ℃ (AlxGa1-xN-1200). The calculated phonon density of states (DOS) for GaN and the 

disorder-induced Raman spectrum of AlN layers implanted with erbium (Er) are included in (b) 

for comparison [1]. The µ-Raman response of the Si (111) substrate is shown in Fig. S2a. The 

signal detected between ~600-700 cm-1 is related to Si native oxide, SiO2 [2]. 

Second-order Raman scattering processes are activated after Eu3+-implantation and are 

characterized by the detection of an unstructured broadband (dashed shape in Fig. S2b). Such 

broadband, closely associated with the GaN (AlN) phonon DOS in GaN (AlN) NWs, is seen to 

shift to higher frequencies from GaN to AlN. This important observation corroborates the results 

that have confirmed the AlxGa1-xN top-section as the most affected by Eu3+-implantation. 

 

Fig. S2: RT normalized µ-Raman spectra of the (a) AlxGa1-xN-asgr, (b) AlxGa1-xN-asimp, (c) AlxGa1-xN-1000, and (d) 

AlxGa1-xN-1200 NW ensemble, for all samples, using laser excitation of 441.6 nm. The spectra were normalized to the maximum 

of the E2
H (GaN) phonon intensity. In (d), the spectrum of the AlN-1200 NWs was normalized to the maximum of the E2

H (AlN) 

phonon intensity. The feature arising from the Si (111) substrate is indicated by (*). The calculated phonon DOS for GaN and the 

disorder-induced Raman spectrum for Er-implanted AlN layers are included in (b) for comparison [1]. 

The E2
H (GaN) phonon is not detected for Al0.5Ga0.5N-1200 and AlN-1200 NWs. For the AlN-1200 

NWs, the reduction/absence of this phonon may be due to an increase in the optical absorption 

along the NW structure caused by the generated optical defects after RTA at 1200 ℃, since the 
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morphology and structure of the NWs are not altered by Eu3+-implantation and RTA [3]. For the 

Al0.5Ga0.5N-1200 NWs, a similar effect might be occurring since the detection of the E2
H (GaN) 

was not possible (even by probing distinct regions of the sample). 

S2.2. Deconvolution of E2
H (GaN) and E2

H (GaN-like) phonons 

The deconvolution method consists of the decomposition into the minimum number of Lorentzian 

components necessary to best describe the µ-Raman response in the E2
H (GaN) region. For 

AlxGa1-xN-asgr NWs (x = 0.3, 0.5, and 0.75), the asymmetry of the E2
H indicates the existence of 

distinct contributions: i) E2
H (GaN), and ii) E2

H (GaN-like) phonons at higher frequencies. In the 

deconvolution procedure, the first component was fixed (frequency, ω, and full width at half 

maximum, FWHM) to the values determined for the E2
H (GaN) of GaN-asgr and AlN-asgr 

(ω between 567-569 cm-1, and FWHM between 3-5 cm-1). The second contribution 

[E2
H (GaN-like)] can have more than one Lorentzian component (one, for x = 0.3; and two, for 

x = 0.5 and x = 0.75) which parameters were varied until the fit converged. The same procedure 

was performed for AlxGa1-xN-1000 and AlxGa1-xN-1200 NWs.  

 

Fig. S3: Results of the deconvolution of the E2
H (GaN) phonon response by using two Lorentzian functions for (a) Al0.3Ga0.7N-asgr, 

and (b) Al0.3Ga0.7N-asimp NWs. 
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For the AlxGa1-xN-asimp, the procedure was slightly different since the asymmetry of the E2
H 

phonon become visible at lower frequencies. In this case, two contributions were deconvoluted: i) 

E2
H (GaN) from a region of the GaN NW template unaffected by Eu3+-implantation, and ii) 

E2
H (GaN) from the GaN NW template region affected by Eu3+-implantation.  

The deconvolution procedures are highlighted in Fig. S3 for (a) Al0.3Ga0.7N-asgr, and (b) 

Al0.3Ga0.7N-asimp NWs. Table S1 summarizes the results for E2
H phonon frequencies and FWHM 

obtained for all the samples. It is noteworthy to mention that the error of the deconvolution 

procedure is higher for the as-implanted samples due to the reduced intensity and signal-to-noise 

ratio of the E2
H response. 

Table S1: Summary of the parameters extracted from the deconvolution (frequency, ω, and FWHM, in cm-1) of the E2
H response. 

Deconvoluted peaks related to both the GaN NW template (black), and the AlxGa1-xN top-section (blue) are indicated. (N/A: not 

applicable). 

AlxGa1-xN as grown as implanted RTA at 1000 ℃ RTA at 1200 ℃ 

x = 0 
ω = 567±1 

(FWHM = 4±1) 

563±1 

(9±1) 

566±1 

(5±1) 
N/A 

x = 0.3 

568±1 

(5±1) 

568±1 

(4±1) 

567±1 

(4±1) 

568±1 

(4±1) 

571±1 

(8±2) 

562±1 

(6±3) 

572±1 

(5±2) 

571±1 

(5±2) 

x = 0.5 

568±1 

(4±1) 

568±1 

(5±1) 

569±3 

(5±5) 

N/A 
571±1 

(6±1) 

562±2 

(10±4) 

572±2  

 (7±4) 

577±2 

(7±7) 
 

580±2 

 (10±4) 

x = 0.75 

568±2 

(4±1) 

568±1 

(5±1) 

568±1 

(5±2) 

567±2 

(5±7) 

572±2 

(7±7) 

564±1 

(3±2) 

573±1 

(5±3) 

571±2 

(8±8) 

577±5 

(7±7) 
 

578±1 

(6±2) 

575±2 

(5±8) 

x = 1 
567±1 

(5±1) 

567±1 

(5±1) 

568±1 

(5±1) 
N/A 

S2.3. Determination of hydrostatic strain in GaN and AlN NWs 

The frequency shift (∆𝜔 = 𝜔 − 𝜔0) of the E2
H phonon (𝜔) relatively to that of the as-grown NWs 

(𝜔0) can be used to estimate the stress induced by Eu3+-implantation and its evolution after RTA. 

Assuming that RE-implantation introduces hydrostatic stress (𝜎xx ≈ 𝜎yy ≈ 𝜎zz) in the crystalline 
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lattice [4–6], stress can be expressed in terms of the frequency shift through the following 

expression [7]: 

 𝜎xx =
∆𝜔

2𝑎̃λ + 𝑏̃λ
. (eq. S1) 

The parameters 𝑎̃λ and 𝑏̃λ correspond to the phonon deformation potentials and their values are 

respectively −1.20 cm-1/GPa (−1.28 cm-1/GPa) and −1.12 cm-1/GPa (−1.65 cm-1/GPa) for GaN 

(AlN), according to Wagner et al. [7]. It is important to refer that for GaN NWs, the frequency 

shift of the E2
H (GaN) was considered, while for AlN NWs, the shift of the E2

H (AlN) phonon was 

used. In our calculations, the error of the phonon deformation potentials was estimated to be 20% 

based on the dispersion of the data presented on reference [7]. When 𝜎xx > 0, the stress is tensile, 

while 𝜎xx < 0 corresponds to a compressive stress. Fig. S4 depicts the evolution of the 𝜎xx with 

the distinct treatments applied to GaN and AlN NWs.  

 

Fig. S4: Hydrostatic stress (𝜎𝑥𝑥) evolution in GaN and AlN NWs with Eu3+-implantation and RTA at 1000 ℃ and 1200 ℃. The 

dashed line represents the strained-free situation (for as-grown NWs). 𝜎𝑥𝑥 > 0 corresponds to tensile stress.  

S3. CATHODOLUMINESCENCE (CL) AND PHOTOLUMINESCENCE 

(PL) 
 

S3.1. CL response of the AlxGa1-xN NWs 

Fig. S5 depicts a magnification of the 5 K CL spectra of the AlxGa1-xN-1200 NW ensemble around 

distinct Eu3+ transitions: (a) 5D2 → 7F0,1,2,3 and 5D1 → 7F0, (b) 5D1 → 7F1,2 and 5D2 → 7F4; (c) 5D0 

→ 7F0,1 and 5D1 → 7F3; (d) 5D0 → 7F2 and 5D1 → 7F4; (e) 5D0 → 7F3, and (f) 5D0 → 7F4.  

The position of the emission lines (obtained from 5 K CL spectra) and their assignment to the 

respective transition are listed in Table S2. For GaN-1000 NWs, the values were extracted from 

the 14 K high-resolution (HR) PL spectrum. Table S2 also includes 11 K CL results from in situ 

Eu3+-doped single crystal AlN [8]. The 5D0 → 7F2 and 5D1 → 7F4 transitions lie in the same energy 

range [8], and therefore the assignment of these transitions can be complex. For AlN NWs, the 

assignment to the 5D0 → 7F2 transition was made based on PL results obtained under 325 nm laser 

excitation. Since no other emissions from the excited state 5D1 were detected in PL experiments, 

we can exclude its contribution and thus make the respective assignment. For AlxGa1-xN NWs 
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(x = 0.3, 0.5, and 0.75), the assignment was done based on the peaks’ shift from those recorded for 

AlN NWs as well as by their intensity. 

 

Fig. S5: 5 K CL spectra of the AlxGa1-xN-1200 NW ensemble around distinct Eu3+ transitions: (a) 5D2 → 7F0,1,2,3 and 5D1 → 7F0; 

(b) 5D1 → 7F1,2 and 5D2 → 7F4; (c) 5D0 → 7F0,1 and 5D1 → 7F3; (d) 5D0 → 7F2 and 5D1 → 7F4; (e) 5D0 → 7F3; and (f) 5D0 → 7F4. In 

(c), the inset shows a magnification around the 5D0 → 7F0 transition for the AlN-1200 NWs. In (d), the inset corresponds to a 

magnification of the emission around 625 and 645 nm. Dashed lines in (d) represent the transitions identified as Eu1 (violet) and 

Eu2 (orange) centers. (g) Schematic of the Eu3+ ion energetic levels in GaN hosts [9,10]. The most intense transition (5D0 → 7F2) 

is represented by a red arrow. 
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Table S2: Peak assignment of the Eu3+ intra-4f 6 transitions observed in 5 K CL spectra of the AlxGa1-xN-1200 samples. For the 

sample GaN-1000, the peaks were extracted from the 14 K HR-PL spectrum. The values obtained by Gruber et al. for Eu3+-doped 

w-AlN single crystal are included for comparison [8]. (wk: weak or low intensity; *: shoulder). 

Transition 

(nm)  

& 

Assignment    

GaN-1000 

PL 14 K 
(±0.1 nm) 

Al0.3Ga0.7N-

1200 

CL 5 K 
(±0.1 nm)  

Al0.5Ga0.5N-

1200  

CL 5 K 
(±0.1 nm) 

Al0.75Ga0.25N-

1200 

CL 5 K 
(±0.1 nm) 

AlN-1200 

CL 5 K 
(±0.1 nm) 

Eu3+-doped 

w-AlN single 

crystal 

CL 11 K 

Gruber et al. 

[8]  

5D2 → 7F0 
    471.8 (wk)  

 472.8 472.9 473.3 473.5  

5D2 → 7F1 
 480.6 480.7 481.3 481.3  

  481.8 482.4 482.4  

5D2 → 7F2 

 493.8 493.9 494.7 494.6  

  
494.9* 495.1* 

494.9  

  495.2*  

 501.3 501.4 501.8* 
502.4 

 

 502.1 502.2 502.4  

5D2 → 7F3 

    517.6 (wk)  

 519.1 (wk) 519.0 5199 519.9  

 520.3 520.2 520.9 520.9  

 521.3 521.3 522.0 521.9  

5D1 → 7F0 
    534.5* 534.67 

 534.0 534.1 534.6 534.7 534.90 

5D1 → 7F1 

 543.4 543.4 543.8*   

 
544.0 544.2 544.7 

 544.4* 544.63* 

 544.7 544.87 

 
545.6 545.4 546.1 

546.0 546.16 

 546.2* 546.38 

  
546.3 547.4 

547.3  

  547.7*  

    549.0  

    549.9  

5D2 → 7F4
 

 
552.8 (wk) 553.1 

553.3 553.4  

 553.9 554.0  

5D1 → 7F2
 

 
560.7 560.8 

561.8 561.8 562.01* 

 562.2* 562.2 562.18 

     562.52* 

    564.2 563.80* 

 570.6 570.5 570.8*  571.80* 

 571.5 571.6 571.7 571.7 571.91 

5D0 → 7F0 

    590.2*  

 589.4 (wk) 589.4 590.0 (wk) 590.4 590.34 

   591.8 (wk) 591.8  

5D1 → 7F3 
 

593.4 593.6 593.8* 593.9* 
593.50* 

 593.80 
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594.5 594.5 

594.52 

   594.74* 

     595.80* 

 595.0 595.2 596.1 596.1 596.08 

 
596.3* 596.5 597.1 597.2 

597.15* 

 597.32 

 
599.4 599.5 599.9 600.0 

599.60* 

 599.92 

5D0 → 7F1 

 600.9 600.9 601.8* 601.9*  

601.2 601.9 602.0 602.5 602.6 602.49 

 603.0 603.3 (wk) 604.4 604.4 604.35 

    606.1  

607.5 
608.7 609.0 611.4 

610.9*  

 611.4  

    613.2  

    614.1  

    615.2  

5D0 → 7F2  

and/or 

 
5D1 → 7F4 

   619.6 619.7  

     620.34* 

618.9     620.68 

620.7 622.0* 622.4* 623.4* 623.5 (Eu2)  

621.3  622.4 622.8 623.9 623.9 623.95 

622.5 623.4 623.8 624.4 624.4 (Eu1) 624.49 

 625.6* 625.8* 626.4 626.5  

     626.66 

    627.3* 627.00* 

 626.8* 626.9* 627.6* 627.7  

     629.00 

    630.5  

    634.0*  

 634.1 634.0 634.3 634.3 634.31* 

 635.3 635.5 635.7 635.7 635.79 

     637.14 

    638.9 639.00 

    639.8  

5D0 → 7F3 

    646.3*  

   647.1 (wk) 647.2  

    648.0  

   660.1 660.2  

661.6 662.3 662.6 662.9* 663.1*  

 663.1* 663.4* 664.0 664.0 664.03 

663.1 664.3 664.5 665.6* 665.7 665.74 

663.9 665.8 665.9    

665.2 666.5 666.6 667.2 667.3 667.33 

5D0 → 7F4      707.21 
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    709.4 (wk) 709.77 

 713.4 (wk) 713.5 713.6 713.7 713.84 

    719.5 719.71 

 

The near band edge (NBE) emission of AlxGa1-xN alloys follows the behavior of the bandgap 

energy, 𝐸g, as a function of the AlN content, x, although it occurs at slightly lower energies (~ tens 

of meV – exciton binding energy [11]). The bandgap energy of AlxGa1-xN alloys follows the 

empirical Vegard’s rule, 𝐸g(Al𝑥Ga1−𝑥N) = (1 − 𝑥)𝐸g(GaN) + 𝑥𝐸g(AlN) + 𝑏𝑥(1 − 𝑥), with b 

the bowing parameter (recommended value is 1 eV [12]). 

Fig. S6a depicts the 5 K CL spectra of the AlxGa1-xN-asgr NWs (x > 0) obtained when the electron 

beam is focused on the NW ensemble and single NW (spot mode) in the spectral range of the NBE 

emission. For low AlN nominal contents (x = 0.3, and 0.5), the CL response reveals two and three 

peaks, respectively, at energies below the expected values for the NBE emission. This is in 

agreement with the µ-Raman results, corroborating the hypothesis that: i) compositional 

fluctuations exist in the NWs, and ii) lower AlN content than the nominal value and/or a tensile 

strain in the AlxGa1-xN top-section grown on top of GaN NW template might be involved. For the 

high AlN nominal content NWs (x = 0.75, and 1), the emission is broader, occurs for energies 

lower than those expected for the NBE, and does not follow the trend of the bandgap energy. 

Although for x = 0.75, the existence of compositional fluctuations is a possibility, this is not valid 

for x = 1 (since there is no Ga flux). This emission might be assigned to donor-acceptor pair (DAP) 

transitions involving AlN-related defects, as nitrogen vacancies [13,14]. Moreover, in spot mode, 

it is possible to observe that the emission consists of a bunch of sharp lines (dashed lines in Fig. 

S6a), commonly observed in AlxGa1-xN NWs [15–17] and associated with the localized nature of 

the electronic states and/or impurity or structural defects. 

Fig. S6b illustrates the evolution of the CL peaks (obtained after deconvolution into two or three 

Gaussian components) for AlxGa1-xN-asgr NWs with AlN nominal content (x > 0). For GaN-asgr 

NWs, the value was extracted from the 14 K PL spectrum (Fig. S7). The dependence of the 

bandgap energy for AlxGa1-xN alloys (considering no bowing and bowing of 1 eV) is plotted for 

comparison. 

Fig. S6c shows the 5 K CL spectra of the AlxGa1-xN-1200 NWs in the spectral range of the NBE 

emission. The spectra of the AlxGa1-xN-asgr NWs are also included for a better perception of the 

effects introduced by Eu3+-implantation and RTA in the AlxGa1-xN NWs. The emission is strongly 

reduced, indicating that Eu3+ ions are preferentially incorporated in the AlxGa1-xN top-section and 

that the annealing does not provide full-recovery of the as-grown optical properties. Moreover, the 

emission shifts to lower or higher energies (depending on the sample), suggesting that the 

performed treatments may induce i) rearrangement of the crystalline lattice (slight composition 

fluctuations) and ii) tensile stress. 
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Fig. S6: (a) 5 K CL spectra of the AlxGa1-xN-asgr (x > 0) obtained for the NW ensemble and single NW (dashed lines). (b) CL 

peaks (circles) versus AlN nominal content. The bandgap evolution AlxGa1-xN alloys with b = 0 eV (dashed line) and b = 1 eV 

(solid line) is plotted for comparison. (c) Comparison between the 5 K CL spectra of the AlxGa1-xN-asgr, and AlxGa1-xN-1200 NW 

ensemble around the NBE emission.  

S3.2. PL response of the AlxGa1-xN NWs 

14 K PL spectra of the GaN-asgr (dashed line) and GaN-1000 (solid line) NW ensemble are shown 

in Fig. S7. For the as-grown NWs, a well-defined near band edge (NBE) emission is observed at 

358 nm (~3.46 eV) as well as a low-intensity tail at lower energies, attributed to donor-acceptor 

pair (DAP) transitions. It is worth mentioning that broad bands related to deep level defects are 

not observed, indicating a high optical quality of the GaN NWs. After Eu3+-implantation, the 

crystalline structure is damaged and the NBE is not detected, even after RTA at 1000 ℃. However, 

the optical activation of the Eu3+ ions is achieved with the 5D0 → 7F2 transition being the most 

intense. Overlapped with the Eu3+-related emission, a low-intensity host defect-related broad and 

asymmetric band is observed in the yellow spectral region. According to previous reports, both 

implantation and post-implantation thermal annealing were found to induce/promote the formation 

of optically active defects that contribute to a broad emission band in GaN structures [18,19]. 

Several hypotheses have been proposed and discussed in the literature about the nature of this band 

[20–22]. 
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Fig. S7: 14 K PL spectra of the GaN-asgr, and GaN-1000 NW ensemble using laser excitation of 325 nm. Inset corresponds to 

magnification around the DAP region (in logarithmic scale). 

Fig. S8 presents temperature-dependent PL spectra (from 14 K to 300 K) for the AlxGa1-xN-1000 

and AlxGa1-xN-1200 NW ensemble using the 325 nm laser excitation: (a) x = 0; (b) x = 0.3; (c) 

x = 0.5; (d) x = 0.75; and (e) x = 1.  
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Fig. S8: Temperature-dependent PL spectra around the 5D0 → 7F2 transition for AlxGa1-xN-1000, and AlxGa1-xN-1200 NW 

ensemble: (a) x = 0; (b) x = 0.3; (c) x = 0.5; (d) x = 0.75; and (e) x = 1. Vertical dashed lines indicate Eu1 (violet) and Eu2 (orange) 

centers. 

S3.3. Heterogeneity of the AlxGa1-xN NWs and its impact on the Eu3+ emission 

Fig. S9a shows side-view and top-view SEM images of the Al0.75Ga0.25-asgr NWs at different 

positions of the wafer (20 mm, 15 mm, and 10 mm from the wafer’s center). The density of NWs, 

which is a crucial parameter to the Eu3+-implantation shadowing effects, increases from the wafer’s 

center to the edge. This means that closer to the wafer’s center, shadowing effects are less  and the 

implantation may reach the GaN NW template. This effect is represented in the scheme of 

Fig. S9b.  

Fig. S9c depicts the normalized 14 K HR PL spectra (around the 5D0 → 7F2 transition) taken at 

each position indicated in the SEM images. At 10 mm from the wafer’s center, it is possible to 

detect a significant contribution at higher energies related to Eu3+ ions optically active from the 

GaN NW template. This contribution is not important at 15 and 20 mm from the wafer’s center, 

revealing the impact of the shadowing effect in the depth distribution of Eu3+ ions.  
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Fig. S9d shows the integrated PL intensity ratio of the 5D0 → 7F2 transition obtained at 300 K and 

14 K, I300 K/I14 K, measured at the different positions of the wafer. For 10 mm, the luminescence 

shows a higher thermal quenching, which may be related to Eu3+ ions that are optically active in 

the GaN NW template since the quenching is expected to be higher in these hosts, according to 

Fig. 7c (main manuscript). 

 

Fig. S9: (a) SEM images of the Al0.75Ga0.25-asgr NWs in side-view and top-view at different wafer’s positions: 20 mm, 15 mm, 

and 10 mm from the wafer’s center. (b) Schematic representation of the shadowing effect in samples with different density of NWs. 

(c) 14 K HR PL spectra of the Al0.75Ga0.25-asgr NWs under 325 nm laser excitation at the three positions indicated in (a). The 14 

K PL spectrum of the GaN-1000 NW ensemble is included for comparison. (d) Corresponding I300 K/I14 K at the different positions 

on the wafer. 
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