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12 ABSTRACT: In this work, we have established the effects of postgrowth annealing and Eu implantation, followed by annealing
13 on an AlGaN/GaN superlattice-based diode structure, containing Mg-doped GaN top p-cap layers. The study is based on the
14 combined information from different optical techniques, such as Raman, photoluminescence, and photoluminescence
15 excitation. We have shown that the diode structure exhibits a stable crystalline quality even after annealing under high tem-
16 perature and high pressure (HTHP) conditions (1400 °C in 1 GPa N,). Furthermore, we have demonstrated that the
17 implanted Eu ions reached the first quantum wells of the diode structure and that the postimplantation thermal annealing partly
18 removed the implantation defects, recovering some of the as-grown luminescence and optically activating the Eu** in the diode
19 structure. An in-depth study of the Eu** population mechanisms was realized through room temperature photoluminescence
20  excitation. A model was built based on the different excitation bands originated from the materials present in the diode struc-
21 ture, demonstrating that an energy transfer between the AIGaN/GaN superlattice excitons and the Eu®* ions occurs, therefore
22 enlarging the excitation pathways for the ion’s red luminescence. In addition, Eu** luminescence was observed not only with
23 above but also with below GaN bandgap excitation. The temperature dependent study of the SDJ - 7FJ transitions allowed to
2  tentatively provide the Eu®* intraionic assignments of the diode structure. We have demonstrated that at least three non-
25 equivalent active sites are created by the Eu implantation in the diode structure: Eul, Eu2, and Eu—Mg defect in both
26 configurations Eu0 and Eul(Mg).

27 KEYWORDS: high-temperature and high-pressure annealing, europium, implantation, diode structure, Raman spectroscopy, PL, PLE

28 he incorporation of rare earth (RE) atoms into solid implantation have reached a considerable progress.”” Besides, 37
29 hosts, especially wide bandgap III-N semiconductors, in III-N systems, the blue and green light could be obtained 33
30 have received increasing attention in the last decades due to the based on InGaN bandgap engineering, while the red emitters 39
31 potential applications of RE-doped materials in optoelectronic are still under research and development. A possible solution 40
32 semiconductor devices, such as light emitting diodes (LEDs), for achieving the red emission is the use of europium (Eu) 41
33 solid-state lasers and color displays." The wide variety of growth
34 and doping methods employed over the years, including in situ Received: April 13, 2018
35 doping during growth (by molecular beam epitaxy (MBE) or Accepted: July 17, 2018
36 metal—organic chemical vapor deposition (MOCVD)) and ion Published: July 17, 2018
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doping into III-N hosts thanks to the luminescence deter-
mined only by Eu®" intra-4f° transitions. Nishikawa et al.*’
have realized red-emitting LED by using in situ Eu-doped GaN
active layer. For nominally undoped GaN samples implanted
with Eu, thermal annealing at high temperatures was estab-
lished to lead to the formation of two dominant optical centers
denoted as Eul and Eu2,%” where the first center (Eul) involves
Eug, associated with intrinsic lattice defects,® while the second
(Eu2) is a substitutional Eu impurity (Eug,). For such samples,
postimplantation annealing at temperatures in the range of
1000—1450 °C in high N, pressure, a predominance of Eu2
optical center was demonstrated.® Alternatively, other authors
have attributed the Eul and Eu2 centers to complex defects
involving the Eu’* ion in a substitutional cation position with
next-neighbors being N and Ga vacancies, respectively.”'’
Furthermore, codoping GaN:RE with additional impurities
was demonstrated to be a powerful technique to control Eu
centers and improve the luminescence. For instance, magne-
sium (Mg) doping enhances the RE luminescence efficiency in
GaN'""? because it is expected to modify local structures
around the RE ions. In this context, O’Donnell et al."*'* attri-
buted the observed photoenhancement, temperature hysteresis,
and photobleaching to conformational modifications because
the change of the charge state of the (Eu—Mg)-related defects
in p-type GaN. The same strategy of Mg and Eu codoping in
GaN was used to probe the lattice location of Mg in GaN
(Mg):Eu'>'® by hysteresis photochromic switching between
two configurations (Eu0 and Eul(Mg)) of the same Eu—Mg
defect: Eug, in close association with Mg, bonded to a com-
mon N atom.'® Wakahara et al." also investigated the effect of
Mg codoping on the luminescence properties of Eu-doped
GaN epitaxial films for different Mg concentrations, and demon-
strated that the optimal doping of Mg in GaN:Eu led to the
selective activation of site-A (~620.3 nm), with respect to site-B
(~622.3 nm), resulting in an enhanced Eu** luminescence. As a
result, the authors fabricated a LED with p-GaN/GaN:(Eu,
Mg) active layer/n-GaN structure using optimal Mg codoping
conditions (~10'® cm™) and obtained bright red emission
under forward bias condition. On the other hand, unlike nitride
bulk or layers, it was demonstrated that the intensity of the emis-
sion is enhanced when the RE ions are implanted in quantum
structures, such as quantum wells (QWs) and superlattices
(SLs),"” as obtained in Eu'®"? and erbium (Er)*° implanted in
AlGaN/GaN SLs. Furthermore, according to Favennec’s prin-
ciple, wider bandgap semiconductors show weaker thermal
quenching, thus favoring the III-nitrides among other semi-
conductors.”’ Indeed, it was proven that thermal quenching of
photoluminescence (PL) intensity became very small with the
increase of Al content in AlGaN epitaxial layers.”” O’Donnell*®
have demonstrated this principle by showing that the T/,
value (corresponding to the temperature at which the intensity
of the luminescence is one-half of its maximum low-temperature)
is as high as 400 K for GaN, but this value strongly depends on
the RE related center in the III-N host. Recently, a synergy
effect between the increase of III—N bandgap and the codoping
was explored by Kanemoto et al.** for Mg codoped AlGaN:Eu
epitaxial films. It was found that Mg codoping in AlGaN:Eu
contributes to increase the PL integrated intensity and to
improve the PL efficiency. Mishra et al.” also reported a strong
enhancement of the Eu®* luminescence by simultaneously
codoping with silicon (Si) and Mg in Eu-implanted GaN sam-
ples. In addition to the intensity enhancement, Lee et al.’®
showed that Mg codoping into GaN:Eu produced novel Eu—Mg

luminescence centers, while the addition of silicon removed
such centers and enhanced an additional one.

In this work, we deeply investigate Eu implantation followed
by high-temperature high-pressure (HTHP) annealing in an
AlGaN/GaN superlattice- based diode structure, as an alter-
native approach to in situ doping to provide additional solu-
tions for the red emission issue in the III-N systems. To do so,
optical techniques were used to explore: (i) the effects of post-
growth HTHP annealing of the as-grown diode structure and
(ii) the effects of Eu implantation followed by HTHP annealing.
The Eu** population mechanisms were established and the Eu®*
emission lines and their temperature dependence were analyzed
in detail.

B METHODS

The diode structure (Figure S1) was grown by MOCVD on a thick
GaN buffer layer on sapphire substrate. The n—p junction was formed
by Si-doped GaN (n-type, free carrier concentration ~2.5 X 10'® cm™)
and Mg-doped GaN (p-type, free carrier concentration ~5 X 10'7 cm™),
with nominal thicknesses of ~2300 nm and ~100 nm, respectively.
A 100-period n-type AlGaN/GaN short period superlattice (SL), with
nominal thickness of ~2.5 nm for Al,Ga,_ N (nominal AIN content
of ~0.14) and GaN layers, both Si-doped (Si concentration ~1 X
10'® cm™3), was inserted on top of the n-GaN layer to provide carrier
confinement. In addition, the high number of interfaces prevents Mg
diffusion during temperature steps and therefore the shift of the
p-doped region with respect to the Eu implanted region. X-ray diffrac-
tion (XRD) measurements and simulations show a good agreement of
layer thicknesses and composition with the nominal structure, with
well-defined SL peaks revealing a good interface quality of the SL.*’
Ion implantation was carried out using 300 keV Eu ions at room tem-
perature (RT), along the surface normal, and with two different
fluences (1 X 10" and 1 X 10" Eu-cm™2). Such channeled implanta-
tion conditions were found to reduce the implantation defect density
and increase the ion range.28 The Eu-profile simulation, using the
SRIM code and assuming no channeling effects, suggests that the
maximum ion penetration depth is ~120 nm, indicating that only few
ions actually reach the p—n junction for such implantation condi-
tions.”” Postimplantation HTHP annealing was then performed for
30 min at 1400 °C in 1 GPa N,, which corresponds to the optimized
annealing conditions to recover the ion implantation damage in GaN
and to activate rare earth ions.**’ Indeed, Lorenz et al.® and Rogan
et al.*” established that the efficient optical activation of Eu implanted
GaN films can be achieved by postimplantation annealing at high
temperatures (>1000 °C) and ultrahigh nitrogen pressures (1 GPa).
The samples under study consist of one as-grown diode structure cleaved
into four pieces: one as-grown piece kept as a reference (denoted as
“as-grown”), two other pieces implanted with the different fluences and
then annealed at HTHP (Eul4 for the fluence 1 X 10" Eu-cm™ and
Euls$ for the fluence 1 X 10" Eu-cm™) and another as-grown piece
only submitted to HTHP annealing (denoted as HTHP). From XRD
analysis, we demonstrated that the HTHP annealing at 1400 °C
promotes an almost complete recovery of the crystal structure after Eu
implantation.”” In this work, RT Raman spectroscopy measurements
(HR800 system) were performed under 325 and 442 nm laser exci-
tations in backscattering configuration. The Eu as-implanted samples
(denoted as “as-imp”) were only analyzed by Raman spectroscopy in
order to study the effects of implantation and HTHP annealing on the
structural properties. Steady state PL spectroscopy as a function of
temperature (from 14 K to RT) was performed using a coldfinger
helium cryostat. The 325 nm line of a cw He—Cd laser (power
density I, < 0.6 W.cm™) was used as excitation source, corresponding
to the energy of ~3.8 eV, above the GaN and Al,,,Ga,gsN bandgaps.
The samples’ luminescence was dispersed by a SPEX 1704 mono-
chromator (1 m, 1200 g'mm™") and detected by a cooled Hamamatsu
R928 photomultiplier. PL excitation (PLE) and PL spectra were
recorded at RT wusing a Fluorolog-3 Horiba Scientific modular
apparatus with a double additive grating scanning monochromator
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(2 X 180 mm, 1200 g'mm™") in the excitation channel and a triple
grating iHRS50 spectrometer (550 mm, 1200 gmm™") coupled to a
R928 Hamamatsu photomultiplier for detection. A 450 W Xe lamp
was used as excitation source. The measurements were carried out
using the front face acquisition geometry and the presented spectra
were corrected for the spectral response of the optical components
and the Xe lamp.

B RESULTS AND DISCUSSION

Raman Spectroscopy. It is known that Raman spectros-
copy is extremely sensitive to the damage created by ion implan-
tation and successfully used to study: the structural properties of
GaN implanted with various RE ions,”” HTHP annealing of
ion-implanted GaN films,*"** as well as structural depth profile
in ion implanted GaAs®® and rapid thermal annealing (RTA)
impurity-enhanced interdiffusion in GaAs/AlGaAs QWs.***
Moreover, in GaN and GaN-related alloys, the phonons were
proved to be an efficient tool for monitoring the crystalline
quality and strain state.**"** Figure 1a shows Raman spectra of
the as-implanted samples with both fluences recorded using the
325 nm excitation. It is worth mentioning that the as-grown and
HTHP samples were not included since they exhibit a strong
photoluminescence under the incidence of the 325 nm He—Cd
laser line, which prevented the observation of the phonon modes
system. Figure la shows that the Raman spectra of as-implanted
samples exhibit: (i) the Brillouin zone (BZ) center phonon lines
E! and A,(LO), whose intensities decrease and broadenings
increase with the Eu fluence and (ii) disorder-activated Raman
scattering lines (~300 and ~676 cm™" indicated by asterisks),
as reported in refs 30 and 39. Indeed, it is known that ion
implantation increases the defect density;*"** therefore lifting the
wavevector conservation of the first order Raman scattering pro-
cess, which was demonstrated to be closely related to the GaN
calculated phonon density of states DOS function,*”*" in good
agreement with our results. Figure 1a. Figure 1b and ¢ show the
Raman spectra (in a logarithmic scale) for both Eu as-implanted
and Eul4 and EulS samples performed using the 325 and
442 nm laser excitations. As stated above, the Eu-profile simula-
tion suggested a maximum ion penetration depth of ~120 nm,”’
and according to the present diode structure, the use of the
325 nm laser excitation is expected to probe only the first ~70 nm
composed of Mg-doped GaN. For both Eul4 and Eul$ samples,
the spectra are dominated by Ej and a broad quasi-LO phonon.
It is clearly seen that after HTHP (red curve), the first order
phonon process at the BZ center becomes predominant, which is
consistent with the recovery of the crystalline structure, also cor-
roborating the XRD results in ref 27. The detection of E!, even
under GaN resonant excitation conditions, is a clear indication
that the near-band-edge (NBE) emission at RT has lower inten-
sity in the Eul4 and EulS samples than in the as-grown and
HTHP samples. For the Mg nominal doping levels (1-5 X
107 cm™) of the studied diode structure, the observed
broadening of quasi-LO is more likely due to the superposition
of E;(LO) and A,(LO),* rather than a plasmon-phonon coupl-
ing," unless there are free carriers generated by implantation.

By using the 442 nm excitation, out of GaN bandgap
resonance excitation conditions, the obtained Raman spectra
(magenta curves) are dominated by the E? (~569 cm™) and
A,(LO) (~734 cm™") phonon modes of the wurtzite GaN, in
agreement with the reported results in the backscattering config-
uration for relaxed c-plane GaN."”** The detection of the
sapphire substrate phonon modes (shown by “S”) indicates that
all the diode structure is being probed by using the 442 nm
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Figure 1. (a) RT Raman spectra of the as-implanted samples with
both Eu fluences using laser excitation of 325 nm. The calculated
phonon density of states DOS function™ is included for comparison.
RT Raman spectra of the (b) as-implanted Eul4 and Eul4 and
(c) as-implanted EulS and Eul$S samples using laser excitations of
325 and 442 nm. The asterisks indicate the disorder-activated Raman
scattering lines. S indicates the sapphire substrate vibrational modes
and A is an artifact.

excitation wavelength, hindering the identification of the signal
from the individual layers. Accordingly, a higher contribution
from the GaN layers underneath the AlGaN/GaN SL is expected.

Photoluminescence. Figure 2 presents 14 K (a) and RT
(b) PL spectra of the studied samples, obtained using the
325 nm laser line excitation. The observed PL intensity modu-
lation is related to Fabry—Perot optical interference because of
the refractive index contrast of the different layers within the
diode structure. Such fringes prove that the interfaces between
the constituent layers are smooth and uniform not only for the
as-grown sample, but also for the Eu-implanted samples, indi-
cating that Eu implantation/HTHP annealing did not signifi-
cantly affect the interface properties of the diode structure.
In Figure 2a, the PL spectrum corresponding to the as-grown
sample (black line) exhibits GaN NBE emission consisting of
three sharp lines, as well as the donor—acceptor pair (DAP)
recombination and their phonon replicas, a blue luminescence
band (BL) centered at ~2.8 eV (~445 nm), a broad yellow
band (YL) at ~2.2 eV (~560 nm) and the second order of the
three sharp emission peaks. The sharp emission features can be
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Figure 2. PL of the as-grown, HTHP, Eul4, and EulS samples
obtained with 325 nm laser excitation at 14 K (a) and at 300 K (b).
Inset of (a) shows a magnified 14 K PL below 370 nm.

254 clearly seen in the GaN NBE energy range (inset of Figure 2a).
255 The most intense emission peak at 3.58 eV (346 nm) is the
256 sharpest one, with a full width at half-maximum (fwhm) of
257 ~13 meV, while the emission peaks at 3.47 eV (357 nm) and
258 3.39 eV (365 nm) are broader, with fwhm values of 27 and
259 37 meV, respectively. In addition, a strong decrease of the rela-
260 tive intensities is noticed as the photon energy decreases.
261 Because of its high intensity and sharpness, the feature at
262 3.58 eV can be attributed to the AIGaN/GaN SL confined
263 excitonic transition from the fundamental electron state to the
264 fundamental heavy-hole state (e;-hh;), similarly to what was
265 reported in ref 45. The low fwhm value of the SL transition is
266 consistent with a high crystalline/interface quality and thick-
267 ness uniformity in our diode structure. As commonly observed
268 in GaN-based structures, for instance GaN epilayers grown
269 on sapphire*®*” and AlIGaN/GaN MQW system,"”*" inset of
270 Figure 2a indicates the GaN longitudinal optical (LO ~
271 91 meV) phonon replica positions with respect to the main
272 emission related to the AlGaN/GaN SL excitonic transition,
273 which is considered as the zero-phonon line. Accordingly, the
274 peak at 3.47 eV could correspond to the superposition of the
275 donor-bound exciton (D’X) emission originating from the
276 GaN wells/layers and the phonon replica of the SL excitonic
277 transition. While the weak feature at 3.39 eV could originate
278 from additional overlapped two-phonon replicas of the SL exci-
279 tonic transition and DX transitions.

280  Broad emission bands are well-known to occur in GaN and
281 involve different types of defects. On the one hand, the BL
282 centered at ~2.8 eV (~445 nm), typically observed in
283 Mg-doped GaN films*” and Mg-doped GaN layers in different
284 heterostructures,”* ™ is usually attributed to Mg-related centers,
285 such as Mg—Vy complexes or isolated Mg, acceptors.”” >
286 Nevertheless, as the BL emission is also observed in undoped,
287 Mg- and Zn-doped GaN*° with very similar shape and peak
288 position as the one here reported, the presence of other defects
289 contributing to this band cannot be discarded. However, since
290 the Vy defects are abundantly formed during MOCVD

3

[o9)

N

—_

growth,*® as in our samples, the Mg—Vy complexes could be 291
the origin of the BL®" observed in the present PL spectra. 292
We believe that this assignment is well-founded because PL 293
measurements as a function of power excitation (BL blue-shifts by 204
~50 meV for power densities from I)/10 up to I, Figure S2) and 295
temperature (Figure S3) agree well with the PL results of 296
Reshckikov et al,* indicating that the 2.8 eV band blue-shifts 297
by increasing the excitation intensity, and that the correspond- 298
ing thermal quenching begins at temperatures above 200 K. 299
On the other hand, the broad YL band is peaked at ~2.2 eV, 300
for which the most accepted recombination models involve a 301
DAP or free-to-bound (e-A) transitions. The YL typically 30
involves deep defect levels in intrinsic GaN layers and is often 303
reported as being related to the presence of the native defect 304
V¢, and its complexes.”®” In addition, recent theoretical calcula- 305
tions suggest that the YL can also be caused by the carbon impur- 306
ity (Cy) or its complex with oxygen (CxOy)- 27" Furthermore, 307
it should be noticed that the YL is also affected if GaN is 308
intentionally doped. Indeed a substantial increase of the YL inten- 309
sity was found using several dopants such as Si or Mg, as reported 310
by Reshckikov et al.*® In Mg-doped GaN, first-principles calcu- 311
lations predicted the formation of three donor defects: a nitrogen 312
vacancy, interstitial Mg, and the N-vacancy-Mg complex.”® 313

By comparing the as-grown and HTHP samples, it can be 314
seen that the low temperature PL spectrum is slightly affected 315
by HTHP annealing (red line in Figure 2a), especially around 316
the GaN DAP and BL spectral regions. Regarding the DAP 317
region, a slight decrease of the PL intensity is obtained after 318
HTHP annealing. A similar evolution of the DAP was recently 319
obtained for MOCVD Mg-doped GaN layers annealed above 320
870 K.°° The broad band observed for the HTHP sample, 321
around ~3.26 eV (~380 nm), could be associated with two 322
hypothesis: (i) unresolved DAP recombination accompanied 323
by an important decrease of the BL intensity or to (ii) the blue- 324
shift of the BL, overlapping with the DAP recombination. For 325
the first one, Nakamura et al.’” reported a decrease of the blue 326
emission (~450 nm) intensity in Mg-doped GaN films for 327
annealing temperatures above 700 °C, which was attributed to 328
the thermal dissociation of the GaN. For the second hypothesis, 329
the BL blue-shift could be understood in terms of Mg diffusion 330
from the GaN p-type layer to the AlGaN/GaN SL after anneal- 331
ing. Indeed, Mg-doped Al,Ga,_,N samples’”***’ showed that 332
the peak position of the defect-related band blue-shifts almost 333
linearly with increasing Al content. Since Raman and NBE PL 334
spectra clearly show the presence of a good quality GaN layers 335
after HTHP, we believe that the second possibility is more 336
likely to occur in our samples with nominal AIN content of 337
~14% in the AlGaN/GaN SL. 338

After Eu implantation and HTHP annealing, the SL tran- 339
sition at 3.58 eV, as well as the D°X emission intensities (and 340
their phonon replicas), are reduced by approximately 2 orders of 341
magnitude. As will be further discussed, this indicates that the 342
Eu implanted ions have effectively reached the AlGaN/GaN SL 343
region, but did not strongly affect the diode structure. This is in 344
a very good agreement with our structural study.”’ 345

For the sample implanted with the lowest fluence (Eul4), 346
the ultraviolet DAP recombination is still observed even after 347
HTHP annealing. In addition, the intensity of the DAP and 348
the defect-induced BL and YL broad band intensities have 349
decreased by 1 order of magnitude, due to the lattice damage 330
induced by the implantation processes. In the energy range 3s1
below 2.29 eV (above 543 nm), the sharp luminescence lines, 352
characteristic of the Eu® intra-4f shell transitions with the 353
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most intense emission corresponding to the 5D0 - 7F2 tran-
sition (~621 nm), are well resolved and dominate the spec-
trum in Figure 2a. At 14 K, we can conclude that HTHP
thermal annealing reduced the implantation-induced defects,
recovered some of the native luminescence and optically
activated the Eu®* ions. The detailed study related to the Eu**
emission lines and their temperature dependences will be dis-
cussed below. Though this sample was subject to HTHP
annealing, which could have led to a Mg diffusion from GaN to
the AIGaN/GaN SL (as stated above for the HTHP sample),
in this case the BL peak position remained unchanged, which
suggests that the Eu implantation or the corresponding struc-
tural interface damage might have prevented the Mg diffusion
into the AIGaN/GaN SL. For the EulS sample, besides the
decrease of the intensity of the native luminescence, both DAP
and BL emissions are seen to broaden due to a lower recovery
of the lattice damage with respect to the sample Eul4.

Figure 2b indicates that PL intensity experiences a strong
thermal quenching with increasing temperature (from 14 K to
RT) in the UV range for all samples. For nonimplanted sam-
ples (as-grown and HTHP), only the YL persists at RT. This
behavior versus temperature is commonly observed in GaN-
based structures.”” For samples Eul4 and Eul$, an emission
overlap of the YL with the Eu®* intraionic luminescence is
observed at RT. The thermal quenching of the Eu-related lumi-
nescence is much less pronounced when compared to the NBE
luminescence, indicating a lower amount of thermally induced
nonradiative processes. We have found that, for sample Eul4,
the relative intensity of the D, — ’F, transition is strongly
decreased when compared with the emission at 14K, while the
intensity remains similar for the EulS sample, indicating a
higher intraionic emission thermal stability for the sample
implanted with the highest fluence.

The perceived photoexcited emission color represented by
the chromaticity coordinates (Commission Internationale de
I'Eclairage CIE 1931, calculated from the corresponding PL
spectra) is shown in Figure 3 for different temperatures from

0.9
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@ HTHP
7 NG 4 e
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Figure 3. Chromaticity coordinates (CIE 1931) for the different
temperatures (14—300 K) of all samples obtained with 325 nm laser
excitation.

14 to 300 K. For the as-grown sample (squares), the emission 391
color changes from white to yellow, while the HTHP sample 392
(spheres) shows a stable and temperature independent yellow 393
emission. For the Eul4 sample (triangles), the emission changes 394
from orange-red (14 K) to yellow-orange (RT). When the Eu 395
fluence increases up to 1 X 10" Eu-cm™ (stars), the color emis- 396
sion becomes red and almost independent of temperature, 397
exhibiting higher thermal color stability than the Eul4 sample. 398
We have recently reported that, unlike GaN layers, the use of 399
the 325 nm excitation was found to be the most efficient photo- 400
excitation for pr0v1d1n7% the perceived red emission in nitride- 401
based diode structure. 402

Photoluminescence Excitation. It is well established that 403
the Eu®" intraionic emission possesses different sensitivities 404
to above and below bandgap excitations, as observed in Eu- 405
implanted GaN layers.” Therefore, on the basis of the RT PL 406
spectra in Figure 2b, a detailed study of the population mech- 407
anisms occurring at RT in the present diode structure was 408
performed. Figure 4a—d present normalized RT PLE spectra 409

Wavelength (nm)
400 380 360 340 320

Eu15 € € € € (f)

Eu14
621 nm

Eu15 (d)
— /&

Eu14 C,
©

RT PLE Normalized Intensity

HTHP
@ 549 nm

as-grown
@ 549 nm
~~~~~~ Experimental data
—— Best-fit model

L 1 L L L
3.0 3.2 3.4 3.6 3.8
Energy (eV)

Figure 4. Experimental (black dots) and best-fit calculated using eq 1
(red solid lines) PLE normalized spectra for all the samples monitored
at 549 (a—d) and 621 nm (e and f).

monitored at the maximum of the YL (549 nm) for all sam- 410
ples, and Figure 4e and f present normalized RT PLE spectra 411
monitored at the °D, — F, transition (621 nm) for Eul4 and 412
EulS samples. Combined excitation emission spectra (CEES) 413
for the as-grown, HTHP, Eul4, and Eul$ samples are shown in 414
Figure S4. To get more insight into the different features 415
observed in the PLE spectra, the normalized experimental 416
spectra (black dots in Figure 4a—f) were analyzed using eq 1, 417
following a similar procedure as the one used for AlGaN/GaN 418
MQW photocurrent spectra: . 419
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S 2
A, E — ¢
PLE(E) = C + ), ——cxp —2[ ’]
w,

a
i=1 W 3 i

420 b exp[—(E;se")] (1)

421 where the terms on the right-hand side correspond respectively
422 to a constant C, a term containing five Gaussian functions, and
423 a term representing the sigmoidal formula. The sigmoidal func-
424 tion was successfully used in InGaN epilayers,”” InGaN/GaN
25 MQWs,” and AlGaN/GaN MQWs’' to describe the near-
426 band gap absorption, where €4 represents the effective bandgap
427 and w, a parameter equivalent to the Urbach tailing energy.””
428 The quantities C, A;, A, €, €5, w, and w, correspond to the
429 adjustable fitting parameters, with A; and A; being the inten-
430 sities, €; and €g the energy positions, and w; and w; the broaden-
431 ing parameters (more details can be found in Supporting
432 Information). The bestit calculated curves using eq 1 are
433 indicated by red lines in Figure 4a—f. In the energy range
434 3—3.9 eV, the Gaussian excitation bands indicated in Figure 4a—f
435 were tentatively assigned to GaN bulk excitonic transition (¢,),
436 SL excitonic transition (€,) from the fundamental heavy-hole
437 level to the fundamental electronic level (hh;-e,), SL excitonic
438 transition (€;) from the fundamental light-hole level to the
439 fundamental electronic level (lh;-e;), SL excitonic transition (e,)
440 from the excited light-hole level to the fundamental electronic
441 level (Ihy-e,), and an additional high-energy structure (¢5). The
442 lines at €,, €3, and €, energies were assigned, for the as-grown
443 sample, according to the theoretical calculations performed by
444 Bulutay et al.*® For a well width of ~2.5 nm, these authors
445 found that the €, and ¢; intensities (oscillator strength) are simi-
446 lar, while the one of €, is much lower. We should emphasize the
447 fact that the SL transitions are resolved from PLE spectra, even
448 at RT, indicating the high quality of our diode structure. For the
449 AlIGaN/GaN MQW system, interband transitions were
450 previously resolved using low temperature PLE”*”* or partially
451 resolved using RT photocurrent71 spectroscopy.

452 It can be seen that the PLE spectrum in Figure 4b
453 monitored at the maximum of the YL (549 nm) is only slightly
4s4 affected by HTHP annealing (in comparison to as-grown sam-
4ss ple in Figure 4a), where a slight increase of the ¢, intensity and
456 a decrease in the sigmoidal function intensity are observed.
457 After Eu-implantation with both fluences and HTHP annealing
4ss (Figure 4c and d), the PLE spectral shape has significantly
459 changed. More specifically, no sigmoidal term was included in
460 the fit function, probably due to the created defects that act as
461 nonradiative recombination centers. In addition, a noticeable
462 increase of the fwhm of the ¢, transition (hh;-e,) is found in
463 comparison to the one of the as-grown sample which is due to
464 disorder effects induced by the implantation and HTHP
465 annealing. These observations confirm once again that the Eu
466 implanted ions have reached the AlIGaN/GaN SL region and
467 have slightly affected the SL structure. Concerning the PLE
468 spectra monitored at the Dy — "F, transition (621 nm) of the
469 Eul4 sample (Figure 4e), no significant change is observed
470 below 3.55 eV when compared to the PLE monitored at
471 549 nm for the same sample, (Figure 4c). However, above
472 3.55 €V, an increase of the intensity of the €; and €, transitions
473 is observed. For the highest fluence sample, EulS, the PLE
474 (monitored at 621 nm) shows an enhanced onset absorption
475 below the bandgap and a blue-shifted €; feature, as seen in

®©

iy

o

)

Figure 4f. On the one hand, the subgap absorption is known to 476
occur in ion implanted semiconductors such as Eu-implanted 477
GaN,””*’® indicating an excitation pathway involving defect 478
levels or complexes associated with the implanted ion. In our 479
case, the EulS sample represents the most defective material 480
and therefore contains the largest number of states inside the 481
bandgap, which explains the higher absorption below 3 eV 4s2
when compared to the as-grown and HTHP samples. On the 483
other hand, a higher €; energy value was needed to better des- 484
cribe the PLE of the Eul$5 sample. It is known that, in quantum 485
wells, the presence of impurities or implantation damage, or 4s6
both, can enhance the interdiffusion responsible for the potential 487
profile change at the interface.”> The effect of the interdiffusion 4ss
on the electron and hole quantized states in the well was found 489
to be an effective downshift with respect to the bottom of the 490
bands,*® inducing a blue-shift of the interband transition 491
energies as a result of the changes in confinement and composi- 492
tion energy.”” Accordingly, the observed blue-shift of the €; fea- 493
ture, assigned to the SL excitonic transition from the funda- 494
mental light-hole level to the fundamental electronic level (lh;-e;) 495
might be due to interdiftusion effect induced by Eu implantation. 496
Since the PLE is monitored on the most intense Eu’* intra-4f 497
shell transitions (621 nm) in the EulS sample (Figure 4f), an 49s
enhanced effect of the Eu implantation and HTHP in the SL 499
structure is expected to be observed, which could not be well so0
resolved when the PLE is monitored at the YL maximum so1
(549 nm) for the same sample (Figure 4d). It should be s02
emphasized that, as observed in Figure 2a for the EulS sample, s03
the YL was found to have the lowest intensity when com- so4
pared to the other samples, probably because of the created sos
defects that act as nonradiative recombination centers. Conse- 506
quently, the PLE analysis demonstrates that, in addition to the s07
GaN subgap excitation, an energy transfer between the sos
AlGaN/GaN SL excitons and the Eu®" ions occurs, therefore s09
enlarging the excitation pathways for the red luminescence in s10
these structures. s11

Temperature-Dependent °D;, — ’F, Transitions. It is si2
well established that, in addition to the perturbations s13
introduced by electrostatic interaction of the electrons in the s14
4f shell and by the spin—orbit coupling, the crystal-field sis
perturbation introduced by the host material (GaN and si6
Aly1,Gayg6N) destroys the spherical symmetry of the free-ion s17
(Eu), leading to a splitting of the ZS”L] terms in a number of 518
crystal-field (or Stark) levels.”® In the trigonal case (as for si9
GaN'® and AIN"), where the RE ion predominantly occupies 520
the Ga®" substitutional sites in the Cj, symmetry, the “F; level sa1
splits into a doublet (E) and a singlet (A) (i.e,, A+E), while the 522
’F, splits into two doublets E and a singlet A (i.e, A+E+E). 53
A lowering of symmetry results in a relaxation of the selection 524
rules and an increase of the number of allowed transitions’® to 52
a maximum of (2] + 1), corresponding to 3 and S, for the "F; s
and ’F, multiplets, respectively. Furthermore, no crystal field s27
splitting is allowed for levels with J = 0 (e.g., "Fy, °Dy). 528

In order to perform a detailed study of the Eu-related red lumi- s29
nescence from the SDJ - 7FJ multiplets, the PL temperature s30
dependences are represented around the D, — "F, (Figure Sa s31
and b), °D, — 'F; (Figure SSa and b), and °D, — F, (Figure 6a s3
and b) transitions for both Eu implanted and annealed samples. 533
The different Eu** emission lines (also summarized in Table 1) s34
are denoted as (Ql, Q2, Q3), (R1—R6 in Figures SSa and b) and s3s
(P1-P9), for the D, — ’F,, D, — ’F,, and D, — ’F, s36
transitions, respectively. Table 1 summarizes all the Eu®* s37
intraionic transitions observed in the PL of our structure at s38
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Figure S. High-resolution temperature-dependent PL for the Eul4
(a) and Eul$ (b) samples around the D, — F, region. (c) Observed
transitions and the corresponding receiving “F, states of the three
Eu sites.

539 14 K, the reported ones for Eu’" in GaN layers and nano-
s40 wires (NWs), Eu and Mg codoped GaN layers, w-AIN single
sa1 crystals, and the corresponding assignments."®'>!>57978
s42 A careful comparison of our results with these reports allowed
s43 to tentatively provide the Eu’® intraionic transition assign-
s44 ments of the present diode structure. Both Eul4 and Eul$
s4s samples exhibit the same Eu’" intraionic transitions (within the
s46 experimental error of 0.10 nm), with different relative inten-
547 sities, except resolved transitions in the D, — ’F, region for
s48 EulS sample.

s49  From Table 1, it can be seen that different Eu emission lines
sso are resolved depending on the sample growth and doping
ss1 techniques. In the present diode structure, numerous Eu’"
ss2 intraionic lines are observed in the spectral range: 580—
ss3 730 nm. Most of the Eu-related emission peak positions
ss4 obtained for the present diode structure (such as Q1—Q3 and
sss P1—P9) have similar values as those obtained for GaN, either
556 by in situ doping®” or ion implantation,®"** indicating that the
ss7 Eu is optically active within the first 120 nm of the structure
ss8 composed of GaN:Mg top layer and Si-doped AlGaN/GaN
ss9 SL. Indeed, it was demonstrated that increasing the AIN
s60 content in AlGaN alloys induces a red-shift of the Eu** related
s61 emission.””***” However, for AIN content of 0.14, as it is the
s62 case for the AlGaN layers in the present SL, the red-shift is
s63 negligible, preventing the possibility to distinguish whether the
s64 ions were activated in GaN, AlGaN, or both.

s6s  *D, — ’F, Transition. The induced electric dipole
s66 “sensitive” *Dy—'F, transition is forbidden following the
s67 standard Judd—Ofelt theory.”® The fact that this transition is
ses observed in our case is a result of the breakdown of the
s69 selection rules (i.e., Cy, local symmetry destroyed) due to the
s70 distorted/strained original (GaN and Aly;,GagsN) unit cells
s71 after the Eu®* implantation. The *Dy—"F, transition intensity

—-

@

wn

—

o

o8

o

—

is approximately 2 orders of magnitude lower than the one of 572
the *D, — ’F, transition. In addition, due to the singlet chara- 573
cter of the “F, fundamental and *D excited levels, the number s74
of the observed D, — "F, transitions corresponds to the num- s7s
ber of non equivalent active sites in the Eu implanted sample, if 576
accidental overlaps are omitted.”***% 577

In Figure Sa and b, around the *Dy—"F, region at 14 K, three s7s
transitions are well resolved for both Eu-implanted samples: s79
Ql, Q2 and Q3, respectively peaked at 586.85 (2.113 eV), ss0
588.05 (2.108 eV), and 588.85 nm (2.106 eV). It should be ss1
emphasized that the QI, Q2, and Q3 transitions are not orig- 582
inating from phonon-assisted transitions, for which the energy ss3
separation should be ~10.5 meV. Accordingly, at least three ss4
different active sites are created by the Eu implantation in the sss
present diode structure. Figure Sc shows a tentative repre- sss
sentation (not to scale) of the observed transitions and the ss7
corresponding receiving "F, states of the three Eu sites. Table 2 sss
summarizes the D, — ’F, transitions (top) and relative sso
estimated energy levels (bottom) derived from our PL spectra, s90
found to be in good agreement with previous reports.*”** The so1
site Q3 (Ql) is very similar to the prominent transition s
~588.9 nm (~586.9 nm) recorded at 13 K (100 K), and s93
attributed to the Eul(Mg) (Eu0) defect configuration in Eu- so4
implanted and annealed Mg-doped GaN layers.'® We remind s9s
that when cooling down such samples, the Eu0 line intensity 596
increases up to 200 K, then vanishes below 30 K and is 597
replaced by the Eul(Mg) lines. This behavior is the photo- s9s
chromic switch, demonstrating the structural instability of so9
GaN(Mg) at low temperature."”'>*® It is important to 600
emphasize that the studied samples are subject to the same 601
HTHP annealing conditions as the ones in ref 16, however, the 602
simultaneous occurrence of both site configurations Eu0 and 603
Eul(Mg) at 14 K implies that the photochromic switch is not 604
observed, which could be due to the lower Mg concentration 605
or to the presence of the SL in the present diode structure. 606
Furthermore, Table 1 suggests that the site Q2 can be 607
associated with MS2°” and OMVPE7*’ sites in Eu-doped GaN, 608
where MS2 is known to be dominantly present in ion- 609
implanted samples.*’ 610

In (Eu, Mg) codoped GaN layers,'> only one peak 611
(~586.8 nm) was observed in the *D, — F, region at 180 K, 612
attributed to the Eu—Mg site. According to Lee et al,'? even if 613
several sites are created by (Eu, Mg) codoping in GaN, increas- 614
ing the temperature selectively enhances only one site (Eu—Mg 615
site). Indeed, this statement is in good agreement with our 616
results, since at RT it can be seen that the most intense emission 617
corresponds to the QI transition for both Eu-implanted and 618
annealed diode structure. In the case of Mg, Si and Eu codoping 619
of GaN layers, Mishra et al.”> observed similar spectra in the Dy 620
— ’F, region, with an enhanced peak intensity at ~586.8 nm 61
with respect to the other peaks, that the authors related to the 622
fact that Si and Mg codoping activates a particular Eu site. 623

At RT, the dominance of the QI site is clearly seen 624
independently of the Eu fluence (also in Figure S6). This result 625
is in good agreement with Singh et al.,'® who recently reported 626
that the red emission at RT of implanted and annealed samples 627
comes from a single center, suggesting a selective attraction 628
between Eu and Mg atoms in GaN during annealing. 629

#D, — ’F; Transition. The magnetic dipole D, — "F; 630
transition is known to be independent of the environment of 631
the Eu** ion.”* The study of the D, — "F, transition is very 632
important and its crystal field analysis was successfully used to 633
solve issues related with site multiplicity of Eu®" emission in 634
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Table 2. D, — ’F, Transitions (Top) and Relative
Estimated Energy Levels (Bottom) Derived from
Our PL Spectra (+1 meV)

site Dy — F,

energy (eV) (this work)

site 1 2.113

site 2 2.108

site 3 2.106

energy (eV) (this energy (eV) energy (eV)

level work) (ret 82) (ref 84)
D, 0 0 0
D, 0.210 0.227 0210
F, 0 0 0
F, 0.043 0.056 0.032
’F, 0.105 0.104 0.102
’F, 0223 0.232 0.232
F, 0.329 0.366 0.352

635 (Eu, Mg) codoped GaN.* As stated above, in accordance with
636 the C;, symmetry, the state with J = 1 (’F,) splits into 2 levels:
637 a doublet (E) and a singlet (A). The observation of more than
638 two transitions, labeled as R1—R6 in Figure S§, is an additional
639 indication of the presence of more than one active site in the
640 Eu implanted and annealed diode structure.

641 *D, — ’F, Transition. The D, — ’F, transition is the
642 so-called “hypersensitive transition”, the intensity of which is
643 much more influenced by the local symmetry of the Eu®* ion
644 and the nature of the ligands than the intensities of the other
645 electric dipole transitions. It has been pointed out that the
646 trivalent RE ions in GaN assume a substitutional Ga site being
647 in a relaxed Cy, symmetry,*”'® however, other incorporation
sites are also possible.*” The observation of fine structures in
649 the PL spectra of the main “Dy, — ’F, transition suggests a
650 J-degeneracy lifting of the “F, multiplets and lower site sym-
6s1 metry than Cj;,. We have discussed above the possibility of at
652 least three different sites in the present Eu-implanted and
653 annealed diode structure. Since the Eu** dopants may expe-
654 rience a variety of local environments (pure substitutional Ga
6ss site, Eu®" clustering, regions devoid of Eu®* substitutions, and
6s6 the presence of native defects and impurities) associated with a
657 complex fine-structure spectra for the D, — ’F, region
658 (Figure 6a and b), and a higher probability of J-mixing, a
659 similar approach to the one used for R4, RS, and R6 transitions
660 (Figure SS) for assigning the different sites cannot be easily
661 applied. However, we could assign the observed transitions to
662 the Eu0 and Eul(Mg) defect configurations, in comparison to
663 the different sites reported in the literature (as indicated in
664 Table 1).

66s  Figure 6¢c shows the temperature dependence of the PL
666 intensity for the peak P1 (617.45 nm) and peaks P2—P9, in the
667 °Dy — ’F, region for EulS sample. The same behavior was
668 found for sample Eul4 (not shown). As can be seen in Figure 6c,
669 the PL intensity of the P2—P9 emission lines decreases with tem-
670 perature, but with different quenching factors. Interestingly,
the P1 peak (~617.5S nm) PL intensity shows a very different
672 temperature behavior, with an increase up to ~120 K, followed
673 by a decrease up to RT, suggesting the presence of thermally
674 activated population mechanisms. A similar PL peak was
675 observed in GaN:Eu,”*”® with a similar temperature behavior
676 attributed to a possible selective population of Eu®*-related
677 complex with increasing temperature.”’ A peak at 617.6 nm
678 was also recorded with enhanced intensity in Aly;,Ga,gN:Eu,
679 with respect to GaN:Eu, using above bandgap excitation.
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Figure 6. High-resolution temperature dependence PL for the Eul4
(a) and EulS (b) samples around the *Dy — "F, region. (c) Tem-
perature dependence of the PL intensity for the peak P1 (617.45 nm)
and P2 to P9, in *D, — ’F, region for EulS sample.

In this work, the obtained peculiar temperature behavior of the 6so
P1 peak intensity allows to define two regions I and II for 6s1
temperatures below 120 K and above 120 K, respectively. Both 6s2
regions are limited by the vertical dotted line, as shown in 683
Figure 6¢. It can be clearly seen that each of the peaks P1 to P6 684
exhibit different quenching regimes in both regions, described sss
by different slopes (such as the one represented in dash-dotted 6s6
line for the PS peak). According to the assignments in Table 1, 6s7
P1 is described by Eu2 site, P2 and P3 are described by the 6ss
Eu0 defect configuration, while P4, PS5, and P6 are described 689
by the Eul(Mg) defect configuration. When the temperature 69
increases up to ~120 K, the intensity of P1 increases and those 691
of P4—P6 peaks rapidly decrease, while those of P2 and P3 69
decrease smoothly. This indicates that substitutional Eu 693
impurity (Eug,) Eu2 site is favored over Eu—Mg defect at tem- 694
peratures lower than ~120 K. When the temperature increases 695
further in region II, the intensity of P1 starts to decrease and 696
the slope of the thermal quenching of P2—P6 is lower when 697
compared to region L 698

In summary, our PL and PLE results revealed that three 699
main nonequivalent optically activated Eu’* sites are favored in 700
the diode structure under the present ion implantation and 701
annealing conditions, which are predominantly populated 702
through energies above GaN and Alj;,GagN bandgaps. 703
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704 In contrast to GaN layers,”*” the perceived Eu®" red emission
705 observed at room temperature was found to be strongly
706 sensitive to the GaN above bandgap excitation, suggesting that
707 additional energy transfer between the AlGaN/GaN super-
708 lattice excitons and the Eu®" ions occurs, therefore widening
709 the excitation pathways for the red luminescence.

710 Il CONCLUSIONS

711 The effects of the HTHP annealing and europium implan-
712 tation followed by HTHP annealing on the AlIGaN/GaN diode
713 structure were studied by optical techniques. We have shown
714 that the diode structure exhibits a stable crystalline quality
715 after HTHP annealing at 1400 °C in 1 GPa N,. The photo-
716 luminescence response was found to be only slightly affected
717 by the heat treatment conditions in the near band edge region.
718 After Eu implantation and HTHP annealing, the spectroscopic
719 analysis clearly shows that the ions reached the first AlIGaN/
720 GaN quantum wells of the diode structure. We have shown
721 that HTHP thermal annealing has removed implantation
722 defects, recovered some of the as-grown luminescence and
723 optically activated the Eu** ions. A model was built for the
724 photoluminescence excitation response based on the different
725 excitation bands originated from the materials present in the
726 diode structure, indicating that an energy transfer between the
727 AlIGaN/GaN superlattice excitons and the Eu®* ions occurs,
728 therefore enlarging the excitation pathways for the ion’s red
729 luminescence. In addition, Eu®" luminescence was observed
730 not only with above but also with below GaN bandgap
731 excitation, corresponding to a broad excitation band over-
732 lapped with the ion excited states. The temperature-dependent
733 study of the SDJ - 7FJ transitions allowed to tentatively
734 provide the Eu® intraionic assignments of the present diode
735 structure. We have demonstrated that at least three non
736 equivalent active sites are created by the Eu implantation in the
737 diode structure: Eul, Eu2 and Eu—Mg defect in its both
738 configurations Eu0 and Eul(Mg).
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* Schematic diode structure

Implanted Eu profile

: .~Mg-doped GaN (~100 nm)
: > »" .-Si-doped (AlGaN/GaN)SL (~0.5 pym)
Si-doped GaN (~ 2.3 pm)

GaN buffer layer

Figure S1: Schematic diode structure and estimated Eu inbgdapenetration depth from the
surface (red curve).
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* Temperature and excitation power PL dependences of as-grown diode structure:
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Figure S2: 14 K PL excitation power dependence of the asvgrdiode structure obtained
with 325 nm laser excitation.
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Figure S3: PL temperature dependence of the as-grown ditndetgre obtained with 325 nm
laser excitation.



* PLE fitting procedure:

The PLE spectra of the as-grown sample were fitteidf using eq. 1, and then the obtained
best-fit parameters were used as input initial @alior the rest of the samples. Due to the high
number of parameters, we first assumed that nogehahthe energy positions occurred after
Eu implantation and HTHP annealing with respedhtas-grown sample. In particular, the
effective bandgap, was kept constant for all the samples. In ordemiarove the quality of
the fit, the energy positions were allowed to varya second step of the fitting procedure.
Unlike the Lorentzian function, the Gaussian fumectcorresponding to an inhomogeneous
broadening is found to best describe the diffenamtsitions in our PLE experimental data. In
Fig. 4 (f), the energy values used in the fittimggedure are similar to the ones used for the
other samples, but a higher energy value was needed to better describe theoPttie Eul5
sample.

* Combined excitation emission spectra (CEEYS):

CEES spectra of the as-grown, HTHP, Eul4 and Eadfpkes were acquired at RT under the
same experimental conditions and represented &sdime intensity scale (Figure S4). CEE
spectroscopy consists of measuring the emissiontrsppe for each excitation wavelength

(from 320 to 420 nm). Noticeable changes could leoved in Figure S4: for the as-grown
sample, the YL can be observed by pumping in thesleagth range 320-370 nm, while after
HTHP annealing, the same emission can be obsenygitmping in a broader wavelength

range: 320-380 nm. After Eu implantation/HTHP aningga the YL can be observed by

pumping using a narrower wavelength range whicle@easing by increasing the Eu fluence;
from 340 to 380 nm for the Eul4 sample, and frord 81375 nm for the Eul5 sample.

Regarding the Eu-related sharp luminescence lihssrged in the red spectral region at ~621
nm, they can be identified by pumping both samplégh above and below GaN bandgap
excitation energy. It is interesting to notice tha Ed* emission can be selectively pumped
by using below GaN bandgap excitation energiesutfitdhe broad excitation band tail (seen
in Fig. 4 (f)).
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* Temper ature dependence of °Do— 'F1

We have followed a similar procedure as the ond bgePengt al.! based on the fact that the
spacing of théDj and’F; levels remains the same from site to site andahigtthe®D; - F;
transitions exhibit a measurable, constant, sifeeddent energy shikE with respect to the
highest energy transition (Q1). Such proceduressasirmed by the same authors using time-
resolved PL The obtained energy spacing is of 5 and 7 meMhierQ2 and Q3 transitions,
respectively, as indicated in Fig. 5 (c) and Tabl&he site-dependent energy shifts in R4,

R5 and R6 transitions were found to be: 4.2 ande¥ mespectively, with respect to the R
transition. In addition, the temperature dependesfcihnese peaks clearly follows a similar
behavior as the one of Q1, Q2 and Q3 transitiohsréfore, it is possible to correlate the sites
involved in the R4, R5 and R6 transitions to thmeanes involved in the Q1, Q2 and Q3
transitions, respectively. Since the R1, R2 ancB&ks are broader and could be influenced
by J-mixing, as reported fotDo — ‘F1 transition by K. Binnemarsa similar approach is less
straightforward. Indeed, the sites R2 and R3 cpomed to the Eu0 and Eul(Mg) defect
configurations obtained by O’'Donnall al. >*in Eu-implanted and annealed Mg-doped GaN
layers, corresponding to near-axial sités
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Figure S5: High-resolution temperature dependence PL foEin®4 (a) and Eul5 (b) samples
around theDo — F1 region.



* Comparison of Eul4 and Eul5 samples around the °Do — Fo transition:

A comparison of the normalized PL intensity, arotimePDo — “Fo transition, is analyzed for
both Eu implanted and annealed samples, at RTnthl4 K (b) (Figure S6). It is known that
for continuous wave excitation, the relative sttéraf the main peaks may be taken as a rough
indication of the relative concentration of¥dopants at each stteAccording to Fleischman

et al.® and O’'Donnelkt al. ¢, above bandgap excitation renders a dominant @nig®m the
main site, and the minority sites MS 3, 4, and éafed to deep defect traps), but also
contributions from other minority sites (relatedstmallow traps) can be seen. We found that
for such above bandgap excitation, the Q1 sitealggnificantly higher excitation efficiency
compared to the Q2 site for Eul5 sample, bothvaigiod room temperature.
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Figure S6: Normalized high-resolution PL at 14 K (a) andrat (b), around théDo — "Fo
region, for the Eul4 and Eul5 samples.
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