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Eu-doped GaN (GaN:Eu) exhibiting bright red emission is a promising material for the realization of ultrahigh-
resolution micro-LED displays that can be applied to virtual reality/augmented reality/mixed reality (VR/AR/MR).
The full-color monolithic integration of a red GaN:Eu LED and blue/green InGaN LED:s is a key technology, in which
the use of semipolar substrates is preferred to suppress wavelength shift in the InGaN LEDs under current injections.
We investigate the effects of the growth plane on GaN:Eu-based red emission and find that the emission intensity from
a semipolar (2021) GaN:Eu is drastically enhanced as compared with a conventional (0001) GaN:Eu,0. Combined
excitation-emission spectroscopy reveal that the fraction of Eu luminescent centers with different local structures dra-
matically changed. A highly efficient Eu center is preferentially formed and its abundance increases by more than two
orders. These results show a clear pathway to develop a red LED with higher light output power.

GaN and the related alloys can cover a wide range of
bandgaps and have been developed for various optical de-
vices!™. To date, efficient blue and green light-emitting
diodes (LEDs) have been fabricated by adjusting the indium
composition of InGaN quantum wells (QWs)>%, and the ef-
ficient red LEDs based on the III-nitride material system is
required to realize the monolithic integration towards next-
generation micro-LED displays with ultrahigh resolution’ 1,
However, InGaN QWs with high indium compositions suf-
fer from various issues, such as low crystalline quality and
strong internal electric fields in the well layers'!~14. Recently,
InGaN-based red LEDs with high external quantum efficiency
(EQE) beyond several percents or approaching 10% have in-
tensively been developed'>!6, and the micro-LEDs have been
demonstrated!”"!°. For micro-LEDs, the efficiency is affected
by not only the material quality but also the size effect due to
surface recombination attributed to sidewall damage. The size
effect has been investigated significantly and methods have
been proposed to address this issue' 22!, Furthermore, the
wavelength shift induced by screening of the internal electric
field with current injections is still challenging in InGaN QWs
towards display applications®?.

Eu-doped GaN (GaN:Eu) is a promising material to over-
come these problems, and we have reported the first demon-
stration of a GaN:Eu-based red LED?}. The GaN:Eu-based
red LEDs have exhibited narrow line-widths and stable emis-
sion wavelengths under current injections due to the intra-4 f
shell transitions (°Dy—"F>) in Eu®* ions. We have achieved
a light output power of 1.25 mW at 20 mA operation and
the maximum EQE of 9% at 2 mA?*. The suppressed car-
rier diffusion in Eu-doped layers can decrease surface recom-

bination paths at the side-walls in micro-LED structures®,

which is a key technology to realize small-size, ultrahigh-
resolution displays. In addition, we have demonstrated full-
color monolithic integration of the GaN:Eu-based red LED
and blue/green InGaN LEDs showing an exceptionally wide
color gamut!'®. However, the color gamut of full-color LEDs
decreased under high current injection levels due to the wave-
length shift of InGaN-based green LEDs induced by the
screening of the internal electric fields. One of the techniques
to suppress the wavelength shift is the utilization of semipolar
plane substrates.

One of the factors that determine the luminescence intensity
of Eu*" ions under current injection is the energy transfer ef-
ficiency from the GaN host to Eu* ions. The emission spec-
trum of GaN:Eu has several peaks around 620 nm correspond-
ing to the 5Dy- B> transitions, which ascribed to the existence
of several luminescent centers with different local environ-
ments. In our previous work, eight unique Eu*" luminescent
centers, which is labeled OMVPE1 to OMVPES, have been
observed in GaN:Eu grown by organometallic vapor-phase
epitaxy (OMVPE)?°. Generally, the energy transfer efficiency
strongly depends on the local environment around Eu’* ions,
and it is necessary to increase the concentration of efficient
luminescent centers to obtain higher light output powers in
GaN:Eu-based red LEDs. In particular, the luminescent center
labeled OMVPET7 shows the highest energy transfer efficiency
from the GaN host?’, having an excitation cross-section two
orders of magnitude larger than other centers under current
injection?®. The impurity co-doping technique is an effec-
tive method to control the distribution of luminescent centers.
For example, Er-doped GaAs shows a remarkable increase of
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FIG. 1. (a) PL spectra of (2021) GaN:Eu and conventional (0001)
GaN:Eu,O. (b) Normalized PL spectra at each peak intensities of
(2021) GaN:Eu and conventional (0001) GaN:Eu,O.

emission intensity due to selective formation of luminescent
centers by intentional co-doping of oxygen?’. In the case of
GaN:Eu, co-doping of various impurities such as O, Mg and
Si has been reported®®. Co-doping of Eu and O during the
crystal growth allows to increase the distribution of OMVPE7
because the local environment is related to oxygen substitut-
ing Ga sites3!*2. However, the oxygen concentration in con-
ventional (0001) Eu,0-codoped GaN (GaN:Eu,O) is currently
limited up to 2.5% of the Eu concentration, and most of the
Eu’* ions form inefficient centers™2.

The impurity incorporation depends on the growth condi-
tions, such as growth temperature and reactor pressure. Typ-
ically, low temperature growth facilitates oxygen incorpora-
tion into GaN*3. However, low temperature growth simulta-
neously decreases optical properties due to the degradation
of crystal quality and the reduction of Eu incorporation’.
The utilization of a different crystal orientation is another ap-
proach which changes the impurity incorporation even un-
der the same growth temperature®>. Several groups have
reported that the semipolar planes such as (2021), (1011),
and (1122) promote oxygen incorporation as compared to the
(0001) GaN growth3>-38_ In this paper, we investigate the ef-
fects of crystal orientation and the impurity incorporation on
Eu luminescent centers when the semipolar (2021) GaN tem-
plate on sapphire is used for GaN:Eu growth.

Samples were grown on commercially available semipolar
(2021) GaN templates, which were grown on (2241) patterned
sapphire substrates using the OMVPE method. Trimethyl-
gallium and ammonia (NH3) were used as the precursors for
GaN growth, and Eu was doped using bis(npropyltetramethyl-
cyclopentadienyl)europium (EuCp5™).  After the initial
growth of a 2-um-thick undoped-GaN layer, a 400-nm-thick
GaN:Eu layer was subsequently grown at 900°C. The Eu con-
centration was 5.6x10'” cm ™3, as determined by secondary
ion mass spectrometry (SIMS) measurement. For compari-
son, a GaN:Eu,O sample was grown on a (0001) sapphire sub-
strate with conventional growth conditions. The growth was
initiated with the formation of a low-temperature GaN buffer
layer at 470°C and a 1.5-pum-thick undoped-GaN layer, fol-
lowed by a 400-nm-thick GaN:Eu,O layer at 960°C. The Eu
concentration was determined to be 5.8x10' cm™3. These
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FIG. 2. CEES mapping images of (a) conventional (0001) GaN:Eu,O
and (b) (2021) GaN:Eu.

samples were grown at 100 kPa, and the growth temperature
of the Eu-doped layers was optimized to maximize the pho-
toluminescence (PL) intensity of Eu** emission under above
bandgap excitation.

PL measurements were performed using a He-Cd laser
(Aexe = 325 nm) for above bandgap excitation, where
Eu’" ions were excited through the energy transfer from the
GaN host to Eu®t ions. In addition, combined excitation-
emission spectroscopy (CEES) was performed to distinguish
each Eu luminescent center using a tunable dye laser (Aexc
= 586-589 nm) for resonant excitation of Eu’* ions. In the
CEES measurements, Eut ions were excited from the 7Fy to
the 7Dy states, which do not split by the crystal field and have
unique excitation energies for the respective Eu** lumines-
cent centers because they are perturbated by their local envi-
ronments. Thus, the emission from each luminescent center
can be obtained by tuning the excitation wavelength in small
steps. The CEES measurements were performed at 10 K in a
closed-cycle helium cryostat in order to isolate the emission
from each luminescent center.

Time-resolved PL (TR-PL) measurements were also per-
formed under resonant excitations using the dye laser modu-
lated with an acousto-optic modulator. The luminescence was
dispersed by a 50 cm focal length spectrometer and detected
by a photomultiplier tube.

First of all, in order to compare the luminescence properties
between (2021) GaN:Eu and conventional (0001) GaN:Eu,O,
PL measurements under above bandgap excitation were per-
formed at room temperature (RT). Figure 1(a) shows PL spec-
tra of the both samples. The emission peaks associated with
the intra-4 f shell transitions of Eu* ions were observed. The
dominant luminescence peaks from 1.971 to 2.016 eV were
assigned to the 5Dg-"F, transitions in Eu3* ions. Although
the Eu concentration was almost the same for the both sam-
ples, the integrated PL intensity of (2021) GaN:Eu was more
than 3.6 times as high as that of (0001) GaN:Eu,O. It suggests
that an improvement of the energy transfer efficiency from
GaN host to Eu?* ions in (2021) GaN:Eu. PL spectra nor-
malized at the peak intensities are shown in Fig. 1(b). It was
found that the spectral shape of (2021) GaN:Eu dramatically
changed from that of the conventional (0001) GaN:Eu,O, and
it exhibited a narrow line-width with a full width at half max-
imum of 4.0 meV, whereas that of (0001) GaN:Eu,O was 6.0
meV. Therefore, the origin of the PL enhancement in (2021)



TABLE L. Excitation photon energy, rise time and decay time for
each luminescent center in (2021) GaN:Eu and (0001) GaN:Eu,O
under resonant excitation.
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GaN:Eu was not an increase of the light extraction efficiency
but a change in variation of luminescent centers.

To elucidate the origin of spectral differences in detail,
CEES measurements were performed. Figures 2(a) and (b)
show CEES mapping results for (0001) GaN:Eu,O and (2021)
GaN:Eu, respectively. Although various types of lumines-
cent centers were detected in the both samples, the distribu-
tions were significantly different. The luminescent centers
designated as OMVPE1, OMVPE2 and OMVPE4 were dom-
inantly observed in the (0001) GaN:Eu,O at the resonant ex-
citation photon energies (Eexc) of 2.1024, 2,1030 and 2.1044
eV, respectively26, whereas the OMVPE1 and OMVPE2 were
absent in the (2021) GaN:Eu. Typically, a coupled pair of
OMVPEI and OMVPE2 is ascribed to clusters of Eu atomsZ°,
and they show broad emissions with low efficiency. Thus, Eu
clusters were well suppressed in the (2021) GaN:Eu, resulting
in the narrow PL line-width under above bandgap excitation
as shown in Fig. 1(b).

In the (2021) GaN:Eu, OMVPE4, OMVPE7 and OMVPES,
at Eexc of 2.1046, 2.1070 and 2.1122 eV, respectively, were
detected as dominant luminescent centers. The luminescent
centers and the Egx. in each sample were listed in Tab. L
The slight difference of the resonant excitation energy of 0.1—
0.2 meV between the (0001) GaN:Eu,O and (2021) GaN:Eu
is caused by differences in the local strain environment.
Eu?* ions substituting Ga sites (Eug,) induce compressive
strain in a GaN:Eu layer due to the difference in atomic sizes,
and it affects the energy shift in intra-4 f shell transitions**:#!,
In semipolar plane GaN, the strain occurs so that the pro-
jections of reciprocal lattice vectors of unstrained GaN and
strained GaN:Eu on the interface agrees, and the induced com-
pressive strain in (2021) GaN:Eu should be different from
(0001) GaN:Eu,0*>*. In addition to the energy shifts in 7 Fy—
3Dy excitations, we also confirmed the energy difference of
~0.2 meV in the PL peaks, originating from the 3Dy~ F; tran-
sitions of the Eu centers, between the samples.

From the CEES results, we calculated the concentration of
each luminescent center. Under resonant excitation condi-
tions, the excited Eu concentration of each luminescent center
is given by the following rate equation**,

d‘]\]Eu,i
dr

*
NEu,i

(D

- )
Tdecay,i

(o]
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FIG. 3. Concentration of Eu luminescent centers of (2021) GaN:Eu
and (0001) GaN:Eu,O.

where i and ¢ denote the labeled numbers of Eu centers (1-
8) and photon flux, respectively. Ngu; and N, ; indicate the

concentrations of each Eu3* center and the excited amount,
respectively. Tgecay,; and o; express the decay time from ex-
cited state to ground state and the excitation cross section of
each Eu’* center, respectively. Under steady-state conditions
(AN, ;/dt = 0), Eq. (1) yields

* O
Nws = —22 N @)
O (P + Tdecay,i

Thus, the PL intensity from each luminescent center is given
by

*
I o NEu,i
i

3)

3
Tdecay,i

where Tjs ; means rise time of an emission after an excitation
for each Eu* center and can be expressed as®

1

Tdecay,i

=00+ “4)

Trise,i
From Egs. (2), (3) and (4), we obtain the concentration of each
Eu center expressed as

2
Tdec ay,i

NEu,i o< Ii~ (5)

Tdecay,i — Trise,i

Trise,i and Tgecay,; for each luminescent center obtained by
TR-PL measurements at an excitation power density of 1.7
kW/cm? are given in Tab. I (see Sect. I in the supplemen-
tary material). Especially for the OMVPE4, the decay time
was long because it is associated with Eu®* ions occupying
isolated Ga-sites with high symmetry. Higher symmetry typ-
ically correlates with long decay times because the crystal
field perturbation that breaks the selection rules is weak com-
pared with more complex, lower-symmetry defect sites like
OMVPE7?’. Note that the photo-excitation efficiency of the
OMVPE4 under resonant excitation is not remarkably low be-
cause the long rise time partly affected by the long decay time
as shown in Eq. (4).



The concentration of each luminescent center detected in
Figs. 2(a) and (b) was calculated using Eq. (5) as shown in
Fig. 3. Instead of the disappeared OMVPE1 and OMVPE2,
the other luminescent centers were increased in the (2021)
GaN:Eu with respect to those in the (0001) GaN:Eu,O. In par-
ticular, the amounts of OMVPE7 and OMVPES in the (2021)
GaN:Eu dramatically increased by factors of 139 and 53, re-
spectively.

To clarify the possible reasons leading such considerable
variations in the distributions of the luminescent centers,
we begin to consider the differences that may arise during
the growth processes between the two samples as follows.
During the epitaxy, long migration length of Eu adatoms
may suppress Eu-clustering because a post-annealing pro-
cess at 1100°C has been effective to decrease OMVPEI and
OMVPE2%. However, the optimal growth temperature of
(2021) GaN:Eu was lower than that of (0001) GaN:Eu,0O by
60°C as we described above, and the growth temperature dif-
ference is not the reason for the variation. According to x-
ray diffraction measurements, threading dislocation densities
(TDDs) of the (2021) GaN:Eu and (0001) GaN:Eu,O were es-
timated to 1.8 x 103 cm™2 and 5.4 x 10% cm™2, respectively.
Although the crystal quality was slightly better in (2021)
GaN:Eu due to selective area growth of the template layer*’,
we consider that it should not be a dominant reason for the
variations. This is because low TDD has hardly affected the
amount of OMVPEI1,2 and has slightly decreased OMVPE7
even for (0001) GaN:Eu,0 grown on GaN substrate (TDD
< 6 x 108 cm™?) in the previous work*’. While the strain
difference, as we mentioned above, may change the number
of OMVPE7, it would not be a main reason for the varia-
tions in this paper because the density variation ratio caused
by the strain has been only 1.9 times at most in the (0001)
GaN:Eu,0*!.

At this moment, we speculate that the drastic variation in
Eu centers was attributed to promoted oxygen incorporation
during the growth of (2021) GaN:Eu. The oxygen concentra-
tions in the (0001) GaN:Eu,O and (2021) GaN:Eu assessed by
SIMS measurements were 7.5x 107 and 4.2x10'8 cm—3, re-
spectively. It is well known that the incorporated oxygen sub-
stitutes nitrogen sites (Oy) in GaN and act as donors. Thus,
there is a possibility that Fermi-level rose during the growth
of (2021) GaN:Eu. First-principles calculations have shown
that higher Fermi-level decreases the formation energy of Ga-
vacancy (Vga) or the related defects whereas that of Eu?t ions
substituting Ga sites (Eug,) is constant*®. Although the for-
mation energy of Eug, still remains low compared with that
of Vga, the energy difference dramatically decreases in the
(2021) GaN:Eu and it may suppress Eu-clustering. In addi-
tion, OMVPE7 and OMVPES have been considered to have
the same local environment involving a Vg,-On complex or a
VGa with different charge states*®. Therefore, the absence of
OMVPEI and OMVPE?2 and the drastic increase of OMVPE7
and OMVPES may be ascribed to enhanced oxygen incorpo-
ration during the growth of (2021) GaN:Eu though further in-
vestigations such as positron annihilation spectroscopy should
be needed.

Subsequently, by comparing PL spectra under resonant and
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FIG. 4. (a) Excitation efficiency of Eu luminescent centers of (2021)
GaN:Eu and (0001) GaN:Eu,O under above bandgap excitation at 10
K. (b) PL spectra of (2021) GaN:Eu under the resonant excitation of
OMVPET7 and under above bandgap excitation at 10 K.

above-bandgap excitations, we investigated the energy trans-
fer efficiency of each Eu luminescent center. From the con-
centration and the decay time of each luminescent center, the
emission spectrum when all the Eu** ions are homogeneously
excited can be expressed as follows,

NEu,z > 7 (6)

Lu(E) = Z ( Les,i (E)

i fIres,i (E) dE Tdecay.i

where E and I ;(E) are the photon energy of emissions and
PL intensity of each Eu*" center under resonant excitation, re-
spectively. Combinational analyses of I;;(E) and PL spectrum
under above bandgap excitation [/ns(E)] allows to character-
ize the excitation efficiency of each Eu center mediated by the
GaN host. Particularly for the low-temperature spectroscopy,
it is possible to distinguish emission from each luminescent
center because the each line-width is less than 0.5 meV at 10
K. We defined the ratio of these intensities as excitation effi-
ciency mediated by the GaN host as follows,

_ Iabg (Epeak,i)
l L (EpeakJ) '

Figure 4(a) shows the relative energy transfer efficiency of
each luminescent center normalized by that of the OMVPE4.
It was found that the energy transfer efficiencies of the
OMVPE7 were about 300 and 600 times higher than those
of the OMVPE4 for (0001) GaN:Eu,O and (2021) GaN:Eu,
respectively. Thus, the energy of injected carriers in host GaN
is more likely to transfer to OMVPE7 in (2021) GaN:Eu due
to the increased concentration, and it means that emission ra-
tio of the OMVPE7 to OMVPE4 is twice as high as in the
(0001) GaN:Eu,O under weak excitation conditions. As a
result, PL spectrum at 10 K under above-bandgap excitation
corresponded well with that under resonant excitation of the
OMVPET7 as shown in Fig. 4(b). Note that the excitation ef-
ficiency of the OMVPES was not considerably high in spite
of the drastic increase in the amount for the (2021) GaN:Eu.
This is because the OMVPES is a charged state of the same
local atomic structure of the OMVPE7 and shows low lumi-
nescence intensity at a cryogenic temperatureso'5 ! whereas
the intensity increases with elevating temperature.

(7
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Figure 5 shows PL intensities of the samples at RT under
above-bandgap excitation integrated from 1.971 eV to 2.016
eV as a function of excitation power density. In general, the
luminescent centers with high energy transfer efficiency such
as OMVPE7 tend to be preferentially excited even under weak
excitation conditions, and therefore the efficiency-droop due
to saturation of the emission intensity remarkably occurs un-
der strong excitation conditions. In the (2021) GaN:Eu, how-
ever, it was found that the efficiency-droop was rather sup-
pressed than that in the (0001) GaN:Eu,O in the range of ex-
citation power density used in this study. This is possibly be-
cause the total amount of OMVPE7 and OMVPES with high
energy transfer rates in the (2021) GaN:Eu reached 1.0 x 10'°
cm 3, which was comparable to OMVPE4 concentration in
(0001) GaN:Eu,0, resulting in the steady-state carrier concen-
trations in the GaN host at the same excitation power density
was reduced. Furthermore, the OMVPE4 itself has also in-
creased by 2.0 times compared in (0001) GaN:Eu,O, and these
factors well suppress the efficiency-droop in (2021) GaN:Eu.

In summary, we characterized the luminescence properties
of the OMVPE-grown (0001) GaN:Eu,0 and (2021) GaN:Eu.
The CEES measurements clarified that the concentrations of
OMVPE7 and OMVPES in the (2021) GaN:Eu were drasti-
cally increased by factors of 139 and 53, respectively, due to
suppression of Eu clustering and promoted oxygen incorpora-
tion. As a result, emissions from (2021) GaN:Eu dominated
by highly efficient OMVPE7 even under above-bandgap ex-
citation conditions. In addition to the enhanced emission at
weak excitations, the increased optically-active luminescent
centers well suppressed efficiency-droop even for highly ex-
cited conditions, resulting in a 3.6-fold enhancement of emis-
sion compared with (0001) GaN:Eu,O at the maximum exci-
tation power density of 3.5 kW/cm? used in this study. These
results indicate that the growth on (2021) GaN is effective
method to form efficient Eu luminescent center and will en-
able to fabricate highly efficient GaN:Eu-based LEDs.

SUPPLEMENTARY MATERIAL

In a supplementary material, we present calculation method
of the rise and decay time for each luminescent center. Fur-
thermore, TR-PL profile and fitting results are also described
in detail.
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