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In this work, we have established the effects of Eu implantation and annealing on p-Ga; O3 thin films grown by metal organic vapor
phase epitaxy (MOVPE) on sapphire substrate. The study is based on the combined information from structural and optical techniques:
X-ray diffraction (XRD), Rutherford backscattering spectrometry (RBS), cathodoluminescence (CL), photoluminescence (PL), and
photoluminescence excitation (PLE). The thin films were implanted with a fluence of 1 x 10" Eu-cm~2 and annealed at 900°C.
Neither significant changes in peak width or position nor additional peaks related to Eu complexes were detected in the XRD 26-w
scans. RBS results and SRIM simulation are in good agreement, revealing that no Eu diffusion to the surface occurs during annealing.
For the used implantation/annealing conditions, the Eu ion penetration depth reached ~130 nm, with a maximum concentration at
~50 nm. Furthermore, CL and PL/PLE results evidenced the optical activation of the Eu** in the B-Ga,O3 host. The detailed study
of the Eu3* intra-4f shell transitions revealed that at least one active site is created by the Eu implantation/annealing in B-Gap O3
thin films grown on sapphire. Independently of the B-Ga,O3 film thickness, well controlled optical activation of implanted Eu was
achieved.

© The Author(s) 2019. Published by ECS. This is an open access article distributed under the terms of the Creative Commons
Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
medium, provided the original work is properly cited. [DOI: 10.1149/2.0191907jss] ®)sy |

Manuscript received February 11, 2019. Published March 6, 2019. This paper is part of the JSS Focus Issue on Gallium Oxide Based

Materials and Devices.

Monoclinic p-Ga,Os has received increasing attention in the last
few years thanks to its unique properties and its availability as a bulk
substrate.'= It is the transparent metal oxide material with the widest
bandgap of ~ 4.9 eV among the most practical ones. In comparison
to Si, SiC and GaN materials,*” the significantly higher breakdown
field (8 MV/cm)'® achieved for B-Ga,O3 makes it more suitable for
high-power electronics. The transparency in the solar spectrum (espe-
cially in the ultra-violet (UV) region), the development of single crystal
substrates, the good thermal/chemical stability, and the achievement of
reasonable carrier mobility values, pave the way for the use of B-Ga, O3
in UV solar blind photodetectors, transparent field effect transistors,
as well as UV harvesting solar cells, LEDs and lasers.>'* B-Ga,0;
is explored as a material for thin film electroluminescent devices, for
which it is considered to be a good host for the optical activation
of transition metals and rare earth (RE) ions,'"'> similarly to nitride
materials.'*° Electroluminescent devices with red emission and rel-
atively low threshold voltages of (60 V) were achieved by adding
a Ga,03:Eu phosphor layer deposited by pulsed laser deposition on
oxides.?! Although restricted by the solubility limit of the RE in the
B phase of Ga,0s;, several studies were performed by in-situ Eu in-
corporation in $-Ga, 03 fibers,? nanocrystals,23 and thin films.'2?+%
RE implantation is used as an alternative process to overcome the sol-
ubility issue, and was successfully achieved for Eu-doped B-Ga,O3
nanowires and bulk single crystal.*?’ In this work, we explore the Eu
implantation and annealing in $-Ga, O; thin films for their application
in efficient red thin film luminescent devices.

Experimental

Three epitaxial thin films of $-Ga,0Os3, with the thicknesses of
118 nm (S1), 125 nm (S2) and 145 nm (S3), were deposited on (0001)
sapphire substrate by metal organic vapor phase epitaxy (MOVPE).
The thickness values were evaluated by spectroscopic ellipsometry
and independently confirmed by scanning electron microscope (SEM)
measurements. The sapphire substrates underwent thermal treatment
in oxygen atmosphere at 950°C for 1 h before growth to obtain a
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damage-free surface with atomic steps. More details about the growth
can be found in Ref. 28.

Ion implantation was carried out considering the optimized condi-
tions for single crystals,”” using 300 keV Eu ions at 600°C, with the
fluence of 1 x 10" Eu-cm™2. Post-implant rapid thermal annealing was
performed at the temperature of 900°C in flowing argon during 30 s in
an ANNEALSYS rapid thermal processor. The Eu-profile simulation
considering a material density of 5.95 g.cm™3,%° was performed us-
ing the stopping and range of ions in matter (SRIM) Monte Carlo
simulation code.*® The structural characterization of the as-grown
and Eu-implanted/annealed $-Ga,O; thin films were performed by
X-ray diffraction (XRD) using a Bruker D8 diffractometer. The pri-
mary beam is collimated using a Gobel mirror and a 0.6 mm slit.
The diffracted X-rays were detected by a scintillation detector located
behind long Soller slits.

The structure and composition of the samples were also analyzed
by Rutherford backscattering spectrometry (RBS), with a 2 MeV «
particle beam of 1 mm diameter obtained from a Van de Graaff ac-
celerator. The random spectra were obtained by tilting the sample
by 5 degrees and rotating the sample during the measurement. The
backscattered particles were detected using two PIN diode detectors
mounted at backscattering angles of 165° and 140°. The composi-
tions, the Eu profile and the thicknesses were extracted as a function
of depth by the fitting procedure using the nuclear data furnace code
(NDF).31—33

Cathodoluminescence (CL) studies were performed at room tem-
perature (RT) with a Hitachi S2500 scanning electron microscope
(SEM) using an acceleration voltage of 3 kV, which corresponds to
a penetration depth between 25 and 50 nm.** The CL spectra were
recorded using a charge coupling device camera, Hamamatsu PMA—
11.

Photoluminescence (PL) and PL excitation (PLE) spectra were
recorded at RT using a Fluorolog-3 Horiba Scientific modular appara-
tus with a double additive grating scanning monochromator (2 x 180
mm, 1200 grooves-mm™") in the excitation channel and a triple grat-
ing iHR550 spectrometer (550 mm, 1200 grooves-mm~") coupled to
a R928 Hamamatsu photomultiplier for detection. A 450 W Xe lamp
was used as excitation source. The measurements were carried out,
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Figure 1. 26-w scans of the as-grown epitaxial $-Ga, O3 thin films on sapphire
with different thicknesses (the scans are multiplied by the factor on the right
for clarity).

in the same experimental conditions, using the front face acquisition
geometry, and corrected to the spectral response of the optical compo-
nents and the Xe lamp. Further PL tests were realized using the vac-
uum ultraviolet (VUV) excitation on a Fluorimeter Horiba Scientific
modular equipment with two monochromators (H20-UVL) (200 mm,
1200 grooves-mm™"), one at the excitation and one at the emission. A
D200VUV deuterium light source emitting from 115 to 370 nm was
used as excitation source, with a maximum intensity at 160 nm.

Results and Discussion

In order to evaluate the structural quality of the films, 26-w scans
were performed and Fig. 1 depicts the XRD scans of the differ-
ent $-Ga,O; thin films on sapphire (S1, S2 and S3) and the Eu-
implanted/annealed samples (S1-Eu, S2-Eu and S3-Eu). The sharp
peaks at 260 = 21.0°, 41.7° and 64.5° correspond to the 00.3, 00.6
and 00.9 Bragg reflections of the c-plane sapphire substrate, respec-
tively. While the peaks at 26 = 18.9°, 38.4°and 59.2° correspond to
the B-Ga,0O; epitaxial layers, and are assigned to the —201, —402
and —603 Bragg reflections from the monoclinic p-Ga,Os crystalline
structure.”®35-3" The peak at 20 = 37.5° (asterisk) is the Kg line corre-
sponding to the 00.6 Bragg reflection. The presence of only one family
of planes suggests that the as-grown p-Ga,O; thin films are preferen-
tially oriented with (—201) surface orientation and without additional
phases. Furthermore, for the implanted and annealed $-Ga,0O; thin
films (S1-Eu, S2-Eu and S3-Eu), neither additional peaks related to
Eu complexes nor significant change of the peak width or position
were detected.

Figure 2 shows the random RBS spectra of the as-grown and
Eu-implanted/annealed p-Ga,O; thin films with a fluence of 1 x
10" Eu-cm™2. These spectra are characterized by four barriers as-
signed to the Ga and O from the thin $-Ga,0Oj; film, then Al and O
from the sapphire substrate. As expected, RBS spectra exhibit an in-
crease of the barrier width assigned to Ga with increasing the B-Ga, O3
film thickness. In the implanted and annealed samples, the signal at
high energy assigned to the implanted Eu is also detected. The spectra
were fitted, using the NDF code considering a model of four layers plus
substrate, in order to take into account the composition gradient with
depth. The fits suggest that the films present a Ga/O ratio of ~ 0.6, with
a Ga content decreasing by 10% from the surface layer down to the
layer right on top of the substrate. Furthermore, the fits also reveal that
no significant stoichiometry changes occur after Eu-implantation and
annealing. The comparison of the Eu profile measured by RBS with
the SRIM simulation (Fig. 3), shows a fairly good agreement, reveal-
ing that no Eu diffusion to the surface occurs during annealing. For all
samples and in the used implantation/annealing conditions, the Eu ion
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Figure 2. RBS spectra for the as-grown and Eu-implanted/annealed $-Ga; O3
thin films.

penetration depth reaches ~130 nm, with a maximum concentration
at ~50 nm.

Fig. 4a represents RT CL spectra of the Eu-implanted/annealed £-
Ga, 05 thin films (S1-Eu, S2-Eu and S3-Eu), compared with the ones
obtained for B-Ga, O3 bulk single crystals.?” The detailed implanta-
tion and annealing conditions are also indicated. The spectra present a
broad UV band and sharp luminescence lines with dominant intensity.
For clarity, Fig. 4b represents the UV-blue wavelength region. For the
B-Ga, Oj; thin films, the CL response exhibits a UV-band luminescence,
typical for as-grown B-Ga; 03,2232 and commonly associated to
intrinsic point defects, such as oxygen vacancies, gallium vacancies
and oxygen-gallium vacancy pairs.**~# In addition to intrinsic de-
fects, the UV band luminescence in -Ga,O; was reported to depend
on doping*+° as well as implantation and annealing conditions.?® For
wavelengths above 520 nm in Fig. 4c, sharp luminescence lines are
well resolved. These lines are characteristic of the Eu** intra-4f shell
transitions, indicating that the used Eu implantation and annealing
conditions efficiently incorporated the Eu** ions in the crystal lattice
and optically activated the Eu*" ions in B-Ga,O; thin films. Further-
more, by comparing with PL response from Eu-implanted/annealed
c-sapphire from Ref.47, we have confirmed that the observed transi-
tions are not originating from Eu** ions incorporated in c-sapphire
(not shown). It should be pointed out that besides the Eu** intra-4f
shell transitions, typical Cr3* emission corresponding to *T, — *A,
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Figure 3. Eu profile measured by RBS compared with the one simulated by
SRIM.
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Figure 4. RT CL spectra of S1-Eu, S2-Eu and S3-Eu $-Ga, O3 thin films compared with Eu implanted/annealed bulk p-Ga; O3 samples at similar conditions from
Ref. 27 (a) in the whole range, (b) in the UV-blue range, (c) and (d) around the 5DO,] — TFy transitions.

at~ 697 nm s observed, which is often present as impurity in Ga, 03.*®
It is unlikely that such emission originates from Cr** contaminants in
sapphire, since the excitation depth of the electron beam is lower than
50 nm, well below the $-Ga,Oj3 thin film thickness.

The fact that a large fraction of Eu ions is in the 34 valence state,
is in accordance with CL and X-ray absorption near edge structure
(XANEYS) results obtained for Eu-implanted/annealed $-Ga,O; bulk
single crystals.”’” The most intense emission is attributed to the Dy
— 'F, transition located at ~ 611.5 nm, in agreement with previ-
ously reported values obtained for Eu-doped $-Ga, O3 nanostructures,
fibers, thin films and bulk crystals.???3202749-51 The different Dy —
Fy transitions represented in Fig. 4c, were assigned after a careful
comparison with previous reports and presented in Table I in com-
parison with the measurements on Eu**-doped B-Ga, 03 nanocrystals
from Ref. 23. For these transitions, the shape and the relative inten-
sities of the Eu*" intra-4f shell transitions are very similar for the
Eu-implanted/annealed B-Ga,Oj; thin films and bulk single crystals.
However, below 590 nm in Fig. 4d, slight changes can be observed.
Unlike B-Ga, 03 bulk single crystals*’ and B-Ga,O; nanocrystals,>
presenting one transition at 582 nm (at RT) or at 579.9 nm (at 10 K),
the present thin films exhibit at least two transitions located at 579.7
and 582 nm, that can be attributed to °Dy — ’F, and Dy, — "F, or
D, — "F; transitions, respectively. Due to the singlet character of the
7F, fundamental and 3D, excited levels, the number of the observed

Dy — ’F, transitions corresponds to the number of non-equivalent
active sites in the Eu implanted sample.!”? Accordingly, at least one
active site is created by the Eu-implantation/annealing in the B-Ga, O3
thin films, and the possibility of the presence of a second active site
cannot be discarded. The Eu** ions in B-Ga,0; can be incorporated
in substitutional sites (Ga sites with octahedral and tetrahedral coor-
dination) with Cs symmetry,?* or it is possible that Eu is in a different
crystalline environment caused by different (non-substitutional) sites
or in substitutional sites with distortion induced by defects.?” Further-
more, the transitions below 560 nm and better resolved in the present
S2-Eu and S3-Eu thin films, in comparison to bulk single crystal, are
suggested to be related to the >D; — ’F, and D, — ’F, transitions.
These assignments were obtained based on the transition energy cal-
culations using the experimental values provided at 10 K by Zhu et
al.,?? as also included in Table 1.

In Figs. 5a and 5b, combined excitation emission (CEE) spectra
are represented for the S3-Eu sample in the UV and red regions,
respectively. Due to the very low Eu?* intra-4f shell transition inten-
sity obtained for S1-Eu and S2-Eu samples, this part will be mainly
dedicated to the p-Ga, O3 thin film with the highest thickness (S3-Eu
sample), also showing the highest CL intensity of the Dy — 'F,
transition. It is worth mentioning that unlike CL, PL. measurements are
scarce for Eu-implantated/annealed -Ga, O3 material, and were only
successfully achieved for nanowires, but not for bulk crystals. In our
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Table I. Eu3t (4/%) intraionic transitions observed in the Eu implanted/annealed p-Ga,O; thin films and corresponding assignments

5 Do, —>7F0,1,2,3,4 in comparison with Zhu et al.>

Present work CL at RT

10'5 Eu ions.cm~2 implanted/annealed in MOVPE
B-Gay O3 thin films grown on sapphire

Transitions (nm)

Zhuetal® PLat 10K
Eu®*-doped B-GayO3 NCs were synthesized by
combustion

534.8

SDI—"F
540

533.2
538.3
541.4
532.3
537.4
540.4
531.6
536.7
539.7

552
SDI—"F,

553.2
554.9
558.1
559.9
564.6
552.2
553.9
557.1
558.8
563.6
551.4
553.1
556.3
558.1
562.8

SDo—Fy 579.7
SDo—"Fg or °D;—"F3 582

579.9

SDo—"F, 590
596

587.5
593.7
597.4

611.7

5Do—"F, 617.7
621.4
626.6

611.8
613.9
617.8
620
625.8

SDo—"F3 653.4

661.5

649
650.5
651.8

653
655.3
656.2
659.7

SDo—"F4
707.4
712.6
717.8

case, CEE spectroscopy consists of measuring the emission spectrum
for each excitation wavelength, from 250 to 265 nm, and from 250 to
300 nm, in the emission wavelength range close to the UV band (Fig.
5a), and the Eu*" intra-4f shell transitions (Fig. 5b), respectively. The
blue curves represent the PL spectra for S3-Eu sample, obtained under
260 nm (4.77 eV) excitation wavelength, resonant with the p-Ga, O3
bandgap value (obtained from transmission measurement). The PL
response exhibits the UV band emission (Fig. 5a) and the Eu** and
Cr** lines (Fig. 5b). The intensity ratio of Eu-related lines versus the
UV band (~1/10) is much lower than the one obtained by CL (~5).
It is reported that this ratio is strongly dependent on the excitation

682.1
692.9
698
703.9
704.7

parameters, especially, on the excitation density.>?® Indeed, this is
expected due to the low excitation density of the Xe lamp at 260 nm
used in this measurement. Additional RT PL measurements on S3-Eu
(not shown), using 160 nm excitation wavelength from a deuterium
light source (lower excitation density than the Xe lamp), was only
able to resolve the Cr*t emission line, indicating that such excitation
conditions are not promoting the Eu** intra-4f shell transitions. Fig.
5a and Fig. 5b demonstrate that efficient excitation of the UV band
and the Dy — ’F, most intense transition occurs through a broad
excitation band around the bandgap energy of the B-Ga,O; host
(~ 260 nm, 4.77 eV).
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Figure 5. S3-Eu sample combined excitation emission (CEE) spectra repre-
sented in the UV (a) and red (b) regions. The blue curves represent the PL
spectra for S3-Eu sample, obtained under 260 nm (4.77 eV) excitation in both
regions.

Conclusions

In this work, we have established the effects of Eu implantation
and annealing on B-Ga, O3 thin films grown by metal organic vapor
phase epitaxy on sapphire substrate. The thin films were implanted
with 300 keV Eu ions at 600°C, with a fluence of 1 x 10'> Eu-cm™2
and annealed at 900°C in flowing argon for 30 s. No significant changes
neither additional peaks related to Eu complexes were detected in the
XRD 26-w scans, and no significant peak broadening or shifts are
observed. RBS results and SRIM simulation are in good agreement,
revealing that no Eu diffusion to the surface occurs. In the used im-
plantation/annealing conditions, the Eu ion penetration depth reached
~130 nm, with a maximum concentration at ~50 nm. Furthermore,
CL and PL/PLE results evidenced the optical activation of the Eu**
in the B-Ga,03 host. The detailed study of the Eu’* intra-4f shell
transitions revealed that at least one active site is created by the Eu
implantation/annealing in $-Ga,O; thin films grown on sapphire. The
well controlled implantation and annealing process in f-Ga,O; thin
films pave the way for their use in optoelectronic applications, partic-
ularly in efficient red thin film electroluminescent devices.
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