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Gadolinium (Gd) is a promising optically active lanthanide for UV emission. In this work, the optical emission
properties of Gd-implanted monoclinic gallium oxide (f-Ga,O;) thin films are investigated. Second phase
formation (y-Ga,0;) is observed due to implantation-induced damage of the $-Ga,O; lattice. Annealing the
implanted films results in various p-Ga,O; grain orientations. The relationship between the crystalline nature
and the optical properties of the p-Ga,0,:Gd>* films is studied. Optical activation occurs after annealing at
700 °C, revealing a photoluminescence (PL) band at 3.92 eV. This emission is attributed to the °P, i 8S, 2
transition of Gd** in B-Ga,0s. Its four constituent emission components at 3.9118 eV, 3.9153 eV, 3.9221 eV

and 3.9348 eV, due to the ion’s °P, , Stark splitting in the -Ga, O, crystal field, are investigated. The transition
energies are independent of annealing temperature and film growth method, highlighting the insensitivity of
the 4f7 orbital to minor changes in the monoclinic crystal environment.

1. Introduction

Monoclinic gallium oxide ($-Ga,0;) is an ultra-wide band gap ma-
terial (E; = 4.8 eV) exhibiting promising performance in high-power
electronics [1] and optics [2]. In optical applications such as waveg-
uides, for example, p-Ga,0; exhibits loss values comparable to other
wide band gap materials [3]. The native material’s suitability as an
optical emitter, however, remains hindered by the defect nature of its
broad emission band, which extends from the near-UV to the green
spectral range [4,5].

Due to its wide transparency range and chemical stability [6], f-
Ga,0; is a good host for optically active ions. Previous works have
studied the emission of doped Ga,0; in the different visible spectral
ranges, from the red (Eu*, Cr, Co, Sm) to the blue (Eu?*, Dy) [7],
for their use in, e.g., luminescent thermometry [8]. However, a pre-
dominant UV emission in Ga,0; has rarely been reported [9,10]. By
optically active ion doping, the only option to enhance the UV emission
in B-Ga,0; is gadolinium (Gd*) [9]. This ion in YAl;(BO;)4:Pr3* was
recently demonstrated as a Boltzmann thermometer in the 30 K to
800 K range [11].

The material with the greatest understanding as a host for Gd** in
previous research is wurtzite AIN, showing an emission peak around
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3.9 eV from the °P;,, — 8S;/, ion excited level to ion ground state
transition (see Fig. 1). It consists of four separate transitions due to
the Stark splitting of the °P,,, manifold [12-16]. In AIN:Gd**, a large
ionic radius mismatch exists between AI3* and Gd3+: 0.54 A [17] and
0.94 A [18], respectively. This mismatch is reduced, however, when
considering -Ga,0;:Gd**, with a Ga’* ionic radius of 0.62 A [19].
Nogales et al. activated emission attributed to the °P;, — 8S;,,
transition in Gd**-implanted -Ga, O pellets and nanowires, exhibiting
higher emission energy than for AIN:Gd** [20]. Furthermore, Lépez
et al. qualitatively observed the Stark splitting of the °P; /> manifold in
B-Ga,0,:Gd>* nanowires [21], although precise values for the energy
splitting could not be resolved [20,21]. Indeed, systematic studies in-
vestigating the effect of the monoclinic crystal field on rare-earth-doped
B-Ga,0; and other crystal structures are lacking.

In this work, -Ga, 05 thin films grown by plasma-assisted molecular
beam epitaxy (MBE) and atomic layer deposition (ALD) were implanted
with Gd** and subsequently annealed at increasing annealing tempera-
tures (T ,,,)- The lattice recovery and emission from the °P; = 8s, /2
transition are studied and the energy splitting of the four transitions is
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Fig. 1. Energy band diagram for AIN:Gd** (values reported by Gruber et al. [13]) and
$-Ga,0;:Gd** (values reported in this work). The sublevels of the °P,, manifold are
labelled I-1V, corresponding to the peak labels used in later figures.

resolved with high precision. The stability of the four levels of the °P, 2
Stark manifold in f-Ga,0;:Gd>* is discussed.

2. Experimental details

A B-Ga,0j; thin film was grown by MBE on a 2-inch «-Al,05(0001)
substrate with an average thickness measured by reflectometry of
(87 + 9) nm over an area of 2 x 2 cm?. The wafer was subse-
quently diced into 1 x 1 cm? samples for implantation. Additionally,
an amorphous Ga,Oj; thin film was grown by ALD on an «-Al,0;(0001)
substrate with a film thickness of (91 + 2) nm as measured by reflec-
tometry. Additional information on film growth can be found in the
supplementary material.

Gd was implanted in the films with an ion energy of 130 keV,
tilted 7° from the surface normal to avoid channelling. A summary
of the implanted films, ion fluences and implantation temperatures
(T;y) is presented in Table 1. Monte Carlo simulations using the SRIM
software package [22,23] result in an ion range of about 26 nm
and a corresponding straggling of approximately 9 nm. The peak Gd
concentrations of the simulated Gaussian-like implantation profiles are
2.25 x 102! em™3 and 4.5 x 102! cm™3 for the two ion fluences, as
also indicated in Table 1, which are an order of magnitude below the
Ga concentration in p-Ga,05 (3.82 x 1022 ¢cm—3). The Gd concentration
profile for this implantation in p-Ga,O; is shown in the supplementary
material, Fig. S1. It should be noted that, while the concentration
profile can be affected by implantation temperature, the diffusion of
hydrogen implanted p-Ga,0O; has only been observed at implantation
temperatures higher than 450 °C [24]. Heavier elements exhibit lower
diffusivity still. Therefore, no significant redistribution of the Gd is
expected when implanted at 300 °C compared to room temperature.

The implanted films were annealed in a Jipelec JetFirst 100 rapid
thermal annealing system. Six one-minute annealing steps were carried
out from 400 °C to 900 °C for each sample in 100 °C steps in Ar
atmosphere.
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A Philips X’Pert Pro-MRD system using Cu K,, radiation was em-
ployed for high-resolution X-ray diffraction (HRXRD). Scanning trans-
mission electron microscopy (STEM) images and energy dispersive
X-ray (EDX) maps were recorded using a ThermoFisher Spectra300
equipped with a high brightness gun, an aberration corrector for the
condenser lens and a SuperX EDX detector. The TEM was operated at
a 300 kV acceleration voltage employing a beam current of approxi-
mately 200 pA, which was selected using its monochromator. STEM
images were recorded with the Fischione HAADF detector at a camera
length of approximately 91 mm. TEM specimens were prepared by FIB
lift-out in an FEI Nova200.

Micro-Raman (p-Raman) measurements were performed using a
Kimmon HeCd laser (442 nm excitation wavelength) and a Horiba
LabRAM HR Evolution confocal spectrometer while using an Olympus
LMPLFLN 100x objective (NA = 0.8).

Photoluminescence (PL) measurements of the samples were per-
formed after excitation with a Clark-MXR Inc. Magellan-5 pulsed Yb-
fiber laser with an excitation wavelength of 257 nm and repetition
rate of 13.15 MHz. The PL signal was collected by the same confocal
spectrometer that also enabled the p-Raman measurements while using
a Thorlabs LMM40X-UVV 40x objective (NA = 0.5). Overview and de-
tailed PL spectra were measured using optical gratings with 100 1/mm
and 1800 1/mm, respectively, the latter aligned to the Si Raman peak at
520.7 cm~! [25]. All PL spectra were corrected for the system response.
Temperature-dependent PL was performed using an Oxford Instruments
MicrostatHiRes cryostat with liquid He as a coolant and a Mitutoyo
M Plan UV 50x objective (NA = 0.4). Additional details on the PL
measurement process and measurement precision are discussed in the
supplementary material.

Cathodoluminescence (CL) was measured in an FEI Quanta 250 FEG
scanning electron microscope, in tandem with an Oriel 1/8 m (Model
77400) spectrograph with a 2400 1/mm ruled diffraction grating blazed
at 250 nm and a cooled Andor Newton DU970-UVB EMCCD camera.

3. Results and discussion

The crystalline nature of the samples after growth, implantation and
annealing was first determined by p-Raman and symmetric HRXRD,
shown in Fig. 2(a,b). The MBE-grown thin films, samples 1 and 2, ex-
hibit the Ag (202 ecm™1) and Ag (348 cm™1) B-Ga,0, Raman modes [26,
27] and the (402) B-Ga,0; X-ray diffraction peak directly after growth,
while the ALD-grown sample 3 is amorphous (not shown).

All three samples exhibit no p-Ga,0; Raman modes after implan-
tation. The p-Ga,0; diffraction peak is also not detected for sample
3, indicating the sample has remained amorphous after implantation.
Conversely, an additional diffraction peak centred at 20 = 37.8° is
observed in the HRXRD spectra for sample 1 and, with lower intensity,
sample 2. This is attributed to diffraction from the (222) y-Ga,O5 plane,
formed due to an implantation-induced partial phase transition. The y
phase of Ga,0; is typically regarded as a ‘defect’ phase, often associated
with point defects present after ion implantation [28,29].

Annealing at temperatures between 400 °C and 600 °C is not
sufficient to observe substantial p-Ga,O; lattice recovery, as no change
in the p-Raman and HRXRD diffraction spectra could be observed (not
shown). After annealing at T,,, = 700 °C, however, the A> mode is
measured again for samples 1 and 3. In sample 1, the recovery of
the p-Ga,0; lattice is also observed in the HRXRD spectrum, which
exhibits a lower diffraction angle (20 = 38.0°) than the as-grown
sample (20 = 38.25°). This is attributed to tensile strain induced by
implantation. Contrarily, the (402) B-Ga,O; diffraction peak is not
measured for sample 3 at T,,, = 700 °C despite the presence of the
Ag Raman mode, indicating that sample 3 is highly polycrystalline at
this Typp-

The (402) B-Ga,O; diffraction peak is detected for all samples at
T ann = 800 °C as the implanted films exhibit an increase in long-range
structural order, with increased intensity at T,,, = 900 °C. At the
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Table 1
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Summary of the implantation parameters used for all samples investigated in this work. RT = room temperature.

Sample No. Growth method Ton fluence (10 ecm~2) Peak Gd concentration (x10%! cm~3) Tim CC)

1 MBE 5 2.25 300

2 MBE 10 45 RT

3 ALD 10 4.5 RT
(a) A3 A3 * was performed at T, = 900 °C. A cross-sectional STEM-HAADF image
measured for sample 1, and the corresponding STEM-EDX linescan
T. = 900°C Sample 1 and magnified STEM-HAADF images are shown in Fig. 3(a—c). The
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Fig. 2. (a) p-Raman spectra of the studied samples, showing the A} and A3 modes of
p-Ga,0;. The asterisk denotes the a-Al,O; Raman mode of the underlying substrate. (b)
Symmetric HRXRD spectra of Gd-implanted p-Ga,O, annealed at different temperatures.
The (222) y-Ga,0;, (402) B-Ga,0; and (006) a-Al,0, diffraction peaks are marked by
vertical dashed lines.

highest T,,,,, the (402) p-Ga, O, diffraction peak shifts to angles higher
than 38.25° in all samples. This is attributed to a decreasing c-lattice
parameter as a result of partial Al diffusion from the substrate into the
thin films [30,31], which is shown in the STEM analysis below.

In order to better understand such HRXRD peak shift and to gain
further insights into the crystalline nature of the films, STEM analysis

same STEM measurements but from sample 3 are shown in Fig. 3(d—
f). Additionally, STEM-EDX maps for both samples are included in the
supplementary material, Fig. S2. The expected (201)-oriented p-Ga, 05
HAADF pattern is observed for both samples, but only close to the
substrate interface. The HAADF image of sample 1 shows rotational
domains in all areas, while the implantation region in sample 3 is found
to remain predominantly amorphous up to this annealing temperature.
Al diffusion from the substrate to both films is observed as an extended
interface at the substrate, particularly in sample 1. Furthermore, an Al
metal concentration of < 10 at.% is detected away from the interface
in the EDX linescans in Fig. 3(b,e). A peak Gd metal concentration of
5 at.% and 14 at.% is estimated in samples 1 and 3, respectively. The
distribution of Gd in sample 1 follows the expected Gaussian-like dis-
tribution from SRIM simulations, while the Gd concentration exhibits a
second peak in sample 3. This is attributed to Gd out-diffusion through
the amorphous layer during the high T,,, treatments.

The optical activation of Gd** and its luminescence in the B-Ga,O,
crystal structure were investigated. Fig. 4(a) shows overview room-
temperature PL spectra measured on sample 1. At T,,, = 700 °C, only
a broad band emission is observed. This broad emission, which extends
from the near-UV to the green spectral range, is typical of p-Ga,0;
and is broadly described as originating from self-trapped holes (UV
range), extended defects (blue range), gallium and oxygen vacancies,
interstitials or complexes (blue and green ranges), and impurities (usu-
ally, green and red ranges) [4,5]. Such emission is dominant in all our
samples, however, the presence of an additional PL peak at 3.92 eV
is evident after annealing at T,,, = 900 °C, as shown in Fig. 4(a).
Such luminescence peak originates from the 5P, 2= 83, /2 transition
of Gd** [12,13,20,21]. Measuring PL with higher spectral resolution
enables a detailed investigation of this transition in -Ga,05:Gd**. Such
spectra reveal that the Gd ion is optically activate from T,,, = 700 °C,
albeit very weakly and only in samples 1 and 3. Such intensity mono-
tonically increases for all three samples between T,,, = 700 °C and
T ann = 900 °C, as shown in Fig. 4(b—d). As displayed in the PL spectra
in these figures, which were performed at the same positions under
the same conditions for each sample and T,,,, the single peak at
3.92 eV is the superposition of emissions from four separate transi-
tions — attributed to the Stark splitting of the °P;/, manifold in the
host crystal field [13] - and is observed in all three samples. The
luminescence peaks are correlated to their sublevels in Fig. 1 via the
labels I-IV. The sublevel energies remain constant across all samples
and T,,, at: I - (3.9118 + 0.0002) eV, II - (3.9153 + 0.0002) eV,
III - (3.9221 + 0.0002) eV and IV - (3.9348 + 0.0002) eV. Such energy
stability demonstrates that, firstly, the °P, /> manifold is unaffected
by differences to the surrounding crystal environment in the three
samples, due to shielding of the 4f’ orbital by the distorted 5s and
5p orbitals [32] and, secondly, the emission from the °P;, — *S;,
transition is reliant on its immediate crystal environment and not on
long-range ordering [see, for example, the different crystal orientations
in Fig. 3(d)]. The four peaks were also observed at RT by CL, shown
in Fig. S3 in the supplemental material. The measured °P;,, — *S;,
transition energies, and therefore Stark splitting of the °P, /> manifold,
are identical when measured by CL and PL.

The detailed PL spectra were analysed further by background sub-
traction, peak curve fitting and combining of results taken from many
measurements (detailed in the supplementary material). The FWHM
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Fig. 3. Sample 1, T,,, = 900 °C: (a) Cross-sectional STEM-HAADF image, (b) STEM-EDX linescan and (c) magnified cross-sectional STEM-HAADF with simulated HAADF patterns
inset. Sample 3 after a twenty-minute Ar sputtering to remove surface contamination, T,,, = 900 °C: (d) Cross-sectional STEM-HAADF image, (e¢) STEM-EDX linescan and (f)

magnified cross-sectional STEM-HAADF with simulated HAADF patterns inset.

values from peak fitting for T,,, = 900 °C are shown in Fig. 4(e). A
FWHM value < 1.5 meV is measured for the three investigated sam-
ples. The minor FWHM differences between the samples correspond to
variations in their crystalline order, with sample 1 exhibiting the lowest
FWHM of below 1 meV for the three lowest-energy emission sublevels
in agreement with the highest absolute PL intensity. Consistent with the
STEM measurements in Fig. 3, film synthesis and implantation methods
that result in improved crystalline order are required for higher °P; 2=
¥S,/, PL intensities.

The PL peak intensities for the main annealing temperatures are
summarised in Fig. 4(f). Sample 1 exhibits the highest intensity of all
samples in this work despite its lower implantation fluence, being 6
times and 4.5 times higher than the intensity observed in samples 2
and 3, as a result of the increased long-range crystalline order that can
be inferred from the STEM-HAADF images in Fig. 3, which underscores

the improvement provided by the implantation conditions of sample
1. This trend was also observed in other material systems. Lee et al.
for example, observed an increased activation in ion-implanted Si at
higher-than-RT implantation temperatures, attributed to self-annealing
reducing damage during implantation [33] (often also named dynamic
annealing [34]). A combination of self-annealing and the formation
of y-Ga,0; may contribute to an improved crystalline ordering, and
hence an increased emission intensity, in sample 1. Additionally, for
sample 3, a 33% higher absolute PL intensity is observed than for
sample 2, indicating the initial RT implantation of amorphous Ga,05
thin films may prove beneficial for the fabrication of $-Ga,0;-based
optical emitters.

To extract further information about the °P; 2= 8s, /> transition
in p-Ga,0,:Gd**, temperature-dependent PL measurements of sample
1, which are shown for T,;, = 900 °C in Fig. 5(a), were undertaken.
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Fig. 4. (a) PL spectra of sample 1 for T,,, = 700 °C and T,,, = 900 °C (arrow marks the "P7/2 - 887/2 transition emission energy). As-measured detailed PL emission spectra

on (b) sample 1, (c) sample 2 and (d) sample 3. (e) Peak FWHM comparison between the implanted samples at T

ann = 900 °C. () Summary of °P;,, emission intensity from the

studied samples and T,,,. Peak labels I-IV correspond to the sublevels of the °P,,, manifold, illustrated in Fig. 1. Dashed lines serve as a guide to the eye.

As the temperature increases from 4 K to 290 K, the Gd*>* emission
peaks become visible in the order I — IV, which is the result of
thermal re-population of the 5P, ,, manifold sublevels. This is illustrated
in Fig. 5(b), where the normalised PL intensity is compared with
the calculated sublevel occupation ratio, represented by a Boltzmann
distribution [35]:
AE,

N; =exp <_I<B_T>/Z(T)’ (€]
where AE; is the energy difference between the ith sublevel and the
lowest-energy sublevel of the Stark-split manifold, k; the Boltzmann
constant, 7' the temperature and Z(T') the partition function of the
manifold. The calculated occupation ratios follow the experimental
PL intensity in the investigated temperature range, indicating that
the PL peak intensities originate from the thermal population of the
p, /> manifold sublevels, with some deviation observed due to the
low intensity of peak IV. Furthermore, the relative peak intensities
measured at RT remain the same across all samples (illustrated clearly
by normalised peak intensities that can be found in the supplemen-
tary material, Fig. S4) meaning that the occupation of the four °P, 2
sublevels remains unchanged independent of the specific sample. The
quenching of the °P, 2= 8s, /> PL emission was investigated as shown
in the supplementary material, Fig. S5. Only considering the quenching
of peak I as an exponential decay yields a quenching activation energy

of 80.9 meV, closely matching the energy of the Bé f-Ga,0; Raman
mode [26,27].

Beyond the Gd3*-related peaks, two additional luminescence peaks
at 3.924 eV and 3.929 eV are observed for sample 1 at T,,, = 900 °C
in the temperature range 4 K to 230 K, marked by asterisks in Fig.
5(a). It is shown in Fig. S6 in the supplementary material that they are
observed in ALD- and MBE-grown samples only after Gd** implantation
and annealing. Such reliance on implantation, while not exhibiting the
expected temperature-dependence of Stark-split levels, indicates that
they do not belong to the °P, /> manifold of Gd** but are a result of
the ion implantation process, most likely related to the formation of
structural defects.

Finally, the °P, n = 8s, ,2 sublevel transition energies are com-
pared to values reported in the literature in Fig. 5(c). The energy
splitting by the local crystal environment of the 6P7/2 manifold in
B-Ga,0,:Gd** thin films is approximately four times larger than the
splitting previously reported in AIN:Gd** [13] and so, too, is the crystal
field in p-Ga,0; with respect to AIN. Conversely, the peak positions
between this work and Lépez et al. [21] in p-Ga,O; nanowires present
a similar Stark splitting while an absolute energy offset is observed,
which can be attributed to, for example, different spectral calibra-
tions in experimental setups and/or differences regarding the sample
dimensionality.
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reported in literature. Peak labels I-IV correspond to the sublevels of the °P, /» manifold as introduced in Fig. 1. Dashed lines serve as a guide to the eye.

4. Conclusion

A well-defined luminescence signal in the UV-B spectral range
was activated in implanted p-Ga,0,:Gd>* thin films grown by MBE
and ALD. After implantation, the formation of y-Ga,0; was observed.
Shorter-range ordering of the f-Ga,05 lattice was observed and Gd3*
became optically active after annealing at T,,, = 700 °C, resulting
in four individual PL peaks originating from the Stark-split °P, 2 =
887/2 transition of Gd**. Such PL intensity increases, up to an an-
nealing temperature of 900 °C, due to longer-range structural order-
ing. The positions of the PL peaks at RT, (3.9118 + 0.0002) eV,
(3.9153 + 0.0002) eV, (3.9221 + 0.0002) eV and (3.9348 + 0.0002) eV,
were independent of the sample growth method, implantation parame-
ters and annealing temperature. The stability of the four °P, /2 sublevels
indicates, firstly, that the °P;,, — ®S;, transition energy is affected
by the local crystal ordering and, secondly, that there is a pronounced
shielding of the Gd 4f’ orbital. When comparing the results of this
work to the reported transition energies in AIN:Gd**, the splitting
of the °P, /> level, and hence the crystal field, is approximately four
times larger in p-Ga,0,:Gd>*. Despite the shielding of the 4f’ orbital,
the Stark splitting of the °P; /> manifold is nonetheless observed with
high precision and provides a direct experimental probe of the crystal
field strength — an invaluable tool for future crystal and ligand field
theory studies of Gd>* in different host lattices. The thermal population
of the °P, > manifold was observed by temperature-dependent PL
measurements. Our results indicate that further optimisation of the
long-range crystalline order in p-Ga,0;:Gd>* layers would pave the way
towards p-Ga,O5-based UV-B emitters.
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