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Abstract A systematical analysis of the correlation
between the crystalline quality and the luminescence of
rare-earth-implanted B-Ga,O3 nanostructures with poten-
tial applications in visible and ultraviolet photonics is
presented. Europium ions led to red emission while gado-
linium ions are efficient ultraviolet emitters. Different
degrees of lattice recoveries of the nanostructures have
been achieved after implantation by rapid thermal anneal-
ing treatments carried out at different temperatures. The
recovery process has been analyzed by transmission elec-
tron microscopy (TEM), high-resolution TEM, and Raman
techniques. High-fluence implantation with either of the
two rare earth ions induces partial amorphization of the
structures. Partial recrystallization of the nanostructures
above 500 °C is revealed by Raman analysis. Nearly
complete recovery of the crystal structure is obtained in the
annealing temperature range 900-1100 °C, coincident with
the expected value for bulk Ga,0O5. Cathodoluminescence
and photoluminescence allowed comparison of the Eu’"
and Gd*" intraionic luminescence lines after annealing at
different temperatures and their correlation with the crys-
tallinity. It has been found that the width of the Eu’"
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luminescence lines clearly correlates with the width of the
Raman peaks, both decreasing with annealing temperature,
which shows the possibility of using the luminescence of
this rare earth as a probe for lattice disorder. On the other
hand, our results suggest that Gd** lines are much less
sensitive to disorder.

Introduction

Ton implantation is a routinely used technique to accurately
dope semiconductor wafers in microelectronic industry,
with the aim of modifying electrical conductivity, as for
example to obtain n-type or p-type conductivity [1]. To the
same extent, optical properties such as luminescence may
be tuned by rare earth ion implantation of semiconductors
or insulators [2, 3]. The main advantages of ion implan-
tation for doping purposes are twofold: the possibility to
dope very small areas and the achievement of an effective
and controlled doping with ions that show very low dif-
fusivity coefficients. In particular, rare earth ions usually
show very low diffusivity in semiconductor hosts and this
issue is tightened in nanowire targets [1]. On the other
hand, the lattice damage generated by ion bombardment
generally becomes the main drawback, because of the
resulting luminescence degradation. However, this issue is
usually overcome by specific annealing processes. In par-
ticular, rapid thermal annealing (RTA) is very convenient
and cost-effective compared to longer thermal treatments.
Ion implantation, in particular rare earth implantation of
nanowires has not been explored widely [1, 4-7]. Hence,
there is still work to do concerning the investigation of the
crystal lattice damage and the way to optimize the acti-
vation of luminescence of RE ions in nanowires via ther-
mal treatments.
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In this work, gallium oxide nanowires have been doped
with Gd** and Eu®* ions by implantation and RTA treat-
ments. The crystalline properties of the as-implanted and
rapid thermal annealed Ga,O3; nanowires at different tem-
peratures have been studied by transmission electron
microscopy (TEM) and Raman. Luminescence properties
of the as-implanted and post-annealed nanowires were
investigated by photoluminescence (PL) or cathodolumi-
nescence (CL) techniques. Conditions for lattice recovery
accompanying activation of luminescence centers are
discussed.

Experimental

Undoped Ga,O3; nanowires have been synthesized by a
thermal evaporation method from a metallic gallium
source. The thermal treatment was conducted at 1100 °C
during 10 h in an open furnace. Large quantity of Ga,O3
nanowires, with lateral dimensions between a few tens of
nanometers and several microns and lengths up to tens of
microns, grew on the surface of a compacted gallium oxide
pellet used as substrate, as shown elsewhere [6]. The
nanowires were detached and placed onto pieces of silicon
wafers for the implantation process of Eu*" or Gd** ions.
The ions were implanted at 150 keV with a fluence of
5 x 10" cm™2. Due to the distribution of the nanowires on
the substrate, see Ref. [6], the ion implantation does not
produce a uniform doping in all of them. After the
implantation, a RTA process was carried out using a hal-
ogen lamp furnace by Annealsys for 30 s under Ar flow
(1 atm) conditions for lattice recovery on four different
samples, each of them at a different temperature: 500, 700,
900, and 1100 °C. The study of the structural and lumi-
nescence properties was performed in both the as-implan-
ted and the set of post-implanted RTA Ga,03 nanowires.

Morphological characterization has been carried out in a
Leica Stereoscan 440 scanning electron microscope
(SEM). TEM, selected area electron diffraction (SAED),
and high-resolution TEM (HRTEM) were performed in a
JEOL JEM 200 electron microscope. CL measurements
were carried out in the above-mentioned Leica SEM or a
Hitachi S2500 SEM. PL spectroscopy studies were per-
formed by exciting with an optical parametric oscillator
(OPO) laser Ekspla 342B, tuned at 248.0 nm (£0.1 nm)
and acquiring the luminescence signal with an Edinburgh
Instruments CD900 spectrometer at 10 K using a closed
cycle liquid He system. Spatially resolved Raman spec-
troscopy has been done in a Horiba Jobin—Yvon LabRam
HR800 Raman confocal microscope. The excitation light
was the 325 nm line of a HeCd laser. The study of the
structures was complemented with the aid of high-resolu-
tion X-ray photoemission spectra and imaging, performed
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at the Sincrotrone Elettra Trieste facility (ESCA-micros-
copy line).

Results and discussion

In order to systematically assess the recovery of the crys-
talline quality by thermal annealing, Raman analysis in a
confocal microscope has been carried out for the samples
annealed at different temperatures. Raman spectra from
individual Eu-implanted Ga,O5 elongated nanostructures,
both not annealed and annealed at 500, 700, 900, or
1100 °C, are shown in Fig. la. All these structures had
thicknesses in the range of tens of nanometers, so that their
whole volume was implanted. For comparison, the Raman
spectrum corresponding to undoped Ga,O; nanowires is
also shown. A clear evolution of the Raman spectra with
annealing temperature is observed.

For the as-implanted wires, as well as those annealed at
500 °C, spectra show broad peaks which indicates a low
crystalline quality and even amorphization, as discussed
below for TEM results. For the wires annealed at 700 °C
sharp peaks are observed, but with a higher FWHM than
those of the as-grown sample. This shows that the recovery
starts in the 500-700 °C temperature range. However, at
700 °C the crystalline quality is not yet fully recovered. It
is well known that the linewidths increase when the
material is damaged or disordered, due to phonon damping
or changes in the rules for momentum conservation in the
Raman process [8, 9]. On the other hand, at 900 °C the
spectra show peaks with FWHM very similar to those of
the reference, as-grown nanowire. Although a good
recovery is reached at this annealing temperature, still
some peaks are somewhat wider than those of the reference
undoped Ga,Os; nanowire, especially those related to
octahedron modes, i.e., the 350 and 415 cm™! peaks [10].
Finally, annealing at 1100 °C yields Raman peaks which
are virtually equal to those from the as-grown sample.
Similar results are obtained for Gd-implanted nanowires
(Fig. 1b). This is expected, due to the fact that the two ions
are neighbors in the periodic table, having very similar
masses (atomic weight for Eu = 152.0, atomic weight for
Gd = 157.3). Ion implantation simulations obtained with
the SRIM package [11] for both Gd and Eu yield almost
identical profiles as shown in Fig. 2, with peak concen-
tration of about 10?' cm™> at about 30 nm depth. The
damage is produced in the volume where the ions have
penetrated, which reaches a depth of about 80 nm below
the surface. For this reason, the damage created during
implantation and, in general, the structural properties
studied for one ion can be extended to the other one. The
simulations are performed for a flat surface geometry and
do not take into account the surface curvature of the
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Fig. 1 a Raman spectra from: an as-grown monocrystalline nanowire
(top spectrum), and Eu-implanted nanowires which were as-implanted
(bottom spectrum), or annealed at 500, 700, 900, or 1100 °C.
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Fig. 2 Ion concentration profile obtained with SRIM simulation for
the Eu (dashed line) and Gd (solid line) implantation conditions used
in this work in gallium oxide. Almost identical profiles are obtained
for both ions

nanowires. Nevertheless, the conclusion that the properties
studied for one ion can be extended to the other one is
valid, independent of the geometry, and the penetration
depth we have obtained can be considered as a good
qualitative estimation for the nanowires.

b Raman results from Gd-implanted nanowires. The peak intensities
are normalized and shifted vertically for clarity

The annealing temperatures have been chosen according
to the expected structural reparation and optical activation
of RE ions in bulk or thin film matrices. The accepted
general rule is that an annealing temperature of about 2/3
of the melting temperature (in Kelvin) of the implanted
bulk material is needed to get full recovery of the crys-
tallinity after ion implantation [1]. For B-Ga,0Os;, the
melting temperature is around 1800 °C (about 2070 K).
Therefore, the full crystalline recovery for bulk gallium
oxide is expected to be achieved at about 1100 °C (about
1380 K), which is very close to the value inferred for the
nanowires from these results.

It was shown in a previous work [6] that the nanowire
morphology is not modified during ion implantation with
Eu or Gd, or after the subsequent annealing treatments.

TEM analysis was performed on Gd*"-implanted Ga,0;
nanowires. The results are shown in Fig. 3. Figure 3a
shows the SAED pattern corresponding to an as-implanted
structure and reveals clear amorphization of the structure,
although some diffraction spots are observed due to the
presence of crystalline regions. This is in accordance with
the Raman results shown in Fig. 1. Strongly ionic semi-
conductors, such as ZnO, cannot be completely amor-
phized, even for very high fluences of heavy ions as those
used in the present work [1, 5]. Monoclinic gallium oxide
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Fig. 3 a SAED pattern of a Gd as-implanted nanostructure. b HRTEM image of a nanostructure implanted with Gd and annealed at 1100 °C.

The inset shows the SAED pattern, showing a [110] zone axis

presents a lower degree of ionicity than ZnO, which
explains the observed degree of amorphization [12]. Fig-
ure 3b shows the HRTEM image of a structure that was
annealed at 1100 °C after ion implantation. Even though
extended defects can still be found, the crystalline quality
was mostly recovered, which is further confirmed by the
corresponding SAED pattern indexed according to the
monoclinic f-Ga,0j3 structure (inset in Fig. 3b).

Spatially resolved XPS results from FEu-implanted
Ga,03 nanowires are presented in Fig. 4, in order to assess
the possible influence of the implantation damage on the
local electronic features of the different elements.

Maps of the Ga 3d line signal for two Eu-implanted
Ga,0; nanowires, one as-implanted and one implanted and
annealed at 900 °C, are shown in Fig. 4a, b, respectively.
They have cross sections around 900 and 650 nm,
respectively, which ensures that the probe diameter, around
200 nm, generated the signal only from the wires and not
from the surrounding Si substrate. Local XPS spectra from
these two nanowires are shown in Fig. 4c in the valence
band range. The 4f Eu core level is observed at around
3.4 eV from the Fermi level. Figure 4d—i show the Ga 3d,
O 1s, and Eu 4d peaks of these two structures. The cor-
responding spectra from an as-grown nanowire are shown
for comparison in Fig. 4j, k. All XPS spectra were cali-
brated with the C 1s binding energy (BE) at 284.8 eV [13].
Deconvolution of the Ga 3d peaks is virtually the same for
the two implanted samples with three peaks at about 19.0,
19.9, and 20.8 eV. The peak at around 20.8 eV is assigned
to Ga in Ga,O5 [14]. The 19.0 eV peak has been previously
assigned to an unidentified impurity (possibly metallic Ga
clusters) [14, 15] while the peak at around 19.9 eV is
assigned to another impurity, possibly Ga—O—OH species
[14]. For the as-grown Ga;O3 nanowire, the deconvolution
yields peaks positions at 19.0, 20.0, and 20.6 eV. There-
fore, the Ga 3d peak presents in the implanted samples very
similar features as in the reference one. However, a slight
shift of about 0.2 eV of the peak corresponding to Ga in
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Ga,05 is observed after implantation, which could be
related to some defects of the nanowires (see TEM image
in Fig. 3).

More significant changes are observed for the O 1s
peak in the implanted samples. In the as-grown nanowire
the O 1s line is composed by two peaks at 531.9 and
532.5 eV (Fig. 4k). For metal oxides, the lower BE com-
ponent is usually assigned to the oxide (i.e., Ga—O-Ga
bonds). The higher BE component is usually assigned to
species such as hydroxides and adsorbed oxygen [16, 17].
For the implanted samples, before and after annealing, the
higher energy peak related to hydroxides is slightly shifted
to 532.8 eV. Also, an additional peak is observed at
533.8 eV, which could be related to oxygen bonded to
europium and gallium, although the energy shift is too
high. Alternatively, the presence of the silicon wafer during
implantation and annealing could be responsible for some
Si deposited on the surface of the nanowires due to sput-
tering during the implantation, which could explain this
higher energy peak. Indeed, the BE for oxygen in SiO; is in
the range 533-534.3 eV [14].

Finally, two peaks corresponding to europium, at 129.0
and 135.0 eV, are observed in Fig. 4f, i. The energy
position correlates well to the peaks observed for Eu®" in
Eu,0;. In principle, the position should not be very sen-
sitive to a change into a Ga,O3; environment. The lower
energy peak is the shake-down satellite, as previously
observed for different compounds [18].

In order to get insight into the luminescence improve-
ment of the nanostructures, as well as its correlation with
the structural recovery during thermal annealing, CL ana-
lysis was performed at room temperature for the Eu-
implanted sample series (Fig. 5). The spectra of Fig. 5
correspond to nanowires annealed at different tempera-
tures. The spectrum for the as-implanted nanowires is also
shown for comparison (top spectrum). The emission con-
sists of the characteristic peaks due to the 5D,—7Fj i=0,1,
2 and j = 0, 1, 2, 3, 4) intraionic transitions of the Eu>"
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Fig. 4 XPS results for Eu-implanted samples. a XPS map of the Ga
3d line from an as-implanted nanowire b XPS map of the Ga 3d line
from an implanted and 900 °C annealed nanowire. Local XPS spectra
from these nanowires are shown in figures (¢)—(i) for valence band,

jons. The most intense corresponds to the Dy—'F, transi-
tion, at 610 nm. Luminescence is obtained even without
annealing, which was already pointed out in a previous
study [6]. Besides, a clear evolution is observed with the
annealing temperature: the peaks get sharper by increasing
temperature up to 900 °C. At 1100 °C, the peaks look very
similar to those after annealing at 900 °C. This sharpening
of the peaks is explained by the damage recovery after
annealing: the rare earth energy levels are slightly sensitive
to the local crystal symmetry [19]; therefore, high

Ga 3d, O 1s, and Eu 4d. Spectra for valence band, Ga 3d and O 1s
from a reference, as-grown nanowire are also shown in (c), (j), and
(k), respectively

implantation damage results in an inhomogeneous broad-
ening of the emission lines. Hence, the better is the damage
recovery the more homogeneous is the symmetry for most
of the emitting centers, which results in sharper lumines-
cence lines.

These CL results agree with the Raman results (Fig. 1),
in which the crystallinity was found to be almost com-
pletely recovered after the 900 °C annealing. This suggests
the use of the Eu*" luminescence as a nanoscopic probe of
the crystalline quality of the implanted nanostructures. The
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Fig. 5 Room-temperature CL spectra from the as-implanted and
annealed Eu-implanted samples for annealing at different
temperatures

Eu’" luminescence lines could be used for characterization
of lattice disorder in a different case if the ions had their
origin in a different method than ion implantation, e.g.,
incorporation of Eu’" during the growth of the nanowires.
Otherwise, the damage induced by ion implantation would
severely modify what had to be characterized.
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Fig. 6 a PL spectra acquired at different temperatures from Gd-
implanted nanowires annealed at 900 °C. b PL spectra acquired at
different temperatures from nanowires annealed at 1100 °C. ¢ PL
spectra acquired at 7= 10 K from samples annealed at 500, 700,
900, and 1100 °C. All spectra are normalized. Ao, = 248 nm
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CL spectra from Gd-implanted nanowires did not allow
a comparison of the luminescence peaks of the different
samples due to the very low emission after annealing at 500
and 700 °C. In order to make this comparison, PL analysis
of these samples was performed at different temperatures.
The resulting spectra are shown in Fig. 6, in the region of
the characteristic °P7,,~°S-,, Gd>" related luminescence
peak. Figure 6a, b show the spectra acquired at different
temperatures for the samples annealed at 900 and 1100 °C.
They show several sharp lines, as previously observed for
Gd*" in AIN, in which the lines were assigned to indi-
vidual components belonging to the °P;, multiplet,
because of the Stark splitting [20, 21]. As the measurement
temperature increases, the relative intensity of the higher
energy (lower wavelength) lines increases. This is expec-
ted, due to the fractional thermal population of higher
energy levels.

The evolution of the PL peaks as the RTA temperature
increases is analyzed in Fig. 6¢c. For the case of the as-
implanted sample, the luminescence peak could not be
observed. For the annealed samples, a similar analysis of
the line width as that performed with the CL in Eu-
implanted samples is difficult to achieve. The obtained
results suggest that these Gd*>" levels have a much lower
sensitivity to disorder in comparison with the Eu’"
levels.

Conclusions

We have systematically studied the effective doping of
B-Ga,05 nanostructures with Eu’" and Gd*' by ion
implantation for potential applications in visible and
ultraviolet photonics. The crystal recovery of the nano-
structures has been analyzed as a function of the annealing
temperature during RTA treatments subsequent to ion
implantation. Both TEM and Raman show amorphization
of the structures after high-fluence implantation with both
ions. Raman analysis shows a slight recrystallization of the
nanostructures above 500 °C and a nearly complete
recovery of the crystallinity in the annealing temperature
range 900-1100 °C, which is confirmed by TEM. This
value is the expected one for this material. The behavior of
the luminescence of the nanostructures has been studied by
CL in the case of Eu-implanted nanowires and PL in the
case of Gd implantation. CL analysis of the Eu-implanted
samples show a clear correlation between the line broad-
ening of the Eu luminescence lines and the Raman lines,
suggesting the possibility of using the luminescence of this
rare earth as a probe for lattice disorder. PL analysis of
Gd** lines has shown that they are much less sensitive to
disorder than the Eu’" lines.
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