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Er and Cr doped B-Ga,0O; nano- and microwires have been grown by thermal treatments of Ga,04
powder containing a fraction of Er,O; powder or in the presence of Cr,O; powder, respectively.
Doping gives rise to the characteristic red photoluminescence (PL) of Cr** ions at about 700 nm and
to green emission of Er’* at about 555 nm. Waveguiding of the ion related PL light excited in the
wires has been studied for wires with different sizes. Waveguide behavior for incident visible light
of different wavelengths was demonstrated. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2790809]

Bulk and nanostructured semiconductor oxides have
been the subject of increasing interest in relation to their
applications in optoelectronics, gas sensing, transparent con-
ductors, and others.! In particular, monoclinic gallium oxide
(B-Ga,03) with a band gap of about 4.8—5 eV provides the
possibility of light emission between the infrared and ultra-
violet regions of the spectrum. Ga,O; nanowires have been
prepared by thermal methods by using different starting ma-
terials and substrates.” ' In some cases the nanowires have
been doped with different elements, namely, N,6 Zn,9 or Cr."”
In some of these works>***'” the luminescence properties
of the doped or undoped nanowires were investigated. An
optical property of interest of Ga,O; is its high refraction
index, of about 1.85-1.91, which makes this material suit-
able for lightguiding and for optical antireflection coatings.11
Waveguiding behavior of crystalline oxide nanowires has
been previouslly studied in few materials such as SnO, Ref.
12 and GeO,.  In the present work Ga,O5; nanowires un-
doped and doped with Er or Cr have been grown by a ther-
mal evaporation-deposition method under argon flow. The
nanowires have been characterized by x-ray diffraction
(XRD), scanning electron microscopy (SEM), and photolu-
minescence (PL). The waveguiding behavior of the wires for
exciting light as well as for the internal photoluminescence
signal related to the dopant impurities has been investigated
by illumination with light of different wavelengths.

The starting Ga,03; material was 99.999% powder.
Samples were prepared by compacting the powder under a
compressive load to form disks of about 7 mm diameter and
2 mm thickness. They were then annealed under an Ar flow
at 1500° C for 15 h. This treatment was previously found to
cause the growth of nano- and microwires on the disk
surface.® For Cr doping the samples were then annealed for
18 h at 1500° C in an alumina boat in the presence of Cr,03
powders (purity 99.999%) to obtain chromium incorporation
through thermal evaporation and subsequent diffusion into
the Ga,03. The Er doped samples were prepared from a mix-
ture of Ga,05 and 5 at. % Er,05 (purity 99.999%) powders
which was mechanically milled for 30 h. The milled mixture
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was compacted and annealed under argon flow at 1500° C
for 15 h, as will be detailed elsewhere. All the samples were
characterized by x-ray diffraction to assess the crystalline
structure. SEM investigations were carried out in a Leica 440
scanning electron microscope. For the waveguide measure-
ments with an optical microscope the wires were gently de-
tached from the sample on a high purity glass substrate and
illuminated either with a light emitting diode (LED) with
peak at 470 nm, lasers of wavelength 531 or 652 nm, or with
the 366 nm (3.39 eV) or 436 nm (2.84 €V) emission lines of
a Hg lamp. The spectra of the light emitted at the ends of the
wires were recorded at room temperature (RT) either with an
Edinburgh Instruments or a Spex 750M monochromators.
The recorded light in the images is either the excitation light,
which is guided through the wire, or the photoluminescence
emission excited in the wire by the incident laser or Hg
lamp, and guided into both ends.

Nanowires with diameters from tens of nanometers to
few microns and lengths from several microns to tens of
microns grow on the surface of the undoped and doped
samples. Figure 1 shows an example of the obtained
nanowires.

In some cases the wires form more complex arrange-
ments as comblike structures, as reported in Ref. 8. Lumi-
nescence spectra at different temperatures of Cr doped
samples have already been reported. 10 At room temperature
the spectra show red emission, which is the superposition of
the Cr** related sharp R lines, 2E-4A2 transition, and its pho-

FIG. 1. SEM image of the obtained -Ga,0; nanowires.

© 2007 American Institute of Physics
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FIG. 2. (Color online) (a) Optical image of a Cr doped wire and (b) RT
micro-PL image of the wire illuminated with the 436 nm line of the Hg lamp
in the lower end. Red Cr luminescence is excited in this end and transmitted
along the wire.

non assisted broad 4T2-4A2 band."’ Energy dispersive x-ray
microanalysis revealed that these samples have a Cr content
of about 1 at. %. Nominally undoped samples often show a
less intense red emission due to contamination during the
growth process.

Cr doped wires of different sizes were excited with the
436 nm (2.84 eV) line of the Hg lamp, which corresponds to
the main peak of the excitation spectrum of the 696 nm Cr
line.'® Under illumination, intense red spots are observed at
the ends of the wires showing the waveguiding of the red Cr
emission. Figure 2(a) shows the optical image of a wire of
40 pm length and 1.5 um width and Fig. 2(b) shows the RT
micro-PL image of the wire excited with 436 nm light at one
end, in the lower part of the image, and the intense red exit
spot in the opposite end.

Waveguiding is also clearly observed when the whole
wires, especially the larger ones, are illuminated. This is
shown in Fig. 3(a) for a wire about 7.5 um long, but similar
images are recorded for wires with lengths of tens of mi-
crons. Figure 3(b) shows a wire of about 2 uwm length, and
cross-sectional dimension of about 600—700 nm, in which
the waveguide effect is scarcely revealed. PL spectra of the
light generated and transmitted along the wires have been
found to depend on their size. Figure 4 shows the spectra
from three wires with different lengths and cross-sectional
dimensions. Figure 4(a) shows the spectrum of a wire of
40 pm length and about 1.3 um width. The R lines of Cr are
well resolved on the broad red band which is intense at room
temperature.&lo In the spectrum of Fig. 4(b), which corre-
sponds to a wire with similar cross section but with a length
of 80 um, the lines appear less sharp and with a lower rela-
tive intensity. Figure 4(c) shows the spectrum of the small
wire shown in Fig. 3(b), whose cross-sectional dimension is
600-700 nm, in which the R lines are only poorly resolved.

Comparison of Figs. 4(a) and 4(b) shows that by increas-
ing the length of the wire the R lines appear less resolved
possibly due to scattering and absorption processes. Figure
4(c) shows a marked relative increase of the intensity in the

FIG. 3. (Color online) Room temperature micro-PL images of Cr doped
wires. Ay =436 nm. (a) Waveguiding behavior and (b) slight waveguiding
effect in a wire of smaller dimensions.
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FIG. 4. Room temperature PL spectra of Cr doped wires. A =436 nm. (a)
Wire with 40 um length and cross-sectional dimensions of about 1.3 um.
(b) Wire with similar transversal dimension as that shown in (a) and a length
of 80 um. (c) Wire of 2 um length and a transversal dimension of
600—-700 nm.

short wavelength side of the spectrum, which is suggested to
be related to the nanowire size. Since the cross-sectional di-
mension of the nanowire is about 600—700 nm, one would
expect that the optical loss for wavelengths of this and higher
values is larger than for shorter wavelengths. A similar effect
has been reported in a study on SnO, (Ref. 12) in which it
was found that large wires act as waveguides across the vis-
ible spectrum while thin wires do not propagate red light or
propagate it only over short distances.

Figure 5 shows the dark field and micro-PL images of a
wire end from the Er doped sample and its corresponding PL
spectrum at RT, recorded under excitation with 366 nm. Il-
lumination of Er doped samples with this wavelength, which
corresponds to a strong peak of the excitation spectrum of
the Er ions in this host, produces intense green luminescence
which is propagated in the wire. This emission is due to the
4S3 ,2-41 15,2 intraionic transition and presents the typical sharp
peaked structure, as shown in Fig. 5(c). As it will be reported
elsewhere, XRD reveals that the Er doped samples contain,

p-Ga,0/Er Ga0,, (C)
RT

A= 366 nm

PLint (a.u.)

560

550 555
Wavelength (nm)

FIG. 5. (Color online) (a) Optical image and (b) room temperature micro-PL
image of the end of a wire in erbium doped B-Ga,0; sample. (c) Corre-
sponding room temperature PL spectrum showing that the observed green
emission in (b) is due to the Er** intraionic transitions. A,y in (b) and (c)
was 366 nm.
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FIG. 6. (Color online) (a) Optical image and transmission of (b) blue (LED
with peak at 470 nm), (c) green (laser with peak at 531 nm), and (d) red
(laser with peak at 652 nm) light through a 2 X 33 um? wire. Arrows indi-
cate the direction in which light propagates.

in addition to the main monoclinic 8-Ga,0O5 phase, erbium
gallium garnet (Er;GasO,,) which is related to the strong
green emission of Er.

We have also observed the transmission of the incident
light through undoped as well as Er and Cr doped S-Ga,0,
wires. For this purpose, we illuminated the wires with blue,
green, or red light with wavelengths different from the ab-
sorption peaks of chromium or erbium ions and nearly par-
allel to their growth direction (Fig. 6). The only light that we
collect with the optical microscope arises from the wire end
which is opposite to the light source, which indicates that we
are collecting light that has been guided through it.

Appl. Phys. Lett. 91, 133108 (2007)

The blue light source was a LED with a peak wavelength
at 470 nm, while lasers with peaks at 531 and 652 nm were
used for illumination in green and red, respectively.

Summarizing, undoped as well as Cr and Er doped
Ga,05 nano- and microwires have been grown by thermal
treatments at 1500°C under argon flow. The wires show
waveguiding behavior for the dopant ion luminescence light.
The room temperature spectra of the propagated light depend
on the dimensions of the wire. In particular, for wires with
cross-sectional dimensions down to 600—700 nm, the char-
acteristic red R lines of Cr3* are not resolved and the spectra
show a blueshift. The wires act as waveguides for incident
red, green, and blue light at energies not corresponding to the
excitation of Er or Cr ions.

This work has been supported by MEC (Project No.
MAT 2006-01259).
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