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We demonstrate the controlled preparation of Er- and Eu-
doped GaP-oxide porous composites. The fabrication proce-
dure entails the use of porous semiconductor templates and
the impregnation of rare earth ions from a rare earth salt solu-
tion in alcohol and thermal treatment. The composites exhibit

1 Introduction A great deal of research efforts are
directed nowadays towards the development of random la-
sers based on disordered medium. Recently, Cao [1] re-
ported a lasing process in highly disordered semiconductor
nanostructures. The stimulated emission in a random laser
may come either from near-bandgap electronic effects (ex-
citon—exciton scattering or electron—hole plasma) as in the
case of lasers based on ZnO compounds, or from transition
metal and rare earth elements doped into the radiation
emitting and amplifying phase.

Most of the random lasers demonstrated to date are
based on powders, microspheres, nanocrystallite clusters,
polycrystalline films, or disordered organic mater-
ials. However, these lasers are not suitable for integra-
tion with other optical or electronic functions. Composite
materials prepared from porous semiconductor templates
offer greater possibilities in this regard. Porous GaP
networks are the most promising ones due to their
strong photonic properties [2]. It has been demonstrated
that macroporous gallium phosphide filled with air has
the highest scattering efficiency among the known
materials, due to the high refractive index of the bulk
GaP.
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strong green and red emission that comes from finely dis-
persed ErPO, and EuPO, oxide submicron phases in the com-
posite. These materials may prove useful in future genera-
tions of optoelectronic and photonic devices.
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Recently, an attempt was undertaken to dope a porous
GaP template with an Eu impurity [3]. It was supposed that
the observed strong visible emission comes from Eu’" ions
incorporated into the porous GaP host. However, it is well
known that rare earth ions are rarely if ever found at the
tetrahedrally coordinated sites of a III-V host because of
their large ionic radii [4]. Rare earth ions prefer a coordina-
tion number higher than six. It was demonstrated that the
presence of oxygen is imperative for achieving efficient
emission from rare earth ions introduced into a [II-V ma-
terial [S]. The oxygen co-doping leads to the formation of
quasi-molecular centers at low impurity density [4, 5] and
to the segregation of an oxide phase at higher doping levels
[6].

In this letter, we identify the nano-phases and the elec-
tronic transitions responsible for the strong visible emis-
sion from nanocomposites prepared from porous GaP tem-
plates doped with Eu and Er lanthanides and propose a
new approach for the design of multiphase random media
based on porous semiconductor templates.

2 Experimental details (100)-oriented n-GaP: S wa-
fers cut from Czochralski-grown ingots were used for the
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fabrication of porous GaP layers. The anodic etching was
carried out in a double-chamber electrochemical cell as de-
scribed elsewhere [3]. Eu’" and Er’" ions were incorpo-
rated into the porous GaP layer from EuCl;:C,HsOH and
ErCl;:C,HsOH solutions, respectively. Afterwards, the
samples were annealed using a halogen lamp heater for
time periods ranging from several minutes to several hours
at temperatures in the range of 500 to 1000 °C.

Photoluminescence (PL) was excited by different
lines of an Ar" laser and was analyzed by means of a
double spectrometer having a resolution better than
0.5 meV. The samples were mounted on the cold station of
a LTS-22-C-330 cryostat. In addition, X-ray diffraction
(XRD) analysis of the samples was performed with a Phil-
ips X-Pert MPD System with Cu K, radiation. The mor-
phology and chemical composition microanalysis of
anodically etched samples were studied using a TESCAN
scanning electron microscope (SEM) equipped with an Ox-
ford Instruments INCA energy dispersive X-ray (EDX)
system.

3 Composition and structure characterization
The GaP templates used in this work consist of porous lay-
ers with pores stretching perpendicular to the sample sur-
face to a depth of up to 100 um and with pore diameters
and width of the porous skeleton walls of around 500 nm.
The rare earth impurity introduced by impregnation into
the templates was found to be optically activated at anneal-
ing temperatures higher than 700 °C, with higher tempera-
tures producing a higher degree of activation. The anneal-
ing was performed in a nitrogen flow containing less than
1% oxygen. Under these conditions, the oxidation of the
skeleton walls starts at around 600 °C, with higher anneal-
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Figure 1 XRD analysis of composites prepared on GaP tem-
plates infiltrated with an ErCl;: C,HsOH solution with a concen-
tration of 1 g/10 ml for 4 h and annealed at 900 °C for 30 min
(curve 1) and, respectively, 1g/2ml, 4h, 800°C, 20 min
(curve 2).
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Figure 2 XRD analysis of composites prepared on GaP tem-
plates infiltrated with an EuCl;: C,HsOH solution with a concen-
tration of 1 g/2 ml for 4 h and annealed at 800 °C for 10 min
(curve 1) and, respectively, 1g/5ml, 4h, 900°C, 30 min
(curve 2).

ing temperatures and longer durations of the treatment
producing higher content of the oxide phase. At an anneal-
ing temperature of 900 °C the porous template is totally
oxidized after 30 min of annealing. The EDX and RXD
analyses of the oxide demonstrate the formation of a
stoichiometric GaPO, phase with the low-cristobalite (or-
thorhombic C222,) structure with tetrahedral coordination
shells of oxygen atoms around both the gallium and phos-
phorus atoms.

As mentioned above, rare earth ions are large and are
not well incorporated into the tetrahedrally coordinated
sites of GaPQ, or in the zincblende GaP skeleton. More fa-
vourable is the segregation of the rare earth impurity in the
form of finely dispersed nanophases in the composite. In
order to identify these phases we have prepared samples
with a high density of the Eu or Er impurity. We found that
the constitution of the composite is controlled by the con-
ditions of infiltration and annealing as illustrated in Figs. 1
and 2. Annealing at temperatures of up to 800 °C for 10 to
20 min results in the conservation of a significant part of
the zincblende GaP skeleton (see curve 2 in Fig. 1 and
curve 1 in Fig. 2). The other constituents of the composite
are the native GaPO, oxide and the ErPO, or EuPO, rare
earth related oxides. The composite represents ErPO, or
EuPO, micro-crystallites incorporated into the porous
GaPO, native oxide structure at annealing temperatures
above 900 °C during more than 30 min (see curve | in
Fig. 1 and curve 2 in Fig. 2). The density of the impurity
can be controlled through the concentration of the infil-
trated solution and the length of time that the samples are
held in the solution before the thermal treatment.

The segregation at high densities of impurity rare-earth
related phases were identified as tetragonal 14,/amd xeno-
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Figure 3 PL spectrum of a sample doped with Er measured at
room temperature. Inserted is the analysis of emission in the re-
gion of 4S5, = Y15 transitions measured at room temperature
(curve 1) and at 10 K (curve 2). The 8 lines resulting from the
Stark splitting of the N O multiplet manifold are labeled with
digits. The lines labeled with “v” correspond to vibronic replicas.

time ErPO4; and monoclinic P2;/n monazite EuPO,. Note
that the coordination number for rare-earth ions is 8 and 9
in ErPO4and EuPOy,, respectively. The sizes of crystallites
deduced from the XRD spectra according to the Debye—
Scherrer formula vary from several nanometers to more
than 100 nm, depending on the conditions of fabrication.
The scanning EDX analysis with the electron beam fo-
cused within a spot of 1 pm shows a uniform distribution
of ErAsO, and EuAsO, phases across the composite.

4 Luminescence characterization Analysis of the
luminescence intensity under excitation by different laser
lines shows that the highest luminescence intensity from
samples doped with Er is observed under excitation by the
488.0 nm laser line, while in Eu doped samples this is
achieved under the excitation by the 465.8 nm laser line.
The fact that the quantum energy of these lines corre-
sponds exactly to the Fop 4115/2 and D, « 'F, transi-
tions in Er*" and Eu’" ions, respectively, suggests that the
excitation occurs via respective transitions, followed by
non-radiative relaxation to the lower energy states Hy 1,
%S5, and *Fy, in Er*’ ions and *Dy in Eu’" ions. From these
states, radiative transitions to the *I;s» ground state in Er
and to "F,_ states in Eu occur.

Figures 3 and 4 illustrate the PL spectra of samples
doped with Er and Eu ions, respectively. The correspon-
dence of the Stark splitting of the ground *I;s, multiplet
manifold of the Er’” ion deduced from Fig. 3 to that previ-
ously measured in a xenotime ErPO, [7] demonstrates that
the green emission comes from the Er ions in this host. The
spectrum in Fig. 4 coincides perfectly with that measured
in a monazite EuPO, [8].
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Figure 4 PL spectrum of a sample doped with Eu measured

at room temperature. Inserted is the analysis of emission in

the region of *Dy — 'Fy4 transitions measured at room (curve 1)

and 10 K (curve 2) temperatures. The arrows denote all the 9

lines resulting from the Stark spitting of the ’F, multiplet mani-
fold.

5 Conclusions The results of this work demonstrate
the possibility of preparing in a controlled fashion a rare-
earth-doped semiconductor-oxide porous composite. Pos-
sible applications include use as light emitters for inte-
grated optoelectronic and photonic circuits. We also pro-
pose to utilize this composite in the design of multiphase
random laser media in which the high-index semiconductor
skeleton provides the strong light scattering necessary for
the formation of random laser cavities, while the oxide
rare-earth-doped phase plays the role of emitting and am-
plifying the electromagnetic radiation.
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