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a b s t r a c t

The photoluminescence (PL) properties of Pr3+ doped GaN powders prepared by a Na flux method were
investigated. Under above- and below-gap excitation, GaN:Pr powders exhibited intense red emission
lines centered at ∼650 nm corresponding to the intra-4f transition 3P0 → 3F2 of Pr3+. In addition, weak
infrared PL bands were observed from lower excited states of Pr3+ at ∼960, ∼1300, and ∼1500–1700 nm.
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A temperature dependent study of the red emission showed that the integrated PL intensity decreased
by a factor of two under above-gap excitation for the temperature range 10–300 K. No significant thermal
quenching of the red Pr3+ PL was observed under below-gap excitation. Time-resolved emission studies
revealed that the decay transient of the red PL was characterized by a fast non-exponential decay followed
by a slower decaying exponential component. The non-exponential decay can be attributed to cross-
relaxation processes among Pr3+ ions, whereas the exponential component suggests the existence of

ffect

uminescence

isolated Pr3+ centers not a

. Introduction

Over the last decade, light emission from rare-earth (RE) doped
ide band gap III-nitride semiconductors has been intensively

tudied for applications in display technology, solid-state light
ources, and optical communications [1–5]. Since the RE emis-
ion intensity is not significantly affected by thermal quenching
n wide band-gap semiconductors, III-nitride alloys have proven
o be promising host materials for RE doping [6]. Results have been
eported on in situ doping and ion-implantation of RE ions into GaN,
lN, and AlGaN thin-films [1–4,7–9]. Among the III-nitrides, GaN is
n excellent host because it has a direct band gap and it allows the
ncorporation of high RE concentrations [5]. Light emission in the
V, visible, and IR spectral region has been reported from several
E doped GaN systems prepared by different growth techniques

2–4,7–10].
Pr3+ doping of GaN has been of interest for photonic applica-

ions due to the strong red emission at ∼650 nm and IR emission at
1300 nm [11–13]. There are several reports regarding photolumi-

escence (PL), electroluminescence (EL), and cathodoluminescence
CL) in the red spectral region from Pr3+ doped GaN films grown
y ion implantation, solid source MBE, and metal-organic chem-

cal vapor deposition (MOCVD) [11–19]. Although considerable

∗ Corresponding author. Tel.: +1 757 218 8819; fax: +1 757 728 6910.
E-mail address: eiei.nyein@hamptonu.edu (E. Brown).

925-8388/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2008.11.029
ed by emission quenching through cross-relaxations.
© 2008 Elsevier B.V. All rights reserved.

research has been done on RE doped GaN, questions concerning
the RE incorporation, excitation mechanisms, and local crystal-field
symmetry still remain. Wahl et al. studied the lattice location of Pr3+

implanted GaN using emission channeling technique and reported
that substitutional Ga sites are thermally stable lattice positions
for Pr3+ ions in GaN [15]. Gruber et al. calculated the crystal-field
splitting of Pr3+ energy levels in Pr implanted GaN films grown
by MOCVD [16]. Effects of the oxygen incorporation and thermal
annealing on the red PL intensity of Pr implanted GaN samples were
investigated by Zavada et al. [13] and others [17,19].

Recently, RE doped GaN powders have been prepared for poten-
tial applications as phosphors in displays and solid-state lighting
using different methods including flux techniques and combustion
synthesis [20–25]. Wu et al. [21,22] reported green and red emis-
sions from Er and Eu doped GaN powders, respectively. The visible
PL and CL properties of Eu and Tb doped GaN nano-crystallites were
investigated by Nyk et al. [25]. To our knowledge, there has been
no report on the PL properties of Pr3+ doped GaN powder. In this
work results of the emission properties of Pr3+ doped GaN pow-
ders prepared by a Na flux method are presented. Steady-state and
time-resolved PL studies were performed as a function of excitation
wavelength and temperature.
2. Experimental details

GaN crystallites and powders were prepared from a Na–Ga melt heated at tem-
peratures of 600–800 ◦C and N2 pressures of approximately 5 MPa. Pr metal (1.2 at.%)
was added into the Na–Ga melt. After heating for 200 h, the sample was cooled down

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:eiei.nyein@hamptonu.edu
dx.doi.org/10.1016/j.jallcom.2008.11.029
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ig. 1. Room temperature visible (a) and infrared (b) PL spectra from Pr doped GaN p
evels of Pr3+ ions in GaN. The observed visible and near-IR emission lines of Pr3+ ar

o room temperature. The solidified Na–Ga melt was removed from the GaN crystals
y adding ethanol first and then using a nitrohydrochloric acid solution to dissolve
he remaining Na–Ga intermetallic compounds. More details of the sample prepa-
ation were described elsewhere [23]. Fragments of the Pr doped GaN crusts were
owdered with an agate pestle and a mortar. The powder was pressed into pellets
∼2–3 mm diameter) for the emission measurements.

PL characterization was performed using either a He–Cd laser (325 nm) or a UV
rgon laser (333.6–363.8 nm) for above-gap excitation. A diode-pumped solid-state
DPSS) laser operating at 473 nm was used for below-gap excitation. The visible PL
as analyzed by a 0.5 m monochromator in conjunction with a photomultiplier tube.

he IR PL was dispersed by a 1 m monochromator and detected with an InGaAs detec-

or. The spectral resolution in visible PL studies was ∼1 nm, whereas IR PL spectra
ere recorded with lower resolution (∼10 nm) due to weaker signal intensities. For

L decay time measurements, the third harmonic output of a pulsed Nd:YAG laser
355 nm) was used for above-gap excitation. A Nd:YAG pumped optical parametric
scillator (OPO) system (10 ns pulses, 10 Hz) was employed for resonant pumping
t ∼473 nm. The decay signals were recorded by averaging the detector signal on a

ig. 2. High-resolution PL spectra of the red emission line of 3P0 → 3F2 at 10 and 300 K fro
emperature dependence of the integrated Pr3+ PL intensities for above-gap and below-ga
r under above-gap UV excitation. (c) Schematic energy level diagram of the intra-4f
ated in the diagram.

digital oscilloscope. Temperature dependent PL studies (10–300 K) were carried out
using a two-stage closed-cycle helium refrigerator.

3. Results and discussion

Fig. 1(a) and (b) shows the overview PL spectra of GaN:Pr
powder in the visible and near-IR spectral regions at room tem-
perature. Under above-gap excitation the sample exhibited GaN
bandedge emission at ∼365 nm, a defect-related background emis-

sion centered at ∼550 nm, and strong red emission lines centered at
∼650 nm which corresponds to the 3P0 → 3F2 transition of Pr3+ ions
(Fig. 1(a)). The full width at half maximum (FWHM) of the ∼650 nm
PL line was ∼3 nm at 300 K. A few weaker emission lines were
observed at ∼671 nm (3P1 → 3F3) and ∼750–800 nm (3P0 → 3F4,

m GaN:Pr powder under (a) above-gap excitation and (b) below-gap excitation. (c)
p excitations.
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ig. 3. Decay transients of the red PL (3P0 → 3F2) from GaN:Pr following pulsed excita
t ∼652 nm.

D2 → 3H6) [13,14]. Besides the visible PL, near-IR emission lines
rom Pr3+ were observed at ∼0.91–1.0, ∼1.3, and ∼1.5–1.7 �m
orresponding to the 1D2 → 3F3, 1G4 → 3H5, and 3F3, 3F4 → 3H4
ransitions (Fig. 1(b)). Additional emission lines were noted at 1108,
145, and 1185 nm, but the origin of these lines has not yet been
dentified [11–13]. A schematic energy level diagram of Pr3+ depict-
ng all identified PL lines is shown in Fig. 1(c) along with the GaN
nergy gap. The visible and IR PL spectra of Pr doped GaN powder
gree well with previous reports on Pr implanted GaN and MBE
rown Pr doped GaN thin-films [11–13]. For the remainder of this
aper, attention is focused on the red emission properties of Pr
oped GaN powder.

The high-resolution emission spectra of GaN:Pr powder at 10
nd 300 K under above-gap (325 nm) and below-gap (473 nm) exci-
ations are shown in Fig. 2. No significant spectral differences were
bserved for both excitation wavelengths, which suggest that sim-

lar Pr3+ centers are excited. At low-temperature, several PL lines
ere resolved with peaks at 650.8, 652.9, 654.8, 658.2, 660.8, and

70.5 nm. Many authors have discussed that RE ions predominantly
nter the substitutional Ga3+ lattice sites in GaN with trigonal C3v
ymmetry [14–16,18]. Assuming that Pr3+ ions are located in C3v
ymmetry for the investigated GaN:Pr powder, the dominant lines
t 650.8 and 652.9 nm (including a weak shoulder at 654.8 nm) are
ssigned to the expected crystal-field components of the 3P0 → 3F2
ransition. The weaker visible emission lines at longer wavelengths
re most likely due to other 3PJ → 3FJ transitions of Pr3+ [14].

The temperature dependence of the integrated Pr3+ PL inten-
ity of the dominant red emission lines at ∼650 nm under above
nd below-gap excitations is shown in Fig. 2(c). The integrated PL
ntensity was reduced by a factor 2 between 10 and 300 K for above-
ap pumping. Under below-gap excitation, no significant thermal
uenching of the red PL intensity was observed for the same tem-
erature range. The Pr3+ PL quenching under above-gap excitation

s tentatively attributed to a slight reduction in excitation efficiency
ith increasing temperature [26].
The decay transients of the red PL (3P0 → 3F2) at 10 and
00 K for above- and below-gap excitation are shown in Fig. 3.
he PL was monitored at 652 nm. In both cases, the observed
ecay transients had two distinguishable components, a fast
on-exponential component and a slower decaying exponential
or (a) above-gap pumping and (b) below-gap pumping. The emission was monitored

component. The non-exponential decay component can be due to
several processes including multiple RE3+ centers, energy transfer,
and cross-relaxation processes [27,28]. Since no significant spectral
differences were observed for different excitation wavelengths, the
contribution of multiple Pr3+ centers to the non-exponential decay
component is considered to be small. As discussed by Lozykowski
et al. for Pr implanted GaN films, the dominant contribution to
the non-exponential decay is due to cross-relaxation between Pr3+

ions [14]. On the other hand, the exponential decay component
suggests the existence of isolated Pr3+ centers not affected by emis-
sion quenching through cross-relaxation processes [14,29]. At low
temperature, the slower decay component was determined to be
∼38 �s for above-gap pumping and ∼30 �s for below-gap excita-
tion. A similar radiative decay rate of 38.9 �s was reported for Pr
implanted GaN at 12 K under UV excitation [14]. An extrapolation of
the exponential component to t = 0 shows that the ratio of the slow
decay component to the total decay transient is ∼35% for above-
gap excitation. This value is significantly larger than the ∼12%
reported for Pr implanted GaN under UV excitation. This observa-
tion suggests that for the investigated GaN:Pr powder, Pr3+ ions
are less affected by emission quenching through cross-relaxation
than reported for Pr implanted GaN films. At room temperature,
the exponential decay component decreased slightly to values of
∼26 �s and ∼20 �s for above-and below-gap pumping, respec-
tively. The slight temperature dependence of the exponential decay
component can be explained by the onset of weak non-radiative
decay through multi-phonon emission and/or energy transfer to
defects [30]. Further studies on the red PL quenching mechanisms
in GaN:Pr powders are still in progress.

4. Summary

The PL emission properties of Pr doped GaN powder prepared
by a Na flux method were investigated. Under above- and below-
gap pumping, the sample exhibited bright red emission at 652 nm,

which is of interest for applications in displays and solid-state
lighting. The observation of near-IR emission lines at 0.96, 1.3 and
∼1.5–1.7 �m indicates that GaN:Pr powder is also of interest for
IR light source development and optical communications. Under
UV excitation the integrated PL intensity at ∼652 nm (3P0 → 3F2)



and C

d
n
u
t
c
A
d
i
r
t
i

A

A
N
H
p
T
K

R

[

[

[

[

[

[

[
[

E. Brown et al. / Journal of Alloys

ecreased by a factor of two between 10 and 300 K, whereas no sig-
ificant PL quenching was observed for resonant intra-4f excitation
sing below-gap pumping. Emission decay time studies revealed
hat the majority of Pr3+ ions are impacted by cross-relaxation pro-
esses quenching the red emission from the 3P0 → 3F2 transition.
t the same time, the observation of a slower and exponential
ecay component suggests the existence of isolated Pr3+ centers not

nfluenced by cross-relaxation emission quenching. Further time-
esolved emission studies and decay time modeling are planned in
he future to gain a better understanding of non-radiative quench-
ng processes in Pr doped GaN powders.
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