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Visible photoluminescence from MgAl,O, spinel with cation disorder

and oxygen vacancy

Shigeto Sawai and Takashi Uchino®
Department of Chemistry, Graduate School of Science, Kobe University, Nada, Kobe 657-8501, Japan

(Received 30 August 2012; accepted 26 October 2012; published online 26 November 2012)

Magnesium aluminate spinel, MgAl,Qy, is a structurally and compositionally interesting crystal
since it can exhibit significant deviations from the stoichiometric composition because of the
ability of the lattice to tolerate substantial cation disorder. We show that MgAl,O, spinels with
excess Al,O3 non-stoichiometry can accommodate a large amount of positively charged oxygen
vacancies (F" centers) when they are heated under vacuum at ~1900°C using a high-frequency
induction heating unit with a graphite crucible. Thus the obtained spinels show a bluish white
photoluminescence (PL) with a PL quantum yield of ~20%, which is attributed to excitation and
recombination processes of the F* center. The PL signal is characterized by a broad spectral band
peaking at ~2.7 eV (~460 nm) and decays in a nonexponential manner on the time scale of several
tens of microseconds. The F* center is supposed to interact with nearby positively and negatively
charged defects derived from cation disorder in the spinel structure, forming clusters of various

defect centers. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4767228]

. INTRODUCTION

Defects in metal oxide-based materials can strongly affect
structural, optical, electronic, and dielectric properties of the
host oxides.! Thus the amount of intrinsic and/or extrinsic
defects should be decreased as low as possible to obtain high
quality crystals. However, defects are not always harmful. For
example, oxygen vacancies in simple oxides such as MgO and
Al,O5 generally yield optical absorption bands in the 3-6eV
range, resulting in a variety of emission bands in the ultraviolet
(UV)/visible region.>™ Recently, oxygen vacancy-related
emissions in MgO and Al,O5 have attracted renewed interest
in view of dosimetric applicationss’6 and broadband laser emis-
sion.”” In contrast to MgO and Al,O5, magnesium aluminate
spinel (MgAl,0,) generally exhibits quite a low luminescence
efficiency ascribed to intrinsic oxygen vacancies.'®!" Such a
low emission efficiency of oxygen vacancies in MgAl,O4
implies that only those oxygen vacancies in a particular config-
uration decay radiatively,10 although its mechanisms has not
been well understood.

The characteristic structural feature peculiar to MgAl,O4
is its ability to tolerate cation disorder or to incorporate vari-
ous cation species of different valence states into tetrahedral
and octahedral positions, resulting in positively and negatively
charged antisite defects.'*'* Consequently, MgAl,O, pro-
vides exceptional structural stability against temperature, pres-
sure, and high-energy radiation.'” Thus, if the low emission
efficiency of oxygen vacancies in MgAl,O,4 can be somehow
improved, this will open up promising prospects for physically
robust light-emitting materials containing no metal activator
ions.

In this work, we demonstrate that the emission quantum
efficiency of MgAl,O4 can be raised to ~20% when the

YAuthor to whom correspondence should be addressed. Electronic mail:
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positively charged oxygen vacancy (the F™ center, the oxy-
gen vacancy with one electron) rather than the neutrally
charged oxygen vacancy (the F center, the oxygen vacancy
with two electrons) is introduced into the spinel structure.
The introduction of the F and F centers was accomplished
by heating MgAl,O4 powders under vacuum conditions with
a high-frequency induction heating unit, which allows us
to control stoichiometry and cation disorder in the spinel
structure. A possible structural environment of the F* center
responsible for the emission in the visible spectral region is
also discussed.

Il. EXPERIMENTAL PROCEDURES

Starting magnesium aluminate spinel powders were
prepared by heating mixtures of MgO (99.99%) and Al,O;
(99.99%) powders, with different Al,0O3;/MgO ratios (x;)
ranging from 0.67 to 1.8. The oxide mixtures were sintered
for a period of 5h at 1700 °C in air using an electric furnace.
Since these as-prepared spinel samples hardly contain intrin-
sic oxygen vacancies or luminescent centers, we then heated
these as-sintered powders under highly reducing conditions
using a graphite crucible and a high-frequency induction
heating unit, which is rated at 4 kW at a maximum frequency
of 420 kHz, under continuous evacuation with a turbo molec-
ular pump down to ~10~* Pa. The graphite crucible is used
not only as an electrically conductive object for induction
heating but also as a reducing agent. Recently, we have
reported that this vacuum heating process with a graphite
crucible is useful to introduce a large amount (~10"7 cm ™)
of oxygen vacancies in high-melting temperature oxides
such as a-Al,05."® The heating temperature was raised up to
~1900°C at a rate of ~500°C/min and maintained at the
same temperature for 3 min. The temperature of the system
was monitored with a radiation thermometer. During the
induction heating, the sample powders (~1.0 g) were melted,

© 2012 American Institute of Physics
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accompanied by the partial vaporization of constituent oxides,
which is manifested as a total weight loss of ~10 wt. %. After
the induction heating process, the sample was allowed to cool
to room temperature, forming a translucent sphere-shaped
solid with diameter of ~10mm [see Figure 1(a)]. Thus the
obtained solid samples were crushed into powders for XRD
and photoluminescence (PL) measurements.

X-ray diffraction patterns of the crushed samples were
obtained using a powder x-ray diffractometer (Rigaku, Smar-
tLab) using Cu K, (1.541 10%) radiation. Diffraction signals
were measured for a 20 range 3-158° at an angular resolution
of 0.02°. For the measurements of steady state PL spectra, we
used a spectrofluorometer (JASCO, FP 6600) using a xenon
lamp for excitation. A series of PL data for different samples
were acquired under the same detection condition and optical
setup. Scans were performed at 200 nm/min with the excitation
and emission band passes set at 3 and 6 nm, respectively. Tem-
perature dependence of the steady state PL spectra was
obtained by using a closed-cycle N, cryostat in the temperature
range from 77 to 450 K. The absolute PL quantum yield ¢ was
also obtained based on the measurement with an integrated
sphere system,'” which was calibrated with a standard light
source; ¢ was defined as the number of photons emitted in PL
per absorbed photon. The experimental error of the quantum
yield obtained in the present system was within =0.5%.

For time-resolved PL measurements, we used a gated
image-intensified charge-coupled device (Princeton Instru-
ments, PI-MAX:1024RB) and a 150 lines/mm grating by
using the fourth harmonic (266 nm) of a pulsed Nd: yttrium
aluminum garnet (YAG) laser (Spectra Physics, INDI 40,
pulse width 8 ns, repetition rate 10 Hz).

lll. RESULTS

Figure 2 shows the XRD patterns of the induction heated
samples with different initial Al,03/MgO batch ratios (xy).
All the observed peaks were indexed to the XRD pattern of
magnesium aluminate spinel. The values of the refined lat-
tice constant a, are also given in Fig. 2. We found that the
peak positions (lattice constant) tend to shift to higher angles
(smaller values) with increasing the x; value. The Al,Os/
MgO ratio of the thus obtained samples can be more reason-
ably estimated from the observed lattice constant using the
following empirical equation:'®'?

X2 = (8.6109 — ag)/(3a0 — 23.7195), (1)

(b)

FIG. 1. Photographs of an induction heated sample (x, =2.39) under (a) nor-
mal light and (b) ultraviolet (UV) illumination with a 254 nm hand-held UV
lamp in the dark.
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FIG. 2. XRD patterns of the induction heated samples with different initial
Al,03/MgO batch ratios (x;). The inset shows an expanded plot for
20 =36.0-38.5°. The refined lattice constant a, and the Al,O3/MgO ratio
estimated from Eq. (1) (x,) are also shown.

where aj is the lattice constant in A. As shown in Fig. 2, the
X, value estimated from Eq. (1) is larger than that of the
starting batch composition (x;) by ~0.2—~0.5. This implies
the preferential evaporation of MgO under high reducing
atmosphere, in agreement with previous observations.'®~!
In what follows, we use the x, value to designate the type of
induction heated samples.

We next turn to the photoluminescence characteristics.
Initial air-sintered spinel powders hardly show photolumines-
cence signals under UV excitation, as indeed expected from
previous observations.'!! However, the induction heated
samples tend to exhibit a bluish-white emission under UV ex-
citation of 4-6 eV [see Figure 1(b)]. The highest PL quantum
yield (19.4 = 0.5%) was obtained for the sample x, =2.39.
Figure 3 shows PL excitation (PLE) spectra for several induc-
tion heated samples. The PLE spectra are characterized by a
highly asymmetrical shape, which can be deconvoluted into
two Gaussian components centered at ~4.8 and ~5.3eV.
Although the relative weight of the two components varies
depending on the x, value, the variations of the peak position
for the ~4.8- and ~5.3-eV bands are less than 0.15 and
0.08 eV, respectively. These PLE components are well com-
pared with the optical absorption bands of the F* (4.75¢eV)
and F (5.3eV) centers reported previously for MgAl,0,.%*%
We hence attributed the observed ~4.8- and ~5.3-eV PLE
components to the F* and F centers, respectively.

Figure 4(a) shows the PL spectra of the sample with
X, =2.39 under excitation with lights of 4.66 and 5.23eV,
which are the peak energies of the corresponding PLE spectrum
shown in Fig. 3(c). In Fig. 4(a), each spectrum is normalized
to unity at the peak energy. One sees from Fig. 4(a) that the
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FIG. 3. Photoluminescence excitation spectra for the 2.7-eV PL band of the
induction heated samples with (a) x, =1.19, (b) x, = 1.62, and (c) x, =2.39.
The red dotted lines represent the results of Gaussian curve fitting.

observed PL spectra are basically identical to each other irre-
spective of the excitation energy, showing the common PL
peak energy at ~2.7eV. This strongly suggests that the pho-
toexcitation of the F and F™ centers eventually results in the
same radiative relaxation channel. As shown in the inset of
Fig. 4(a), the PL intensity is substantially reduced when the
induction heated sample is post-annealed in air at 1500°C
for 15h. This allows us to assume that oxygen vacancies are
responsible for the ~2.7 eV PL band.

Figure 4(b) shows the PL spectra of the samples with
different values of x,. The peak position of the ~2.7eV PL
band shows an almost linear variation with the x, value [see
also the inset of Fig. 4(b)], implying that the emission energy
level is affected by the Al,03/MgO ratio in the spinel sample.
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FIG. 4. (a) Normalized PL spectra of the induction heated sample with
xp =2.39 under excitation of light of different energies. The inset of panel
(a) shows the PL spectra before (blue solid line) and after (red dotted line)
annealing in air at 1500 °C for 15h. (b) PL spectra of the induction heated
samples with different values of x,. The excitation energy was 4.7 eV. The
inset of panel (b) shows changes in the peak position with x, for the samples
with x, > 1.

It should be noted, however, that the PL intensity of the sam-
ple with x, =0.97 is rather low, showing no well-defined PL
peaks. It is hence probable that a certain oxygen vacancy site
in alumina-rich spinel samples (x, > 1) is responsible for the
visible PL emission at ~2.7eV.

A typical PL decay profile measured for the ~2.7eV PL
band is given in Figure 5. The PL signal decays non-
exponentially on the time scale of several tens of microsec-
onds. We found that the decay profile is well fitted to a triple
exponential function with time constants of 3.5, 9.3, and 46.
3 us. Such a highly nonexponential decay behavior implies
that the relevant emission process experiences multiple trap-
ping and detrapping events before the radiative recombina-
tion process occurs.”**> The expected multiple relaxation
events can also be deduced from the temperature dependence
of the PL intensity / (see Figure 6), which can be represented
by the following equation assuming two nonradiative recom-
bination (:hannels,26

Iy
" 1+ Ayexp(—E,/kT) + Ayexp(—E, /kT)’

I(7) )
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FIG. 5. PL decay profile at 2.7eV for the induction heated sample with
X, =2.39 measured at room temperature. The fourth harmonic of the pulsed
Nd:YAG laser (A =266nm, 4.66¢eV) is used as an excitation source. The
solid line indicates the result of least-square fitting to a triple-exponential
function, and the fitted decay time constants are also shown.

where E,| and E, are the activation energies of the two com-
petitive nonradiative recombination processes, / is the inten-
sity at zero temperature, k is the Boltzmann constant, and A
and A, are fitting constants. The curve fitting gives rise to
two typical activation energies of ~400 and ~50meV. The
existence of the second nonradiative activation channel sug-
gests that, in addition to the emission center, there exists an
alternative nonradiative recombination center that contrib-
utes to the entire relaxation process. It is reasonable to
assume that the additional nonradiative recombination center
can also behave as a trapping center, which can be responsi-
ble for the highly nonexponential decay behavior (Figure 5).

1000 F—T I I =
v 800 E1=0.421 eV y
S E2=0.053 eV
S 600 [
s
2
@ 400 |
c
9
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J —
= 200
| | | |

100 200 300 400
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FIG. 6. Temperature dependence of the PL intensity at 2.7 eV for the induc-
tion heated sample with x, =2.39. The solid line indicates the result of least-
square fitting to Eq. (2). Fitted values of the activation energies (£; and E»)
for the two nonradiative recombination processes are also shown.
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IV. DISCUSSION

Thus, the present observations have revealed the follow-
ing points concerning the ~2.7-eV PL band of the induction
heated MgAl,Oy spinels.

(1) The PL spectral shape depends hardly on the excitation
energy [Figure 4(a)].

(2) The PL signal is observed only from the samples with
X > ~1, and the PL peak energy increases with increas-
ing the x, value [Figure 4(b)].

(3) The radiation recombination process is accompanied by
multiple trapping and multiple nonradiative recombina-
tion processes (Figures 5 and 6).

From these results, we will discuss a possible structural
origin of the ~2.7eV PL band. The peak energy of the pres-
ent PL band is quite similar to that (2.69 eV) observed previ-
ously from thermochemically reduced MgAl,O, single
crystals.m As mentioned previously, however, the emission
quantum Yyield of the thermochemically reduced MgAl,O, is
reported to be quite low (less than one-tenth that of the
F-center luminescence in MgOm), in contrast to our samples
with rather a high PL quantum yield of ~20%. What is the
difference between our samples and the previous thermo-
chemically reduced ones? It is interesting to point out that
the PLE spectra of our samples are quite different from that
of the thermochemically reduced MgAl,O, sample. As
shown in Fig. 3, our samples exhibit two comparable PLE
components centered at ~4.8 and ~5.3eV, which are
ascribed to the F and F centers, respectively. On the other
hand, the PLE spectrum of the thermochemically reduced
sample has a dominant peak at ~5.3 eV attributed to the F cen-
ter; there is a small secondary maximum at ~4.45 eV, but this
is only ~7% of the main peak.10 These results strongly suggest
that the color center that is responsible for the ~2.7-eV PL
band is not the F center but the F' center, as will be discussed
further below.

As mentioned above, the F center is the principal oxygen
vacancy center in thermochemically reduced oxides such as
MgO, «-Al,05, and MgA1204.2’3’10’27 That is, the concentra-
tion of the positively charged F " center is quite low, or some-
times zero, in thermochemically reduced oxides. It has been
demonstrated that the excited state of the F center in these
oxides is located just below the bottom of the conduction
band.>'%** This allows the electron in the excited state to
escape easily into the conduction band, resulting in the follow-
ing photoionization process>'%*

F4+hy—F +e . 3)

The resulting electrons can be, in principle, monitored by
photoconductivity measurements. Indeed, the excitation
wavelength dependence of the photocurrent of thermochemi-
cally reduced MgAl,O4 exhibit two peaks at 5.39 and
4.59eV, which are attributed to the photoionization proc-
esses of the F center and an unidentified electron trap such
as Fe, respectively.'? It has been found, however, that the
photocurrent peak at 5.39eV is easily bleached because of
the presence of certain electron trapping sites.'® Although
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similar bleaching effects are observed in the photocurrent
spectra of the F centers in other oxides, the bleaching behav-
ior is particularly pronounced in MgAl,O,.'® This suggests
that positively charged antisite defects in the spinel structure,
ie., A" in tetrahedral Mg”" sites, are responsible for the
electron trapping and the related bleaching processes. If the
above photoionization and electron trapping processes domi-
nate over the radiative recombination process during the pho-
toexcitation of the F center, the F center cannot behave as
an emission center, probably explaining the reason for a low
efficiency for an F-center luminescence in MgA1204.10’11 On
the other hand, the excited state of the F™ center in oxides is
generally located well below the bottom of the conduction
band, and the photoionization and the related photobleaching
of the F* center will rarely occur.>*® Thus, a high PL quan-
tum yield will be anticipated for the spinels containing a large
amount of F centers. The observed excitation energy inde-
pendence of the ~2.7-eV PL band (point 1 mentioned earlier)
is also consistent with our assumption that the F* center is the
only emission center in MgAl,O4. We should note, however,
that the excited state of the F* center will be realized not only
by the direct photoexcitation of the F' center but also,
although temporality, by the photoionization of the F center,
yielding the two PLE components at ~4.8 and ~5.3¢eV, as
shown in Fig. 3.

The F'-center emission model can further account for
the composition dependence of the PL intensity and peak
energy shown in Fig. 4(b) (point 2). The introduction of the
F* center must be accompanied by simultaneous introduc-
tion of some negatively charged centers. It is also interesting
to point out that for the spinel samples with x, > 1, excess
A’ ions will replace Mg”" ions, and charge neutrality will
be maintained by the formation of negatively charged centers
such as Al and Mg vacancies.”® ! In other words, negatively
charged centers are inherently present in the spinels with
xp > 1. This allows us to assume that the samples with x, > 1
can accommodate a larger number of F' centers than those
with x, < 1.

Thus, the F* center in MgAl,O, should not be viewed
as an isolated defect center but as defect clusters (DCs) con-
sisting of various types of positively and negatively charged
defects. The idea of DCs has been often used to evaluate the
stability of antisite defects and their charge compensating
point defects in spinels.’*** Examples of the relevant DCs
can be described as follows using the Kroger-Vink notation,

DCl : Vg + 2AlLy, + VA,
DC2 : Vi, + Aly, + Vi,

where Vi, Aly,, VAi, and Vi, indicate a singly positively
charged oxygen vacancy or an F' center, a singly positively
charged Al at a tetrahedral Mg site, a triply negatively charged
Al vacancy, and a doubly negatively charged Mg vacancy,
respectively. On the basis of the DC model, it would be rea-
sonable to expect that the electronic state of Vg (F )
is affected by the type and amount of nearby charged centers,
resulting in the observed composition dependence of the
F'-center related PL characteristics (point 2). Furthermore,

J. Appl. Phys. 112, 103523 (2012)

the electronic excitation of the F' center will not be confined
to this single defect site but may be distributed over several
defect sites. A photoexcited electron and a hole at the F* cen-
ter will hence be trapped by a nearby positively charged site
(Aly,) and a negatively charged site (VAL or Vij,), respec-
tively, via tunneling or hopping processes. These trapping
sites could possibly become nonradiative recombination sites.
Thus, the relaxation process of the F* center in DCs is pre-
sumably rather complex because of the surrounding charged
defects, leading to multiple trapping and multiple nonradiative
recombination processes (point 3).

V. CONCLUSION

We have shown that the induction heating with a graphite
crucible under vacuum is a simple but efficient method to
obtain luminescent MgAl,O, spinel. It is most likely that the
color center responsible for the ~2.7-eV PL band is the posi-
tively charged F" center. On the other hand, the neutrally
charged F center will hardly decay radiatively because of ioni-
zation of the F' center during the photoexcitation process. Con-
sidering that the ~2.7-eV PL band is observed by
photoexcitation of both the F and F centers, we suggest that
the F* center induced by photoionization of the F center is
partly responsible for the observed visible emission; however,
the principal emission process will be the direct photoexcita-
tion of the F* center. In the present induction heating process,
a substantial amount of the F center can be introduced into
the alumina-rich spinels since excess AI>" ions inherently pro-
vide negatively charged cation vacancies, VA|, and Vi, which
are also expected to behave as charge compensators for the
F* centers. In the spinel lattice, such charged defects as Vg,
(F" center), Al{v[g, VA1, and V}, will come close to each other,
forming defect clusters. It can hence be understood that the
oxygen-vacancy-related PL characteristics of MgAl,O, are
influenced not only by the type and amount of oxygen vacan-
cies but also by those of antisite defects and cation vacancies
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