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The photoluminescence (PL) behavior of y-Al,O3 nanopowder is studied. Two emission peaks at
343 and 378 nm and a broadband ranging between 400 and 600 nm are observed. The peaks are
attributed to F* center, while the broadband is attributed to impurities. It is found that irradiating the
sample with intense ultraviolet (UV) light can cause significant decrease in the intensity of the two
peaks, but has no effect on the broadband. A simple model is proposed to explain the kinetics of UV
irradiation-induced PL degradation. © 2006 American Institute of Physics.

[DOI: 10.1063/1.2266665]

The optical properties of alumina have attracted exten-
sive interest because not only are they important for applica-
tions but also they can assist in the understanding of the
defect and electronic structures and properties of the mate-
rial. Earlier work primarily focused on thermally stable
a-alumina. Light-emission studies revealed that pure
a-alumina or irradiated sapphire exhibited major lumines-
cence bands at 3.8 and 3.0 eV, among others.'”” The emis-
sion at 3.8 eV was attributed to the 18— 1A transition of an
F* center (an oxygen-ion vacancy occupied by one electron),
which has optical absorption bands at 4.8 and 5.4 eV.** The
origin of the 3.0 eV emission was attributed to an F center
(an oxygen-ion vacancy occupied by two electrons) with an
intense absorption at 6.1 ev.? Recently the research focus
has been switched to amorphous porous alumina membranes,
driven by their important applications. It was revealed that
the materials exhibited a broad blue photoluminescence band
ranging between 400 and 600 nm. However, the origin of the
emission is still not clear. Du et al.® attributed the emission to
an F* center based on electron paramagnetic resonance
(EPR) results. Huang er al’ split the emission into two bands
centered at 405 and 455 nm, respectively. They demonstrated
by photoluminescence (PL) excitation (PLE) measurements
that the two bands result from different emission centers, and
attributed them to F* and F centers, respectively. Xu et al.'’
also considered the emission to be from two centers, but
attributed them to an F* center (emission peak at 400 nm)
and an oxalic impurity (emission peak at 470 nm). Wu er
al.'' observed PL peaks at 295, 340, and 395 nm under
240 nm excitation from Si-based anodic porous alumina and
attributed them all to F* centers since they had the same PLE
peaks.

In contrast, less attention has been paid to y-alumina,
which is a metastable (also known as transition) phase and
has a porous structure at nanometer scale with higher specific
surface area and lower specific gravity as compared to
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a-alumina, thus making it useful for applications such as
catalyst/catalyst support and fluorescence matrices.
Wrzyszcz et al.~ reported a broad PL band ranging from
350 to 650 nm in pure y-alumina and attributed it to defects.
A similar emission has also been observed by Xu et al."’
from y-alumina obtained by annealing amorphous porous
alumina membranes at 800-950 °C. They attributed the
emission to an F* center (peak at 400 nm) and a carboxylic
impurity (peak at 470 nm).

In this letter, we report the PL and UV-induced PL deg-
radation of high purity (99.99%) vy-alumina nanoparticles of
50 nm, synthesized by thermal decomposition of bohemite
(y-Al-OOH). According to the provider (Dalian Luming
Inc., China), the powder contains impurities: Si<<30 ppm,
Ti<5 ppm, Fe<2 ppm, and Cr<2 ppm. The PL spectra of
the powders were measured using an UV-lamb microzone
spectroscope in a backscattering geometry at room tempera-
ture. The 325 nm (3.8 eV) line of a HeCd laser was used as
the excitation source. The laser beam of 40 mW was first
focused on the sample through a microscope with a spot size
of ~20 wum in diameter. Taking a loss in optical route into
consideration, the light power density cast on the sample was
more than 10° W/cm?. To investigate the effect of UV ex-
posure on the emission behavior of the y-alumina, the pow-
der without milling was exposed to the UV light for different
times before measuring PL spectra.

Figure 1 compares the PL spectra of the y-alumina pow-
der measured at irradiation times =0 and =3 min. It can be
seen that the PL spectrum of the as-received sample without
irradiation exhibits two strong emission peaks centered at
343 nm (3.6 eV) and 378 nm (3.3 eV) and a broadband
ranging between 400 and 600 nm centered at 497 nm. On the
other hand, the PL spectrum measured from samples irradi-
ated for 3 min shows that the intensities of signals at 3.3 and
3.6 eV are significantly decreased, while the intensity of the
broadband between 400 and 600 nm remains almost the
same. This result clearly demonstrates that the emissions at
3.3 and 3.6 eV can be degraded by UV irradiation, and the
emission center for the PL signals below 400 nm is different

© 2006 American Institute of Physics
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FIG. 1. Comparison of the PL spectra of y-alumina powders irradiated for
t=0 and =3 min.

from that for the broadband between 400 and 600 nm. The
strong PL emissions at 343 and 378 nm suggest that the as-
received material contains a high density of the emission
centers that respond to the emission.

From aforementioned experimental results and analysis
on amorphous porous alumina membranes, we have learned
that the blue emission centered at 497 nm could come from
either an F center’ or an impurity.]0 If the emission is from
an F center, the intensity of the emission should decrease
with UV irradiation because of the F — F™* transition, similar
to that observed in a-alumina.’ However, present results
show that UV irradiation has no effect on the emission. Con-
sequently, we tentatively attribute the emission to impurities.
Considering that the <y-alumina powder was obtained by
thermal decomposition of bohemite (y-Al-OOH), the pres-
ence of oxygen-related impurities in the powder is very pos-
sible. Previous studies demonstrated that the impurities in
alumina could act as luminescence centers. Yamamoto et al.
have suggested that the oxalic impurities in porous alumina
membranes can be transformed into luminescence centers,
which showed a blue PL band around 470 nm."* Gao er al."*
further proved that the blue PL band in porous alumina mem-
branes came from oxalic impurities rather than the F*/F cen-
ters through EPR and infrared transmission studies. Xu et
al.'’ also proposed that oxalic impurities were responsible
for a blue emission band in porous alumina membranes. At
higher temperatures, the oxalic impurities were transformed
to carbon dioxide, which responded to a blue emission band
in 7y-alumina.

Identifying the origin for the peaks at 3.3 and 3.6 eV is
more difficult since very few PL data are available for
y-alumina. Earlier studies on g—alumina did not report the
emissions at this energy range.1 "2 It is well documented that
for a@-alumina the emission peak from F* centers is at
3.8 eV,* while the peak moves to 3.1 eV for amorphous
alumina.®'° The decrease in emission energy was attributed
to the lower symmetry of amorphous alumina as compared to
a-alumina. Previous study on amorphous alumina also re-
vealed an increase in the emission energy with increasing
annealing temperatures, which leads to higher symmetry.11
Considering that the symmetry of y-alumina is higher than
that of amorphous alumina but lower than that of @-alumina,
we attribute the peaks at 3.3 and 3.6 eV to 1B— 1A and
2A— 1A transitions, respectively, to F* centers in the
y-alumina powder.“’15 Most recently, Gorbunov et al. stud-
ied the cathodoluminescence (CL) of Al,O; nanoparticles
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FIG. 2. PL spectra of y-alumina powders irradiated for different times.

composed of both y phase and & phase, and reported CL
peaks at 2.4, 3.2, and 3.8 eV.'% The authors attributed the
origin of the CL peaks to surface F* center. This conclusion
is similar to what we proposed here.

We also studied the kinetics of PL degradation by mea-
suring PL spectra of the y-alumina powders irradiated at dif-
ferent times ranging from 0 to 50 s with an interval of 2.6 s
(Fig. 2). It can be seen that the intensity of the PL peaks at
3.3 and 3.6 eV decreases gradually with irradiation times.
Figure 3 shows intensity as a function of irradiation time for
peaks at 343 and 347 nm in a linear-linear manner (a) and
logarithmic-linear manner (b). It can be seen that for a short
term (<10 s) the intensity decreases linearly with irradiation
time, while for long term (>10 s) the log (intensity) is lin-
early related to irradiation time.
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FIG. 3. PL intensities of the peaks at 3.3 and 3.6 eV as a function of

irradiation time. The dots are experimental data, and the dash lines in (a) and
(b) are plotted using Egs. (3b) and (3d), respectively.
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The irradiation-induced PL degradation can be explained
in terms of decrease in F* center concentration N as a func-
tion of irradiation time ¢ via the following reaction:

hv
FF— . 0, (1)

where hv represents the UV phonons and O is reaction prod-
ucts, which could be nonradiative or high excitation energy
centers. The reaction occurs through two steps: the phonons
first reach F* centers (referred as to step 1) and then react
with F* centers to form the product O (referred to as step 2).
Since the power of the UV source is constant during the
reaction, the reaction rate is independent of UV phonon num-
bers in the current study. Consequently, the rate of the de-
crease in N is controlled by reaction (1). The rate of step 1,
R, is related to the concentration N and can be expressed as

R 1= klN N (23)
where k| the is reaction rate constant of step 1. The rate of

step 2 is constant and independent of N, and can be ex-
pressed as

R2 = k2 N (2b)

where k, is the reaction constant of step 2. The overall reac-
tion rate R can be related to the above two rates by

1 1 1 R+R, ky+kN
R R, R, RR,  kkN '
(2¢)
kyk N
T+ kN

At the beginning of irradiation, N is so high (strong emis-
sion) that the rate of step 1 is much larger than that of step 2;
thus Eq. (2¢) can be reduced to

N R=k (3a)
_—= = s a
dt :
N=N, - kit, (3b)

where N, is the original concentration of the F* center. When
N is reduced to a relatively lower level after irradiation for
certain times, the rate of step 1 becomes lower than that of
step 2. Equation (2c) can then be reduced to

dN

——=R=kN, 3
dr 1 (3¢)
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N=N'exp(- k1), (3d)

where N' is the numbers of F* centers after a certain irradia-
tion time when step 1 becomes the rate control step. By
assuming that the PL intensity is linearly proportional to the
concentration of the defect centers, the experimental results
on intensity decreases can be compared to Egs. (3b) and (3d).
It can be seen from Fig. 3 that the experimental data fit the
model very well.

In summary, we have investigated the PL behavior of
y-alumina nanopowder of 50 nm. Two relatively sharp and
strong emission peaks at 3.3 and 3.6 eV and a broadband
ranging between 400 and 600 nm were observed. The peaks
at 3.3 and 3.6 eV were attributed to 18— 1A and 2A— 1A
transitions, respectively, to F* centers, while the broadband
was attributed to oxygen-related impurities. It was also ob-
served that UV irradiation can remarkably decrease the in-
tensity of the two sharp peaks, but had no effect on the
broadband. The kinetics of irradiation-induced PL degrada-
tion was measured and explained by assuming that the inter-
action between the F* centers and UV phonons follows a
zero order reaction at the beginning and a first order reaction
for the long term.
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