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Bluish-green afterglow and blue
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Undoped BaAl,O4 was derived via sol-gel combustion technique. The afterglow and photoluminescence
(PL) properties of undoped BaAl,O, were explored with the combination of experiments and density

functional theory (DFT) calculations. Undoped BaAl,O4 is found to display bluish-green afterglow that is

discernible to naked eye in dark for about 20 s. The broad afterglow spectrum of undoped BaAl,Oy4 is

peaked at around 495 nm. As a contrast, the broad PL spectrum of undoped BaAl,O, can be
decomposed into a bluish-green PL band peaking at about 2.53 eV (490 nm) and a blue PL band
centered at about 3.08 eV (402.6 nm). DFT calculations indicate that the defect energy levels generated
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by oxygen and barium vacancies are critical to the afterglow and PL of undoped BaAl,O4. This work

demonstrates that the oxygen and barium vacancies in undoped BaAl,O4 are liable for the bluish-green
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1. Introduction

Upon the stimulation of the green afterglow of Eu** and Dy**
codoped SrAl,O,," both the afterglow and the photo-
luminescence (PL) of rare-earth doped BaAl,0, have been
intensively investigated.>® It is documented that Eu®>" and Re**
codoped BaAl,O, (BaAl,0,:Eu*",Re*") phosphors display bluish-
green afterglows with their emission maxima located at around
490-500 nm where Re represents an auxiliary rare-earth
dopant.>*¢ Additionally, Dy*" singly doped BaAl,O, exhibits
quite similar bluish-green afterglow.” Besides their afterglows,
BaAlL,O4:Eu”",Re*” phosphors also give off bluish-green PL
peaking at about 500 nm as Re = Dy,*>**° Nd, Gd, Sm, Ce, Er,
Pr, Th.* Irrespective of the difference in Re, the PL spectra of
BaAl,O,:Eu®",Re*" are similar to that of Eu** doped BaAl,O,
(BaAl,0,:Eu*").*"** Consequently, Eu*" is generally assumed to
be the luminescent center of afterglow and the luminescent
center of PL for BaAl,O,:Eu®* and BaAl,0:Eu*",Re*" .1 18

This belief is, however, challenged by a number of theoret-
ical and experimental results: (i) both undoped SrAl,0, and
Eu®" doped SrAl,0, exhibit quite similar green afterglow; (ii)
both undoped CaAl,0, and Eu*" doped CaAl,O, exhibit quite
similar blue afterglow;**** (iii) the peak of the afterglow spec-
trum of Eu®>* doped CaAl,0, does not shift regardless the vari-
ation in doping concentration;?? (iv) the green afterglow of Dy
doped SrAl,O, and Tb*" doped SrAl,O, is quite similar to the
afterglow of Eu** doped SrAl,04;%?° (v) Dy*" doped BaAl,O,
exhibits bluish-green afterglow which is quite similar to that of
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afterglow and blue PL of undoped BaAl,O4. The recorded bluish-green afterglow of BaAlL,O, is
particularly important to understand the afterglow mechanisms of rare-earth doped BaAl,O4,.

BaAl,0,:Eu”";” (vi) density functional theory (DFT) calculations
demonstrate that the afterglows of undoped SrAl,0,, undoped
CaAl,0, and Eu** doped SrAl,O, originate from oxygen vacancy
and cation vacancy in the hosts;'*"?” (vii) oxygen vacancies are
held responsible for the afterglows of a number of undoped
inorganic materials such as HfO,,”® SrAl,0,,"° CaAl,0,4,>"*
SrS0,,*° boric oxide,* and ZrO,.** These challenging facts
suggest that the afterglow and PL properties of undoped
BaAl,O, are critically important for us to comprehensively
unveil the afterglow mechanisms of BaAl,0,:Eu*",Re*". In other
words, undoped BaAl,0, would exhibit bluish-green afterglow if
intrinsic defects in BaAl,0, were liable for the afterglows of
BaAl,0,:Eu”" and BaAl,O4:Eu”*,Re*". In this paper, bluish-green
afterglow and blue PL of undoped BaAl,O, are reported. Bluish-
green afterglow of undoped BaAl,O, is discernible to naked eye
in dark for about 20 s. The broad afterglow spectrum of undo-
ped BaAl,O, is peaked at about 495 nm. DFT calculations show
that oxygen and barium vacancies in BaAl,0, introduce midgap
states. The thermoluminescence (TL) glow curve is given. The
oxygen and barium vacancies in BaAl,0, are demonstrated to be
the luminescence center of afterglow for undoped BaAl,O,.

2. Materials and methods

2.1. Preparation of undoped BaAl,0O,

We employed the sol-gel combustion technique to prepare
undoped BaAl,0, phosphors.”**** Analytical grade reagents
Al(NO3);-9H,0), Ba(NO;),, H;BO; and urea were purchased
from local chemical suppliers, ie., the Sinopharm Chemical
Reagents Co., Ltd. The purity of each analytical reagent was
99.5% or higher. Theoretically speaking, absolutely pure

© 2023 The Author(s). Published by the Royal Society of Chemistry
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reagents with the purity of 100% are ideal starting materials to
synthesize truly undoped BaAl,O,, but they are not practically
available on the market. To minimize the possibility of unin-
tentional doping, new alumina crucibles were used as the
reaction vessels. Details on the solution preparation and sol-gel
combustion can be found elsewhere.**>* After the sol-gel
combustion, white powders were obtained. Subsequent
annealing was performed at 700 °C for 3 h to assure the
complete reactions of the raw materials. An attempt was made
to analyze the resultant powders for trace contaminants. The
resultant powders were tested for impurities using inductively
coupled plasma mass spectrometry, but ultra-trace impurities
of Eu**, Tb®" and Dy** were not detected at ppm levels in the
resultant powders. For brevity, the resultant products were
denoted as undoped BaAl,0,.

2.2. Phase, morphology and PL spectra of BaAl,O,

The X-ray diffractometer (D/max 2500 PC, Rigaku Corporation)
was employed to measure the X-ray diffraction (XRD) curve of
undoped BaAl,0,. The energy dispersive X-ray (EDX) spectrum
and the morphology of undoped BaAl,O, were analyzed on the
Hitachi scanning electron microscope (SEM). Micrographs of
BaAl, 0, nanocrystals and their selected area electron diffrac-
tion pattern were analyzed with a transmission electron
microscope (TEM) (JEOL JEM-2100, Japan Electronics Corp). To
evaluate the binding energies of elements in undoped BaAl,0,,
the X-ray photoelectron spectroscopy (XPS) spectra were
measured on the Escalab 250Xi spectrophotometer (Thermo
Scientific). Details on each instrument are available elsewhere.?”

Upon the 325 nm radiation of a He-Cd laser, steady-state PL
spectra of undoped BaAl,0, were recorded with a spectropho-
tometer (Tianjin Gangdong Ltd., China). The PL decay curves of
undoped BaAl,O, were analyzed on a PL lifetime spectrometer
(LifeSpec II, Edinburgh Instruments). The excitation wave-
length, typical pulse width, and pulse repetition rate of the light
source were 320 nm, 860 ps, and 10 MHz, respectively. Details
on the characterization are available elsewhere.’***

2.3. Afterglow spectrum, afterglow decay and TL glow curve
of undoped BaAl,0,

With the spectrophotometer made by Tianjin Gangdong Ltd.,
the afterglow spectrum of undoped BaAl,0, was analyzed after
the ultraviolet excitation of a high-pressure Hg lamp (175 W)
was terminated. The afterglow decay curve of undoped BaAl,O,
was taken by focusing the afterglows into the entrance slit of the
spectrometer. The duration of the ultraviolet excitation from the
high-pressure Hg lamp was 3 min. The TL glow curve of
undoped BaAl,0, was measured on a TL meter constructed
according to the scheme given by Yamashita et al.*® In order to
create carriers to fill the traps in undoped BaAl,0,, the phos-
phors were irradiated under a low-pressure Hg lamp (254 nm,
32 W) for 5 min before TL data acquisition. The temperature
rising rate was 2 K s™'. Details on the TL glow curve measure-
ment could be found elsewhere.®?>3*3337
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2.4. Electronic structures of defective BaAl,O,

The band structures and the density of states (DOS) of oxygen-
deficient BaAl,0, and barium-deficient BaAl,O, were calcu-
lated using the DFT module of Quantumwise Atomistix ToolKit
11.8 package. The exchange-correlation functional was
described by the meta generalized gradient approximation, i.e.,
the TBO9LDA potential.***° Instead of a supercell, one single
unit cell was used for the DFT calculations. Consisting of 32
oxygen sites, 8 barium sites and 16 aluminum sites, the total
number of ions in the unit cell of BaAl,O, is 56. The lattice
parameters of hexagonal BaAl,0, were taken from Inorganic
Crystal Structure Database with a = 1.0447 nm, ¢ = 0.8794 nm
(#75426). Oxygen-deficient BaAl,0, was resulted when one
oxygen site was vacant. The resultant BaAl,O, was denoted as
BaAl,O,_; where 6 = 0.125. Similarly, barium-deficient BaAl,O,
was obtained when one barium site was vacant. The resultant
BaAl,0, was denoted as Ba,_;Al,O, where 6 = 0.125. The cut-off
energy for the plane waves was 75 Hartree. The convergence
criterion was 4 x 107> eV of total energy. The Monkhorst-Pack
scheme k-points grid sampling was 5 x 5 x 5 for the Brillouin
Details on the DFT calculations were available

41-43

zone.
elsewhere.

3. Results and discussions

3.1. Phase and morphology of BaAl,0,

Fig. 1(a) represents the XRD profile of undoped BaAl,0,4. The
diffraction peaks are located at 19.60, 21.84, 28.28, 34.32,
40.10, 41.13, 45.10, 45.84, 53.63, 54.55, 57.79, 61.59, 67.23,
69.74, and 74.36°. The standard diffractograms of hexagonal
BaAl,0,4, which are registered in the Joint Committee on
Powder Diffraction Standards (JCPDS) as card no. 17-0306, are
shown at the bottom of Fig. 1(a) for the purpose of compar-
ison. A comparison of the data in Fig. 1(a) reveals that the
XRD profile matches well with those of the standard hexag-
onal BaAl,0, (a = 1.0447 nm, ¢ = 0.8794 nm). The above listed
diffraction peaks are assigned to the Bragg reflections from
crystallographic planes (200), (201), (202), (220), (222), (004),
(402), (204), (420), (224), (422), (600), (206), (424), and (226) of
hexagonal BaAl,0,, respectively. Apparently, the XRD profile
in Fig. 1(a) is consistent to those of BaAl,04:Eu*",Re*" 23010
Consequently, the XRD pattern in Fig. 1(a) demonstrates that
crystalline BaAl,0, is resulted via the sol-gel combustion
technique. Fig. 1(b) represents the Rietveld refinement of the
XRD profile. The pseudo-Voigt function was used as peak
shape function. The agreement factors of the Rietveld
refinement are R, = 18.6%, Ryp = 17.8%, Rexp = 5.33% and x*
= 11.1. The Rietveld refinement reveals that the lattice
constants of the unit cell of undoped BaAl,0, are a =
1.0440 nm and ¢ = 0.8789 nm, which are very close to those of
the reference hexagonal BaAl,0,4. The hexagonal BaAl,0O, has
channels along its c-direction.*!

Fig. 2 illustrates the morphology and microstructures of
undoped BaAl,0,. As shown by the SEM micrograph in Fig. 2(a),
undoped BaAl,0, phosphors are prone to forming aggregates
with irregular shapes.*”'>' The typical dimension of the
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Fig. 1 (a) XRD profile of undoped BaAl,O, and the standard dif-

fractograms of hexagonal BaAl,O4 (JCPDF no. 17-0306). (b) XRD
pattern of undoped BaAl,O,4 and its Rietveld refinement. Solid green
curve: Rietveld diffractogram. Open circles: raw data. Solid pink curve:
residue.

aggregates is around 10 pum. Obviously, each aggregate is
featured of a large number of pores which are distributed non-
uniformly across the aggregate. The cross section of an aggre-
gate of undoped BaAl,0,, as evidenced in Fig. 2(b), verifies the
pore distribution in the aggregate. The typical dimension of the
pores is around 0.5 um. As documented in the literature, the
formation of irregular aggregates with a large number of pores
in them is the characteristics of sol-gel combustion derived
SrAl,0,4,'%*?¢  CaAly0,4,>°>>*>* and BaAl,0,.” Additionally,
channels across the aggregates are identified in Dy*" doped
CaAl,0, derived via sol-gel combustion.’” As shown by the TEM
micrograph of an aggregate in Fig. 2(c), the aggregate consists of
a large number of randomly distributed nanocrystals, indi-
cating the polycrystalline nature of the undoped BaAl,O,.
Actually, nanocrystals are present in aggregates of sol-gel
combustion derived SrAl,0,,'?*?¢ CaAl,0,,>°?*>3233%7 and
BaAl,0,.” The selected area electron diffraction pattern of
undoped BaAl,0, is displayed in Fig. 2(d). Indeed, the electron
diffraction pattern verifies the polycrystalline nature of undo-
ped BaAl,0,.

31M4 | RSC Adv, 2023, 13, 31112-31122
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3.2. EDX spectrum and elemental mapping of undoped
BaAl, O,

Fig. 3 illustrates the EDX spectrum of undoped BaAl,O,. It is
clear that the characteristic X-ray emissions of O(Ka), Al(Ka),
Au(Ma,), Ba(La, ), Ba(LPB,), Ba(LB,,15), Ba(Ly,) and Au(La,) are
located at 0.525, 1.486, 2.122, 4.466, 4.828, 5.157, 5.531 and
9.713 keV, respectively. Au sputtering for SEM analysis is
responsible for the presence of Au in the sample.’?>*” There-
fore, Fig. 3 verifies the presence of Al, Ba and O in the synthe-
sized product.

Fig. 4 depicts the EDX elemental mappings of Ba, Al and O in
undoped BaAl,O,. The electronic image of the selected area for
elemental analysis is shown in Fig. 4(a). Fig. 4(b-d) represents
the O map, Al map, and Ba map. The images in Fig. 4 reveal the
uniform distribution across the sample of each element in
undoped BaAl,0,.

3.3. XPS spectrum of undoped BaAl,O,

Fig. 5 depicts the survey scan (a) and high-resolution XPS
spectra of Ba 3d (b), Al 2p (c) and O 1s (d) in undoped BaAl,O,.
Fig. 5(a) shows that the peaks of Ba, Al, and O are present in the
survey scan. Fig. 5(b) shows that the binding energies of Ba 3ds,,
and Ba 3d;,, are 779.78 and 795.08 eV for undoped BaAl,0,,
respectively. It is clear in Fig. 5(c) and (d) that the binding
energies of Al 2p;z, and O 1s are 73.88 and 531.55 eV for
undoped BaAl,O,. For Ce*" doped BaAl, Oy at the concentration
of 3%, Chatterjee et al. reported that the binding energies of Ba
3ds/5, Ba 3d3/,, O 1s and Al 2pj3, are 779.60, 795.60, 530.60 and
73.10 eV, respectively.** Our previous studies show that the
peaks of the binding energies of Ba 3ds,,, Ba 3d3,,, and O 1s are
approximately 780.0, 795.2 and 531.8 €V, respectively, for Dy>*
doped BaAl,0, (4 mol%).” Obviously, the binding energies of O
1s, Al 2p3),, Ba 3ds,, and Ba 3d3), in undoped BaAl,O, are close
to those in Ce*" doped BaAl,0, and Dy’* doped BaAl,O,.

3.4. Steady-state PL spectrum of undoped BaAl,0,

Fig. 6(a) represents the steady-state PL spectrum of undoped
BaAl,0, in wavelength scale. The inset in Fig. 6(a) represents the
emission photo of undoped BaAl,O, upon the 325 nm excita-
tion. Apparently, this PL spectrum consists of more than one PL
band due to its broad and asymmetric profile. To provide better
physical insight, the PL spectrum in Fig. 6(a) is converted into
a PL spectrum in energy scale by employing the Jacobian
transformation.**® Fig. 6(b) depicts the resultant PL spectrum
in energy scale, which can be deconvoluted into one green PL
band peaking at 2.53 eV (490.1 nm) and one blue PL band
centering at 3.08 eV (402.6 nm). Obviously, the perception color
of the emissions of undoped BaAl,O, is blue. On the basis of the
PL spectrum, the chromaticity coordinates of the PL are derived
to be (0.1673, 0.1569) for undoped BaAl,0,.*”"*° The bandgap of
BaAl,O, is reported to be 6.47 eV.** Band-edge emission of
BaAl,0, can be ruled out because the photon energy of the
325 nm excitation of the laser beam (3.82 eV) is insufficient.
Thus, the broadband PL spectra in Fig. 6 should originate from
defect related emissions of BaAl,0,. Oxygen and barium

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Morphology and microstructures of undoped BaAl,O4: (a) SEM micrograph of aggregates; (b) SEM micrograph of the cross section of an
aggregate; (c) TEM micrograph of one BaAl,O,4 aggregate; and (d) selected area electron diffraction pattern of undoped BaAl,O4.
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Fig. 3 EDX spectrum of undoped BaAl,O4.

vacancies are well known to be the most common defects in
BaAl,0,. After considering the oxygen vacancy and cation
vacancy related emissions in SrAl,0,,'**?¢ CaAl,0,4,>>>*
BaAl,0,,” SrS0,,>*"* HfO,,”* ZnWO,,** and ZnMo0O,,**** we tend
to hold the oxygen and barium vacancies in BaAl,0, liable for
the two PL bands in Fig. 6(b). It is worthy of being noted that the
PL intensities of Fig. 6(a) and (b) differ. To properly convert data
recorded in units of wavelength, the signal values must be
scaled by the Jacobian transformation. That is to say, the
photon flux per constant interval of energy E in Fig. 6(b) is equal
to the photon flux per constant interval of wavelength A in

© 2023 The Author(s). Published by the Royal Society of Chemistry

Fig. 6(a) after scaled by a factor of hc/E*.***® The scale factor is
responsible for the difference in the PL intensities of Fig. 6(a)
and (b).

BaAl,0,:Eu”" and BaAl,O,:Eu**,Dy** are known to exhibit
bluish-green PL with its dominant peak at about 490 nm (2.53
eV).**' For instance, the room temperature PL spectrum of
BaAl,0,:Eu”",Dy*" is peaked at 490 nm,® the broadband PL
spectrum of BaAl,0,:Eu”*,Re** (Re = Dy, Nd, Gd, Sm, Ce, Er, Pr,
Tb) is peaked at 500 nm.” Beside the dominant PL band varying
in the range of 490-500 nm, a weak PL band often peaks at
around 435 nm. For example, Rodrigues et al. and Stefani et al.
reported that the PL spectrum for BaAl,0,:Eu”**,Dy*" contains
two PL bands, in which the dominant PL band is peaked at
about 500 nm while the weak PL band is peaked at around
435 nm.>® In our case, the steady-state PL spectra of BaAl,O,:-
Eu®" with the doping concentrations of 1 and 4 mol% demon-
strate that, for each doping concentration, the dominant PL
band is located at about 495 nm whilst the minor PL band is
peaked at around 410 nm, as shown in Fig. 6(c) and (d). A
comparison of the data reveals that the peak energies of the two
PL bands of BaAl,04Eu®*" coincide with those of undoped
BaAL,O,.

3.5. Afterglow spectrum and decay profile of undoped
BaAL,O,

Undoped BaAl,0, exhibits bluish-green afterglow after the
ultraviolet excitation is ceased. The 3 min-long ultraviolet
excitation is provided by a high-pressure mercury lamp. The
afterglow last for about 20 s to naked eye in dark. The afterglow

RSC Adv, 2023, 13, 31M2-31122 | 31115
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Fig. 4 Electronic image of a selected area (a) and elemental maps of Al (b), Ba (c) and O (d) in undoped BaAl,O4. The scale bar represents 30 pm.

spectrum of BaAl,O, is illustrated in Fig. 7(a). Clearly, this
broadband afterglow spectrum is peaked at about 495 nm. Both
the profile and the peak position of this afterglow spectrum are
quite similar to those of BaAl,04:Eu®’,Dy*".>>¢ The insets in
Fig. 7(a) show the photograph of undoped BaAl,0, under lab
illumination (left) and the afterglow photograph of the undoped
BaAl,0, (right). With the chromaticity coordinates of (0.1658,
0.3269), the bluish-green afterglow of undoped BaAl,0O,
confirms the fact that intrinsic defects in BaAl,O, are the origin
of the afterglow.

The duration of afterglow is the time for which an afterglow
material continues to glow after the cessation of excitation until
its luminance drops to the threshold of 0.32 med m ™2, Fig. 7(b)
represents the afterglow decay of undoped BaAl,0,. As shown
by the red solid line, the raw data in Fig. 7(b) are fitted to a tri-
exponential function. Clearly, undoped BaAl,0, has three
different decay components with constants of t; = 0.0211 s, 7, =
1.1138 s and 73 = 8.9928 s, which suggests a set of traps are
present in the phosphor. According to the tri-exponential

3116 | RSC Adv, 2023, 13, 31112-31122

function, it takes about 24.7 s for the afterglow of undoped
BaAl,O, to drop to 0.32 mcd m™>. Therefore, the afterglow
duration of undoped BaAl,0O, is 24.7 s, which is very close to
that estimated with naked eye in dark.

We compared the afterglow intensity of the undoped
BaAl,O, with those of Eu*" doped BaAl,O, (1 and 4 mol%) to see
whether the afterglow intensity is independent on the doping
level. For undoped BaAl,0, without subsequent treatments, its
afterglow intensity is about one tenth of those of Eu** doped
BaAl,O, (1 and 4 mol%). After annealing in oxygen poor envi-
ronment, however, the afterglow intensity of undoped BaAl,O,
can be stronger than the afterglow intensity of Eu®>" doped
BaAl,0, (1 and 4 mol%). These data indicate that the afterglow
intensities of both the undoped BaAl,0, and Eu®*' doped
BaAl,O, (1 and 4 mol%) are independent on the doping level.

3.6. TL glow curve of undoped BaAl,O,

The TL glow curve of undoped BaAl,O, is depicted in Fig. 8.
Peaking at around 313.8 K (40.7 °C), this broad TL glow curve

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Survey scan (a) and high-resolution XPS spectra of Ba 3d (b), Al 2p (c) and O 1s (d) in undoped BaAl,O4.

means that multiple trap levels are present in BaAl,0,.°* Tm);>*** Aizawa et al. recorded the TL glow curve of BaAl,0O,:-
Rodrigues et al. and Lephoto et al. recorded the TL glow curves  Eu”*,Dy*" films," Pandey and Chithambo displayed the TL glow
of BaAl,0,:Eu*",Re*" (Re = La, Ce, Pr, Nd, Sm, Dy, Gd, Tb, Er, curve of electron irradiated BaAl,0,.”” Obviously, both the
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Fig. 6 (a) PL spectrum of undoped BaAlLO, in wavelength scale; (b) PL spectrum of undoped BaAl,O, in energy scale; (c) PL spectrum of Eu*
doped BaALO, (1.0 mol%) in wavelength scale; and (d) PL spectrum of Eu?* doped BaAl,O, (4.0 mol%) in wavelength scale. Inset in panel (a): PL
photo of the phosphor under the 325 nm excitation.
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Fig. 7 Afterglow spectrum (a) and afterglow decay curve (b) of
undoped BaAl,O4. Insets: the photograph of undoped BaAl,O4 under
lab illumination (left) and the afterglow photograph of undoped
BaAl,O4. The bronze sample holder is 20 mm in diameter.
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Fig.8 Computerized deconvolution of the TL glow curve of undoped
BaAlzo4.

profile and peak temperature of undoped BaAl,O, are different
from those of BaAl,O4:Eu”*,Re’*" because traps are sensitive to
a number of factors such as sample preparation details, doping
and irradiation.
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Using a computer program given by Chung et al.,*® we can
deconvolute this TL glow curve with general order kinetics. As
shown in Fig. 8, this TL glow curve is deconvoluted by assuming
5 traps in BaAl,0,. The kinetic parameters, figure-of-merit
(FOM), and the electron lifetime at room temperature are lis-
ted in Table 1. The trap depths of the five traps in BaAl,0, are
determined to be 0.8589, 0.6738, 0.5450, 0.7097 and 0.7419 eV,
respectively.

3.7. Electronic structures of defective BaAl,O,

The bluish-green afterglow and the blue PL of undoped BaAl,O,
seem to originate from the oxygen and barium vacancies in
BaAl,O,. Our recent work demonstrates that the meta general-
ized gradient approximation can be utilized as an efficient
exchange-correlation functional to calculate the band struc-
tures and DOS of BaAl,0,.*" Fig. 9 represents the DFT calculated
band structures and DOS of oxygen-deficient BaAl,O,: (a) the
oxygen vacancy is the F>* center; (b) the oxygen vacancy is the F*
center; and (c) the oxygen vacancy is the F° center. The F**, F",
and F° centers are doubly, singly, and neutrally charged oxygen
vacancies, respectively. Before scissor operations, the calculated
bandgap values of the F** bearing BaAl,O,, F* bearing BaAl,O,,
and F° bearing BaAl,0, are 6.064, 5.8675, and 6.0662 eV,
respectively. These values are about 6.0, 9.3, and 6.2% less than
the experimental value of BaAl,0, (6.47 eV). After scissor oper-
ations, the bandgap of each oxygen-deficient BaAl,0, is
adjusted to be 6.47 eV. Correspondingly, the defect energy level
of F** is located at 3.13 eV above the valence band maximum
(VBM), the defect energy level of F' is located at 2.09 eV above
VBM, and the defect energy levels of F° are located at 0.30, 4.69,
5.48, 5.63, and 6.26 eV above VBM. These defect energy levels
provide abundant paths for optical absorption and emissions of
undoped BaAl,O,. For instance, Zhang et al. recorded strong
optical absorption in the spectral range 200-2500 nm in oxygen-
deficient BaAl,0,.% Furthermore, both F* and F*" centers are
able to trap electrons from surrounding environment because
they are positively charged. Therefore, oxygen vacancies might
work as electron traps for afterglow.

The band structures and DOS of barium-deficient BaAl,O,
are also calculated. The defect energy levels of barium vacancy
are found to locate at about 0.50 eV above VBM. This barium
vacancy carries two negative charges. Being negatively charged,
these barium vacancies might work as hole traps. Such traps
capture holes easily in the valence band because they are very
close to VBM. In an analogous DFT study of SrAl,O,, the defect
energy levels of Sr vacancies are within 1 eV above VBM or even
lie below VBM.” In another DFT study, McKenna et al. reported
that the charge transition levels of hafnium vacancy in HfO, are
0.76-1.67 €V above VBM.*

3.8. Afterglow origins of undoped BaAl,O,

Among the three kinds of F centers, the defect energy levels of
F** center are suitable for the blue emissions of undoped
BaAl,0,. In light of the defect energy levels of the F>* center and
the barium vacancy, the processes of photo-excitation (process
@), carrier relaxation (process @), carrier trapping (process ®),

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table1 Kinetic parameters of the computerized deconvolution of the TL glow curve of undoped BaAl,O4. T\, represents the peak temperature,
E is the trap-depth, s is the frequency factor, b is the order of kinetics, and 1300 is the room temperature electron lifetime in the trap

T (K) E (eV) s(s™ b no (em™) 300 (h) FOM (%)
Trap 1 306.35 0.8589 4.051 x 10" 1.694 4.175 x 10* 1.87 x 10° 3.283
Trap 2 326.25 0.6738 5.136 x 10’ 1.747 6.659 x 10" 1.08 x 10"
Trap 3 358.75 0.5450 7.399 x 10* 1.191 4.362 x 10* 1.36 x 10"
Trap 4 396.75 0.7097 1.624 x 10° 2.000 5.137 x 10* 3.65 x 10*
Trap 5 472.05 0.7419 9.745 x 10* 2.000 4.163 x 10* 2.20 x 10°
band peaking at about 2.63 eV (472 nm); and (ii) the afterglow
10 ] spectrum of undoped BaAl,0, would be peaked at 2.63 eV (472
s ] nm). Indeed, Fig. 6 verifies that the PL spectrum of undoped
o ta) 7 BaAl,0, can be deconvoluted into a blue PL band centered at
g 4 . about 3.08 eV (402.6 nm) and a bluish-green PL band centered
=2 N at 2.53 eV (490.1 nm). Furthermore, Fig. 7 confirms that the
0 i

E(eV)

E(eV)

r M L A I K H A0

50 100 150 200

Wavevector DOS

Fig. 9 DFT calculated band structures and DOS of oxygen-deficient
BaAl,Oy: (a) the oxygen vacancy is F2* center; (b) the oxygen vacancy
is F* center; and (c) the oxygen vacancy is F® center.

carrier detrapping (process ®), and carrier recombination
(process @ and ®) are sketched in Fig. 10 for undoped BaAl,O,.
Detailed interpretations on the processes are available else-
where."?**> Under the assumptions of the defect energy levels
at Ey + 3.11 eV (for F** center) and Ey + 0.5 eV (for the barium
vacancy), both the PL and the afterglow of undoped BaAl,O, can
be interpreted. If the mechanism in Fig. 10 sounds, we can
expect that: (i) the PL spectrum of undoped BaAl,0, would have
one PL band peaking at about 3.13 eV (396 nm) and another PL

© 2023 The Author(s). Published by the Royal Society of Chemistry

afterglow spectrum of undoped BaAl,O, is peaked at about
2.51 eV (495 nm). The errors between the experimental and the
expected data are related to the limited accuracy of the DFT
calculations.

As illustrated in Fig. 10, there are two radiative relaxation
paths, which are represented by processes @ and ®, respec-
tively. The radiative relaxation process ® is evidenced by the
broadband bluish green afterglow of undoped BaAl,O, peaking
at about 495 nm (2.51 eV). Conversely, the radiative relaxation
process @ is not evident in the afterglow spectrum of undoped
BaAl,O, because of the absence of a blue emission band peak-
ing at about 3.08 eV (402.6 nm). Theoretically speaking, a blue
emission band peaking at about 400 nm should coexist with the
bluish-green emission band in the afterglow spectrum of
undoped BaAl,0O, if the afterglow mechanism illustrated in
Fig. 10 is correct. As discussed in our previous work, a hole at
the energy level of barium vacancy has a lower energy than
a hole in the valence band, thus holes tend to fill the energy level
of barium vacancy at a much higher probability than holes
occupy the valence band, which renders the contribution of
process @ negligible when compared to the process ®. This

Conduction Band

vy,
o}
Valence Band

Fig. 10 Schematic illustration of the PL and afterglow mechanisms of
undoped BaAlL,O4. Details on the processes are available
elsewhere 192022
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should be the reason why the afterglow spectrum of BaAl,O,
exhibits the bluish-green emission band only, leaving the blue
emission band absent. This work focuses mainly on the PL and
afterglow features of undoped BaAl,0,. It suggests that the
presented mechanism of afterglow caused by vacancies may be
regarded as just one of the afterglow sources in BaAl,O,:Eu”*
and BaAl,O,:Eu®*",Re*". In order to demonstrate without the
doubt that Eu”" is not an afterglow center in BaAl,O4:Eu”* and
BaAl,0,:Eu”**,Re*", comprehensive studies are highly necessary.
Further work on the afterglow mechanisms of BaAl,0,:Eu*" and
BaAl,0,:Eu*",Re*" is on the way.

The 4f°5d — 4f” electric dipole transition of Eu®" is parity-
allowed, and the PL decay time of the transition in a large
number of hosts is usually in the range from 0.2 to 2 ps. For
example, the PL lifetime of BaAl,0:Eu”" was reported to be 0.9
us at room temperature.® Therefore, the PL lifetime of undoped
BaAl,0, can provide complementary evidence on the intrinsic
defects related emissions for undoped BaAl,O,. Fig. 11 illus-
trates the PL decays of undoped BaAl,0O, (black open circles)
and their exponential reconvolutions (green solid curve) when
the detection wavelengths are fixed at 400 nm (a) and 495 nm
(b), respectively. The excitation wavelength is 320 nm. The
instrument response function (blue solid curve) is given for

103 (a) I,=0.143 1,=0.8920 ns
E I,=0.055 1,=3.2694 ns
C I,=0.004 1,=23.849 ns
B Tovg = 7.3908 ns
5 10° f_j
1=} =
=] _
o
Q
10!
O Rawdata
— IRF
Fit
100 | | ] | ] | l | l
0 20 40 60 80 100
103 (b ) 1,=0.087 t,=1.1904 ns
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» 107
-
c
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Fig. 11 PL decays (black open circles) and exponential reconvolution
fits (green solid curves) of BaAl,O,4 at different detection wavelengths:
(@) 400 nm; and (b) 495 nm. Excitation wavelength: 320 nm. Pulsed
period: 100 ns.
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each decay curve. Both decay curves can be deconvoluted by
a tri-exponential decay function. As listed in Fig. 11, the aver-
aged lifetimes are 7.39 and 4.70 ns for the emissions at 400 and
495 nm, respectively. These PL lifetimes are far shorter than
that of BaAl,0,:Eu®*, but are in line with those of the defect-
related emissions in undoped SrAl,0,4,'° undoped CaAl,0,4,*
Eu®" doped CaAl,0,,%® and a large number of other inorganic
materials.>*>%* The PL lifetimes in the order of a few nano-
seconds reveal the nature of defect emissions of the two PL
subbands of undoped BaAl,0,. In order to check whether
undoped BaAl,0, has longer PL lifetime, we have measured
a series of PL decay curves of undoped BaAl,O, by extending the
pulsed period from 200 ns to 50 microsecond. PL lifetime longer
than 10 ns, however, is not detected for undoped BaAl,O,.
Alternatively, we measured a series of PL decay curves of Eu*"
doped BaAl,0, (1.0 and 4.0 mol%) by extending the pulsed
period from 50 ns to 50 microsecond. Analysis of the PL decay
curves shows that PL lifetimes of Eu”* doped BaAl,0, (1.0 and
4.0 mol%) are less than 10 ns. It confirms that the PL lifetime of
undoped BaAl,0, is much shorter than 0.9 microsecond.

4. Conclusion

The afterglow and PL properties of sol-gel derived BaAl,O, have
been investigated. After excited by a high-pressure Hg lamp for
3 min, bluish-green afterglow of undoped BaAl,O, is discernible
to naked eye for about 20 s. The afterglow spectrum of the sol-
gel derived BaAl,O, has a broad profile with its peak at around
495 nm. The steady-state PL spectrum of the sol-gel derived
BaAl,O, can be deconvoluted into a bluish-green PL band
centered at about 490.1 nm (2.53 eV) and a blue PL band
centered at about 402.6 nm (3.08 eV). The TL glow curve reveals
that a set of traps are present in undoped BaAl,0,. With their
trap depths in the range of 0.5450-0.8589 eV. Defect energy
levels of oxygen vacancies (i.e., F°, F* and F**) and doubly
negatively charged calcium vacancy are derived via the DFT
calculations. It is found that: (i) the defect energy level of F>*
center is located at 3.13 eV above VBM; (ii) the defect energy
level introduced by the doubly negatively charged barium
vacancy is about 0.5 eV above VBM; and (iii) the oxygen and
calcium vacancies in undoped BaAl,0, are the origin of the
bluish-green afterglow and the blue PL of undoped BaAl,O,.
Both the bluish-green afterglow and the blue PL of undoped
BaAl,O, can be interpreted in terms of defect energy levels
introduced by the oxygen vacancy F>' center and calcium
vacancy. The recorded bluish-green afterglow of undoped
BaAl,O, is important to understand the afterglow mechanisms
of rare-earth doped BaAl,O,.
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