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Single-phased white-emitting 12Ca0O-7A1,05:Ce>*, Dy>* phosphors with
suitable electrical conductivity for field emission displays

Xiuling Liu,” Yuxue Liu,* Duanting Yan,” Hancheng Zhu,” Chunguang Liu,” Changshan Xu,” Yichun Liu“

and Xiaojun Wang*?

Received 1st May 2012, Accepted 2nd July 2012
DOI: 10.1039/c2jm32741d

A novel white-light-emitting phosphor, 12Ca0-7Al,05:Ce**, Dy**with H™ encaging, was prepared by
the solid-state reaction in H, atmosphere. Upon excitation at 362 nm, the phosphor shows intense
white-light emission that combines the blue and yellow emissions at 476 and 576 nm, assigned to the
*Foip — SHysp and *Fop, — ®H, 3 transitions of Dy**, respectively. A weak broad blue emission
centered at 430 nm is also observed and attributed to the 5d—4f transitions of Ce**. The
photoluminescence intensity of Dy>* increases greatly with increasing Ce®* concentration, indicating
that the effective energy transfer occurred from Ce** to Dy*" in the phosphor. In particular, the
phosphor can be converted to a persistent semiconductor upon ultraviolet irradiation due to the
electrons released from the encaged H™ ions, and the electrical conductivity is measured to be

1072 S cm™". The conductive phosphor exhibits excellent white-light emission (CIE coordinate of
(0.324, 0.323)) under low-voltage (5 kV) electron beam excitation, suggesting that the phosphor is a

potential candidate for applications in field emission displays.

1. Introduction

Recently, field emission displays (FEDs) have been considered as
one of the most promising technologies in flat panel displays
because they provide thin panels, self-emission, a distortion-free
image, wide viewing angle, low weight, and quick response, as
well as low power consumption."™ Phosphors for FEDs are
required to have high emission efficiency, good chemical
stability, and effective conductivity with high beam current
density.>® FED phosphors need to have suitable electrical
conductivity because insulating phosphors do not transfer elec-
trons and the charge build-up on the phosphor decreases the
efficiency of the phosphor.® Although many efficient sulfide-
based compounds with suitable electrical conductivity have been
explored as possible low voltage phosphors, the volatility of
sulfur has prohibited their use in the FEDs.'*'* Oxide-based
phosphors are more stable and environmentally friendly
compared to sulfides. However, most oxide-based phosphors
have low electrical conductivity. Therefore, it is a challenge to
find novel oxide-based phosphors with suitable electrical
conductivity and good chemical durability for improving the
performance of FED devices.

12Ca0-7A1,03 (Cj2A7) can be an appropriate candidate for
such phosphors due to its unique crystal nanocage structure.'>!*

“Center for Advanced Optoelectronic Functional Materials Research,
Northeast Normal University, 5268 Renmin Street, Changchun 130024,
China. E-mail: yxliu@nenu.edu.cn

*Department of Physics, Georgia Southern University, Statesboro, GA
30460, USA. E-mail: xwang@GeorgiaSouthern.edu

The unit cell of C;,A5 consists of 12 cages forming the positively
charged [Cas4AlsOgs]** framework and two free 0>~ occupying
randomly two of the 12 cages to maintain the charge neutrality.
Hosono et al. have converted C;,A; from an insulator into a
semiconductor by doping with H™ ions followed by irradiation
with ultraviolet (UV) light and investigated its electrical prop-
erties.’® The oxygen ions can also be replaced by electrons
through reduction treatment**!¢ to form Cj,A7:e ™, a new type of
electride that can be applied as an excellent field electron emitter
in FED devices due to its low work function and stability at room
temperature.”” We have prepared C;,A-Er’™ and C,A7:Th*"
phosphors with intense green emissions and C;,A7:Dy** phos-
phor with the yellowish white emission.'®?° As a result, Ci,A
doped with rare earth and H™ ions followed by irradiation with
UV light can serve as a phosphor for FEDs with dual functions in
both luminescence and conductivity. The same matrix materials
can be used as both anode phosphor and cathode electron field
emitter for FEDs.

Moreover, single-phased white-light-emitting phosphors are
needed for making white-light sources for applications such as
solid-state multicolor three-dimensional display and back light,
which have led to very active research efforts in the phosphor
synthesis.?"»?*> However, little research work has been done in
dealing with single-phased phosphors with white cath-
odoluminescence (CL) suitable for applications as backlights
in FEDs. 't

In this paper, we prepared C;,A-:Ce**, Dy*" as single-phased
white-light-emitting phosphors by solid-state reactions. Their
photoluminescence (PL), CL, and electrical conductivity have
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J. Mater. Chem., 2012, 22, 16839-16843 | 16839


http://dx.doi.org/10.1039/c2jm32741d
http://dx.doi.org/10.1039/c2jm32741d
http://dx.doi.org/10.1039/c2jm32741d
http://dx.doi.org/10.1039/c2jm32741d
http://dx.doi.org/10.1039/c2jm32741d
http://dx.doi.org/10.1039/c2jm32741d
http://pubs.rsc.org/en/journals/journal/JM
http://pubs.rsc.org/en/journals/journal/JM?issueid=JM022033

Downloaded by Northeast Normal University on 22 August 2012
Published on 03 July 2012 on http://pubs.rsc.org | doi:10.1039/C2IM 32741D

View Online

been investigated in detail. The phosphor shows excellent white-
light emission (CIE coordinate of (0.324, 0.323)) under low-
voltage electron beam excitation and the electrical conductivity is
measured to be a high value of 1072 S cm™'. The new
C1,A7:Ce*, Dy*' phosphor system overcomes the disadvan-
tages mentioned above and our results indicate that it has a great
potential for applications in FED devices.

2. Experimental

C1pA7:x% Ce*", 1% Dy** powders were synthesized by solid-
state reactions using CaCOj3 (99.99%), Al,O3 (99.99%), CeO,
(99.99%), and Dy,O3 (99.99%) as the starting materials. The
ingredients were quantitatively mixed, and then pre-fired at 850
°C in air atmosphere for 2 hours. After cooling down to room
temperature, the pre-fired samples were thoroughly reground
and subsequently calcined at 1350 °C in a reducing atmosphere
of 20% H,/80% N (the flow rate of the gas was 40 ml min~") for
8 hours to introduce H™ (C12A7:H™)."® The dense polycrystalline
C,A7H™, C**, Dy** pellet was fabricated for Hall electrical
measurement.

The X-ray diffraction (XRD) patterns were performed on a
Rigaku D/max-RA X-ray diffraction spectrometer using Cu Ko,
radiation (the line of 0.15418 nm). The morphology was char-
acterized by scanning electron microscopy (SEM, FEI, Quanta
FEG 250). Diffuse reflectance spectra were taken using a
Lambda 900 UV/VIS/NIR spectrophotometer (Perkin Elmer,
USA). The PL measurement was recorded using a SHIMADZU
RF-5301PC spectrofluorometer. The CL measurement was per-
formed using a MonoCL4 system (Gatan UK) attached to an
SEM, in which the phosphors were excited by an electron beam
(accelerating voltage = 5 kV, filament current = 270 pA). The
electrical property was investigated by a Hall effect electrical
measurement system (Lakeshore, 7704) in the van der Pauw
configuration. All measurements were performed at room
temperature.

3. Results and discussion

The XRD patterns of CjA7:x% Ce**, 3% Dy>" are presented in
Fig. 1 (x =0.1,0.2, 1.0 and y = 0.1). The main diffraction peaks
are in good agreement with the standard powder diffraction data

x=1.0,y=0.1

N l°lf llll,l" hLl ik

x=0.2,y=0.1
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—

Fig. 1 XRD patterns of Cj,A7:x% Ce**, 0.1% Dy*". (O represents the
unknown phase).

(C12A7, JCPDS: 09-0413). Ce** has an ionic radius of 1.03 A and
Dy** 0.91 A, both of which are much larger than that of AI**
(0.39 A,CN = 4). Therefore, it is reasonable to suggest that Ce>*
and Dy*" ions preferentially substitute for Ca®" ions with an
equivalent radius (0.99 A) in C;»A;7. When x = 1, an unknown
phase will appear as depicted in Fig. 1. When y > 0.1, some
additional phase similar to CaDyAlQy, is also found in Cj,A5.
The concentration of Dy>* ion is fixed at 0.1% in order to gain
strong luminescence and avoid phase change.

Fig. 2 shows the singly doped emission (C;,A7:1.0% Ce’™,
Fig. 2a, dashed line) and excitation (C1,A7:0.1% Dy*", Fig. 2a,
solid line) spectra and the excitation spectrum for a co-doped
sample (C1,A7:1.0% Ce**, 0.1% Dy**, Fig. 2b). The singly doped
C2A7:1.0% Ce** possesses a broad band emission centered at
430 nm, which is attributed to the transitions from 5d' to >Fs,
and Fy),. The excitation spectrum of singly doped C,A7:0.1%
Dy** yields abundant absorption bands in the 300-480 nm
range, attributed to the f-f transitions from the ground state
®H, 5/, to the various excited states of the Dy*" ions. A significant
spectral overlap is observed between the emission band of
C12A7:1.0% Ce** and the excitation band of C;,A7:0.1% Dy**,
making it possible to have an efficient energy transfer from Ce**
to Dy>". The excitation spectrum of the co-doped C;2A7:1.0%
Ce*", 0.1% Dy>" strongly supports the occurrence of the energy
transfer, as shown in Fig. 2b.2* The f—d absorption bands of Ce*"
in the near UV region dominate the excitation spectrum while
emission of Dy3+ at 576 nm (4F9,2 — 6H13/2) is monitored. The
excitation band centred at 455 nm (°Hysp, — *I;s») is most
effective in the singly doped Ci,A7:0.1% Dy**, but in the
co-doped C1,A7:1.0% Ce**, 0.1% Dy** sample, the intensity of
the dominating excitation band (peaked at 362 nm) due to Ce*" is
about 140 times stronger than that of the ®H;s» — “Iys tran-
sition of Dy**. The efficient energy transfer allows us to take
advantage of the strong 4f-5d absorption in Ce** and to improve
the PL efficiency of Dy>".

Fig. 3 exhibits the emission of Cj,A7:x% Ce**, 0.1% Dy*".
When excited at 362 nm, which is in the efficient excitation region
of Ce**, C1oA7:x% Ce®*, 0.1% Dy>", bluish white emission of the
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Fig. 2 (a) Emission spectrum of C;,A7:1.0% ce’t (dashed line) and
excitation spectrum of Cj,A7:0.1% Dy*" (solid line). (b) Excitation
spectrum of Ci,A7:1.0% Cce™*, 0.1% Dy3 *. The inset shows an enlarged
view in the 420-500 nm range.
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phosphors can be seen through naked eyes. The broad band
centred at 430 nm is due to the Ce** emission, as observed in
Fig. 2. The narrow bands centered at 476 and 576 nm are
assigned to the *Fo, = °H,s and *Fon — ®Hj» transitions of
Dy**, respectively. With increasing Ce®* concentration, the PL
intensity of Dy** is found to increase greatly, as revealed in
Fig. 3. The luminescence intensity of Ci,A7:1.0% ce**, 0.1%
Dy*" sample can be enhanced by 20 times compared to
C12A7:0.1% Dy3+, as shown in the inset of Fig. 3. The above
results further suggest that more effective energy transfer
occurred from Ce** to Dy** in Cp,A-:1% Ce**, 0.1% Dy**
samples.

To obtain conductive phosphors, C1,A7:1.0% Ce**, 0.1% Dy**
powder and pellet samples were adequately irradiated with UV
light (302 nm, 20 W). The colour of the samples changes from
white to dark green and a new optical absorption band centred at
2.78 eV appears, as shown in Fig. 4. The irradiation was stopped
when the colour of the samples became stable. The phenomena
are consistent with that reported by Hosono er al.,'* who have
attributed this absorption band to an F*-like centre created by
trapping an electron in the cage and proved that the UV irradi-

ation caused electron release from the encaged H™ ions, as
expressed by the following reaction:?®
H (c) + O°(c) + null(c) —» OH (c) + 2e(c), (1)

where ¢ and null denote the species in a cage and an empty cage,
respectively. Sushko er al.?® further considered that Cj,A7:H™ is
most sensitive to a wavelength around 300 nm (~4.1 eV), which
corresponds to a charge-transfer transition from the encaged
H™ state to the cage conduction band (CCB) state localized in the
neighbouring cage, as shown in the inset of Fig. 4. These encaged
electrons could move over subnanosized cages of the C,A;
lattice via polaron hopping and convert the insulating C;,A; into
a persistent electronic conductor.?® Tt is believed that electrons
are successfully incorporated into Cj,A7:1.0% Ce*™, 0.1% Dy3+
phosphors after irradiating with UV light.

Furthermore, an empirical relation can be established between
the absorption peak position, Eg,, and the electron concentra-
tion, Ng:’
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" o
" §
n F
n
"
~ il ]
=] ooy 400 450 500 550 600 650 700
© n oW Wavelength (nm)
N2 |
e ..
= s i Mo
7] w N [
g & 1 [
< w R '
c A '
—_— ] 1
| A \
> in \
w
1 Il 1 1

1 Il
400 450 500 550 600 650 700
Wavelength (nm)

Fig. 3 Emission spectra of C;;A7:x% Ce**, 0.1% Dy>". The inset shows
emission spectra of C;,A7:0.1% Dy3+ and CjpA7:1.0% Ce**, 0.1% Dy3+
under 350 nm excitation.

Framework cB
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Fig. 4 The absorption spectra of Cj,A7:1.0% Ce**, 0.1% Dy** before
(solid line) and after (dash-dotted line) UV irradiation. The insets are
photos of C,A7:1.0% Ce**, 0.1% Dy** pellets before (left) and after
(right) UV irradiation.

Ne = [~(Eyp — E,)/0.119]°7%2, 2)
where the low-N, limit £, = 2.83 eV at N, = 1 x 10'® cm ™.
The N. value of C15A7:1.0% Ce**, 0.1% Dy** phosphor evalu-
ated from the above relation is ~10?° cm™>. This value is slightly
higher than the electron concentration of pure single crystal
CpA7 (2 x 10Y ecm™)," which may be attributed to our poly-
crystalline sample with a higher specific surface area and the
doped trivalent rare earth ions. The higher specific surface area
might be beneficial for more encaged H™ formation during the
annealing process. On the other hand, the charge compensation
due to the substitution of trivalent Ce** and Dy** ions for
divalent Ca®" ions might induce more free O ions in
C1,A7:Ce™", Dy**. Based on eqn (1), more encaged H™ and
0>~ will create more encaged electrons after UV irradiation.
Furthermore, the electrical conductivity of the irradiated high-
density polycrystalline C;,A7:1.0% Ce**, 0.1% Dy** pellet is
measured at a value of 1072 S em™!, which is far higher than that
of Y,05:Eu*" phosphors coated with In,O5 (5.2 pS cm™").2% The
results indicate that C1,A7:1.0% Ce**, 0.1% Dy>* system with
encaged electrons has an advantage with regard to FED devices
compared with other insulating oxide-based phosphors.

In addition, the SEM image of the irradiated C;,A;:1.0% ce*t,
0.1% Dy** powders without gold-plating was obtained, as
represented in Fig. 5. The clear image indicates that there is no
charge build-up. The slightly aggregated particles have an
approximately spherical shape and a narrow size range of 1.5—
2.5 um, which is perfect to produce a compact phosphor screen
and thus to improve its CL property.

It is interesting to note that the intensity ratio of yellow to blue
(Y/B) emissions of Dy** increases substantially and the overall
luminescence intensity declines slightly after UV irradiation,
as plotted in Fig. 6. It is known that the yellow emission
(*Fo;» — ®H\32) belongs to the hypersensitive transition (forced
electric dipole), and its intensity is strongly influenced by the
environment around the Dy3+ ions. The encaged anions in Ci,A4
can induce a considerable deformation of its lattice, which can be

This journal is © The Royal Society of Chemistry 2012
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Fig. 5 SEM image of C;,A7:1.0% Ce", 0.1% Dy**.

measured by the Ca—Ca distance in the cage, Dc,_ca, Where the
two Ca ions occupy the sites on the opposite sides of the cage.'®
Dca_ca (5.63 A) of the electron-encaging cage is much larger than
that of H™ and OH™ (4.9 A), 0* (4.27 10\) encaging cages, and
more close to that of the empty cage (5.77 A). The larger the
deformation induced, the lower the symmetry of the lattice
framework created. As a result, the high symmetry of the crystal
field will be resumed after H™ ions release electrons under UV
irradiation. The change of symmetry may be responsible for the
decrease of the overall luminescence intensity with more decrease
in the blue region in comparison with the yellow emission. The
blue emission was absorbed by F*-like centres while the yellow is
transparent in the sample (the absorption band peaked at
2.78 eV, as shown in Fig. 4). As a consequence, the intensity ratio
of Y/B emissions of Dy*" increases after the UV irradiation.
Fig. 7 displays the CL spectra of the UV irradiated C;,A7:0.1%
Dy** and C,A7:1.0% Ce**, 0.1% Dy** phosphors under low-
voltage (5 kV) electron beam excitation. The CL spectra are very
similar to the PL emissions (Fig. 3 or 6) and the luminescence
intensity of the co-doped sample is stronger than that of the
singly doped sample by a factor of 2 to 3, suggesting that the
energy transfer from Ce*” still enhances the Dy** emission under

A=362nm e before UV irradiation

after UV irradiation

Intensity (a.u.)

1 1 1 1 1 1
400 450 500 550 600 650 700

Wavelength (nm)

Fig. 6 Emission spectra of C;,A7:1.0% Ce**, 0.1% Dy3+ before (dashed
line) and after (solid line) UV irradiation.

accelerating voltage: 5 kV
filament current: 270pA x=0,y=0.1

Intensity (a.u.)

1 1 1
400 450 500 550 600 650 700
Wavelength (nm)

Fig. 7 The CL spectra of C;,A7:1.0% Ce**, 0.1% Dy** (solid line) and
C1,A7:0.1% Dy>" (dashed line).
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Fig. 8 The CIE chromaticity diagram for C1,A7:1.0% Ce**, 0.1% Dy**
and C1,A7:0.1% Dy** under low-voltage electron beam excitation.

the electron beam excitation. The energy transfer is less efficient
in comparison with PL because the excitation energy distribution
of the secondary electrons created by the CL source is very
broad. Absorption is not dominated by Ce** as performed in PL
upon a single wavelength excitation at 362 nm, but occurs at all
the excited states of Ce** and Dy** in CL. Meanwhile, the CIE
coordinate of C;,A7:1.0% Ce®*, 0.1% Dy** (0.324, 0.323) is
closer to the standard white light (0.33, 0.33) than C;,A7:0.1%
Dy’* (0.355, 0.364) and LaOCLTb**, Sm®* (0.3405, 0.3207),%* as
shown in Fig. 8.

4. Conclusions

In summary, C;,A7:Ce>", Dy>" has been prepared by the solid-
state reaction as a single-phased, white-light emission phosphor.
Co-doping of Ce** has enhanced the PL intensity of Dy"
significantly due to the effective energy transfer from Ce** to
Dy**. The phosphor can be transformed from an insulator to a
semiconductor by UV irradiation and exhibits an excellent white
light emission under low-voltage electron beam excitation. The
new phosphor has advantages such as chemical stability, elec-
trical conductivity, CIE chromaticity, low-cost preparation, and

16842 | J. Mater. Chem., 2012, 22, 16839-16843
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environmentally friendly nature, making it a great candidate for
applications in FED devices.
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