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ABSTRACT

A low-cost ZnAl,04:Mn?* green nanophosphor for field emission display (FED) was successfully synthe-
sized by the coprecipitation method and a two-step firing, firstly calcining at 1200°C for 2 h in air and
then annealing at 900°C for 3 h in flowing NH; gas. The effects of the preparation process and the Mn?*
concentration on optical properties of ZnAl,04:Mn?* were investigated. The phase composition, particle
morphology, photoluminescence (PL) spectra of the ZnAl,04:Mn?* phosphor as well as low-voltage field
emission properties of the FED device prepared by using the synthesized ZnAl,04:Mn?* phosphor were
examined. Similar to ZnGa,04:Mn2%*, Mn?*-doped ZnAl,0,4 showed two green emission bands centered
at 508 and 517 nm, respectively, which originate from “T;(*G)—®A;(°S) transitions of Mn%* on T4 and Oy,
sites. The PL intensity reached the maximum at 0.5 at.% Mn2*. Under the low-voltage excitation, the FED

Cathodoluminescence
FED

device exhibited bright green emission, high voltage brightness saturation, and high color purity.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Recently, field emission display (FED) has been studied exten-
sively as the next-generation full color flat panel display device. In
comparison to the conventional cathode-ray tubes (CRT), FED tech-
nology requires a phosphor screen to be operated under a lower
electron accelerating voltage, typically 1-5KkV. Therefore, phos-
phors for FED should possess the features of: (i) high efficiency
under the low-voltage excitation; (ii) high resistance to current sat-
uration, high chemical and thermal stability, and long lifetime at
high current density; (iii) good thermal and electrical conductivity
[1,2].

It is well-known that manganese-doped ZnGa;O4 spinel
(ZnGa;04:Mn2*) exhibits green emission corresponding to the d-d
transition of MnZ* under the UV light or electron beam excitation,
as well as high chemical stability in comparison to other phosphors
such as sulfides and oxysulfides. Therefore, it has been successfully
used in flat-panel displays as a low-voltage oxide phosphor [3-7].
However, the high cost of source materials containing Ga limits
its application to optical devices. As an alternative, ZnA1,04:Mn2*
could be an interesting FED phosphor because Al and Ga belong to
the same IlIA family in the periodic table. Most importantly, starting
materials containing Al are much cheaper and easier to be acquired.
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Similar to ZnGa;0y4, zinc aluminate (ZnA1,04) is also a well-
known wide-band gap semiconductor which has an optical
bandgap of about 3.8 eV [8,9]. It has attracted many interests as
a phosphor host material for applications to thin film electro-
luminescent displays, mechano-optical stress sensors, and stress
imaging devices because of its moderate conductivity, high thermal
and chemical stability, and good optical and catalytic properties.
Green electroluminescence (EL) and stress-stimulated lumines-
cence have been observed in the Mn-doped ZnA1,04 film and
powder [10-14]. Recently, nanostructured ZnA1,04:Mn?* phos-
phors have been studied intensively and successfully prepared by
a simple sol-gel and combustion method. Under the electron beam
irradiation in vacuum, intense cathodoluminescence (CL) with high
chromaticity was observed. The CL intensity can be enhanced by
the careful control of the cationic molar ratio of Zn to Al atoms and
a post-synthesis treatment [9,13,15,16]. The above results suggest
that Mn-doped ZnAl,04 would be a good green-emitting CL phos-
phor for low-voltage FEDs. However, up to now, there is no report
on its application to FED device.

In this work, Mn-doped ZnAl,04 nanophosphors will be
prepared by the coprecipitation method. The phase evolution,
microstructure, and photoluminescence (PL) properties of syn-
thesized powders are characterized by X-ray diffraction (XRD),
filed-emission scanning electron microscopy (FESEM), and fluores-
cence spectrophotometer, respectively. The influence of the dopant
concentration on optical properties is also investigated. Finally, the
phosphor screens as an anode plate with a size of 1cm x 1 cm are
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prepared by using the synthesized ZnAl,04:Mn2?* and their low-
voltage CL characteristics will be discussed in details.

2. Experimental

Zn;_yMnyAl, 04 nanophosphors with x=0.003-0.020 were synthesized by the
coprecipitation method. Zinc nitrate hexahydrate (Zn(NOs),-6H,0, >99.0%, analyt-
ical grade, Sinopharm Chemical Reagent Co., Ltd.), aluminium nitrate nonahydrate
(AI(NO3)3-9H,0, >99.0%, analytical grade, Sinopharm Chemical Reagent Co., Ltd.)
and manganese(Il) acetate tetrahydrate(C4HgMnO4-4H,0, >99.0%, analytical grade,
Sinopharm Chemical Reagent Co., Ltd.) were used as starting materials in the present
work. Ammonium bicarbonate (NH4HCO3, >99.0%, analytical grade, Sinopharm
Chemical Reagent Co., Ltd.) was used as a precipitant.

Stoichiometric amount of Zn(NOs ),-6H, 0, AI(NOs3 )3-9H,0 and C4HgMnO4-4H,0
were firstly dissolved in deionized water according to the target compositions of
Zny_xMnyAl;04 (x=0.003-0.020) to form the transparent stock solution of mother
salts. The concentration of Zn?* was 0.01 M. 2 M ammonium bicarbonate solution
was then prepared and used as the precipitant solution. The precursor precipitate
was produced by adding the mixed salt solution at a speed of 3 ml/min from a burette
into the ammonium bicarbonate solution under the mild agitation at room tem-
perature (RT). During the coprecipitation, a pH value of 8 was kept constant. For
multi-cations materials, the reverse strike technique has the advantage of higher
cation homogeneity in the precursor. The slurry obtained was aged for 12 h with
agitation by a magnetic agitator. Subsequently, the precipitation was filtered and
washed repeatedly with deionized water and alcohol to completely remove the by-
products of the reaction. After that, the resulting product was dried at 80°C for
12 h. The dried cake was crushed with an agate pestle and mortar. Finally, the pre-
cursor powder was placed in an alumina crucible and calcined at 800-1200°C for
2h in an alumina tubular furnace in air. This finally leads to ZnAl,04 crystallines
and oxidizes a little amount of remanent CH;COO~ group. Simultaneously, Mn?*
in the starting materials may be oxidized to higher valences such as Mn3* and
Mn#, which will affect the luminescent properties of phosphors. Therefore, the
as-synthesized phosphors were then post heat-treated at 900 °C for 3 h in flowing
NHj3 gas atmosphere.

X-ray powder diffraction (XRD) patterns of the precursor and calcined powders
were recorded on a D8 ADVANCE X-ray diffractometer with the Cu K« radiation
at 40kV and 40 mA. The morphology of ZnAl,04:Mn?* phosphor was observed by
a field-emission scanning electron microscope (FESEM, Hitachi S4700). PL spec-
tra at RT were examined by a fluorescence spectrophotometer (Horiba Jobin Yvon,
FluoroMax-4). The low-voltage field emission properties of phosphor screens were
measured by achroma meter (CS-100A) in a vacuum chamber with the base pressure
of 105 Pa at RT. The anode of phosphor screens coated on an indium tin oxide (ITO)
glass plate by the screen printing was separated from the carbon nanotubes (CNTs)
film cathode by a teflon foil with a thickness of 270 wm. A simple FED device with
a parallel diode-type configuration was assembled by the phosphor screen anode
and the CNTs film cathode, as seen in Fig. 1 [17]. The measured emission area was
fixed at 1cm x 1 cm.

3. Results and discussion

Fig. 2 shows XRD patterns of the as-prepared ZnAl,04:0.5 at.%
Mn precursor and powders calcined at various temperatures for
2h. It can be noted that the resultant precursor after drying is
almost amorphous, and no obvious diffraction peaks are identi-
fied. After calcined at 800°C in air, all the characteristic peaks
of the cubic ZnAl,04 spinel phase appear, which indicates that
the ZnAl,04 cubic phase starts to crystallize at this temperature.

Anode glass

Phosphor screen
1x1ecm?

ITO film

\ Teflon foil
Carbon nanotubes Cathod
1X1¢cm2

Fig. 1. Parallel diode-type configuration sketch for field-emission testing.
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Fig. 2. XRD patterns of the precursor and powder of ZnAl;04:0.5 at.% Mn calcined
at various temperatures for 2 h; The inset shows the XRD peak in (31 1) plane.

As the annealing temperature increases from 800 to 1200°C, the
diffraction peaks sharpen and the intensity continuously increases,
suggesting that the ZnAl, 04 crystallites gradually grow. Moreover,
the diffraction patterns shift to the lower angel as seen in the inset
of Fig. 2. The difference of Af=0.04° between the peak position of
the sample annealed at 800 °C and that of the sample annealed at
1200°C indicates that the lattice constant is slightly increased due
to the partial replacement of the smaller Zn?* (74 pm) by the larger
Mn?2* (80 pm) [5,18]. In addition, the removal of oxygen vacan-
cies in the lattice or surface defects due to the high temperature
oxidation can also contribute to such a lattice expansion as well
as better crystallinity [19,20]. Generally, the better crystallinity of
a phosphor can obviously improve the optical properties, such as
luminescecnt intensity, quantum efficiency, and thermal stability.
Therefore, in the following experiments, the calcining temperature
of the first step is fixed at 1200 °C.

Fig. 3 shows the FESEM micrograph of the Mn-doped ZnAl,04
phosphor calcined at 1200°C for 2 h in air. It can be seen that the
phosphor prepared by the coprecipitation method shows relatively
uniform, dispersive, and nearly spherical morphology. The average
particle size is about 50 nm. It is well known that the luminescent
properties of a phosphor powder are dependent upon its parti-
cle size and size distribution. Finer particles tend to have more
surface luminous states arising from their increased surface/bulk

S4700 10.0kV 12.4mm x80.0k SE(V) 6/8/2010 13:52

500nm

Fig. 3. FESEM image of the ZnAl,04:0.5 at.% Mn phosphor calcined at 1200°C
for 2h.
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volume ratio. This may result in different luminescent properties
from the bigger ones [21,22]. Phosphor particles with a uniform size
are thus beneficial to highly efficient and uniform luminescence
[23]. For the practical application of ZnAl,04:Mn2* phosphors to
FED, smaller particle size, narrower size distribution, and nearly
spherical shape would improve the resolution of the display device
by decreasing the pixel size. Simultaneously, a denser and uniform
phosphor layer would be formed on the substrate through the close
packing of phosphor spheres, which can prolong the lifetime of the
device and improve its stability. Therefore, by using such kind of
phosphors, the luminescent efficiency and the brightness of the
phosphor panel are expected to be improved. In addition, a small
amount of aggregates can be also observed because of the high
sintering temperature.

The excitation and emission spectra of ZnAl,04 doped with 0.5
at.% Mn fired at different conditions are present in Fig. 4. Obviously,
the firing process has a great influence on PL properties of the syn-
thesized ZnAl,04:Mn. The sample annealed at 1200°C for 2 h in air
shows only a weak blue-green emission band centered at 490 nm
and a broad weak excitation band ranging from 306 to 400 nm. The
body color of the phosphor is brown, which could be attributed
to the oxidation of most Mn2* to higher valence (Mn3* and Mn**)
in air. When the sample was only fired at 1200°C for 3h in a gas
flow of NHs, the PL spectrum is similar to that of the sample cal-
cined in air, showing a relatively lower intensity. In a strong NH3
reducing atmosphere, a small amount of remanent CH3COO~ group
cannot be completely oxidized, which leads to the residual car-
bon. Therefore, the calcined phosphors are black, which have very
low luminescence. However, when powders were firstly fired in air
and then reduced in flowing NHs, the intense green emission from
Mn?* is detected. The corresponding daylight color changes from
brown to white due to the reduction of manganese ions from the
higher valences to Mn2*. Under the excitation of 310 nm, the emis-
sion spectrum consists of two bands resulting from 4T; (G)—%A,
(6S) transitions of Mn2* [24,25]. One peak locates at 508 nm and
the other one at 517 nm. Two emission bands are attributed to
two different sites of Mn?* ions: tetrahedrally coordinated Zn2?*

sites surrounded by four oxygens [Mngz2+ (Tq)] and octahedrally

coordinated AI3* sites surrounded by six oxygens [anA;g+ (O,
respectively. It is known that the emission of Mn2"* strictly depends
on its coordination number in the host material and the size of the
crystallographic site where it occupies [26,27]. Two different Mn2*
ions experience the different crystal field strength as a result of
the different environment. The crystal field of Mn2* ions at Oy, sites
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Fig. 4. Excitation and emission spectra of the ZnAl,04:0.5 at.% Mn phosphors fired
in different atmosphere: (a) 1200°C for 2 h in air and post heat-treated at 900 °C for
3hin NHs; (b) 1200°C for 2 h in air; and (c) 1200°C for 2 h in NHs.
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Fig. 5. The PL intensity and peak emission wavelength at 508 nm as a function of
Mn?* concentration.

is stronger because they are coordinated to more neighboring ions,
which leads to the red shift of the emission wavelength [28]. There-
fore, the peak at 517 nm can be assigned to Mn2* on Oy, sites, and the
peak at 508 nm can be attributed to Mn2* on Ty sites. These results
are consistent with PL spectra of Mn%*-doped ZnGa,0,4 reported
by Kim et al. [5]. It is confirmed that ZnAl,04:Mn%* powder is
also a good green-emitting phosphor. The broad excitation band
in the wavelength range of 306-460 nm can be observed with the
monitoring wavelength of 508 nm. Definitely, the strong excitation
bands below 330 nm originate from the host lattice absorption, as
can be concluded from the wide band gap of 3.8 eV of ZnAl,04
[7,8]. The appearance of the host lattice absorption bands in the
excitation spectrum indicates that there exists an efficient energy
transfer from the host lattice to Mn?2* ions. The remaining excita-
tion bands in the wavelength range of 330-460 nm can be assigned
to the transitions of Mn2* from ground state 6A; (6S) to “E (*D), T,
(4D), [*A1(*G), E(*G)], T2 (*G) and “T; (*G) levels, respectively.
Excitingly, the obvious excitation peaks at 446 and 455 nm could
make ZnAl,04:Mn2* to be a suitable green phosphor for white LEDs
using blue LED chips.

Fig. 5 shows the dependence of PL intensity and the peak emis-
sion wavelength at 508 nm of the ZnAl,04:Mn?* phosphors with
varying Mn2* concentrations. It can be seen that the PL intensity
at 508 nm (Ty) rapidly increases with the Mn2* content increas-
ing from 0.3 to 0.5 at.% and reaches the maximum at about 0.5
at.%. Above this concentration, the concentration quenching occurs.
Meanwhile, no obvious shift in the peak emission wavelength is
observed with the Mn?* concentration varying from 0.3 to 2.0 at.%.
It may be attributed to the low doping concentration and no overlap
between the excitation and emission spectrum. The above phe-
nomenon can also be observed for the emission band at 517 nm
(0y,), but, the emission intensity ratio of Mn2* ions at 508 nm to
that at 517 nm keeps unchanged when the Mn2* concentrations
increase, suggesting that the ratio of Mn2* ions on Ty sites to Oy,
sites does not vary with its concentration.

In order to investigate the low-voltage field emission prop-
erties of phosphors synthesized in the present work, a simple
FED device with a parallel diode-type configuration was prepared,
as seen in Fig. 1. It consists of two parts: the phosphor screen
anode and the CNTs film cathode. The measured area is fixed
at 1cm x 1 cm. Fig. 6 shows the luminous efficiency of the FED
device prepared by using the synthesized ZnAl,04:0.5 at.% Mn2*
phosphor excited by different voltages. As expected, the luminous
efficiency remarkably enhances with an increase in the acceler-
ating voltage. Moreover, no brightness saturation occurs even at
700V, which is very useful for highly efficient FED devices. The
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Fig. 6. Dependence of luminous efficiency of the ZngggsMnggosAl,04 phosphor
screen with 1cm x 1.cm on the excitation voltage.
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Fig. 7. Chromaticity coordinates of Mn2*-doped ZnAl,04. The inset shows a photo-
graph of FED flat device by using ZnAl,04:Mn?* on excitation at 500 V. The blackbody
radiation locus is indicated by the solid curve.

increase in luminous efficiency with an increase of acceleration
voltage is attributed to the deeper penetration of electrons into the
phosphor body, the larger electron beam current density, and the
better electrical conductivity of ZnAl,04. The chromaticity coor-
dinates of ZnAl,04 with 0.5 at.% Mn2* are x=0.207 and y=0.614,
as shown in Fig. 7. Compared to other green phosphors, such as 8-
Sialon:Eu?* and y-AION:Mn2* Mg?*, ZnAl,04:Mn2* exhibits higher
color purity, which enables to achieve a larger color gamut for
devices. A photograph of an FED flat device by using ZnAl,04:Mn2*
as the emission phosphor excited by 500V is present in the
insert of Fig. 7. The promising features of the phosphor, such
as relatively uniform and dispersive morphology, small particle
size, high voltage brightness saturation, and high color purity,
make ZnAl,04:Mn?* a very attractive green phosphor for FED flat
devices.

4. Conclusions

Uniform and dispersive ZnAl,04:Mn?* nanophosphors for FEDs
were successfully prepared by the coprecipitation method. The
influence of the Mn concentration on the photoluminescence was
investigated. The phosphor firstly fired at 1200 °C for 2 h in air and
then reduced at 900 °C for 3 hin flowing NH3 show two green emis-
sion bands centered at 508 and 517 nm, which originate from Mn?2*
ions on Ty and Oy, sites. The concentration quenching occurs at 0.5
at.%. A simple FED device was prepared for the first time by using the
synthesized ZnAl,04:Mn?* nanophosphor. Under the low-voltage
excitation, it exhibits bright green emission, high voltage bright-
ness saturation, and high color purity.
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