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Photo- and low-voltage cathodoluminescence in lithium zinc gallate blue
and green thin-film phosphors
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The photo- and cathodoluminescence properties of epitaxial lithium-doped zinc gallate thin-film
phosphors grown on~100! MgO single crystal substrates using pulsed laser ablation were
investigated. The addition of lithium to both undoped and Mn-doped ZnGa2O4 films significantly
enhanced the photo- and low-voltage cathodoluminescent intensity. Cathodoluminescent efficiencies
for as-deposited undoped and Mn-doped lithium zinc gallate films as high as 0.21 lm/W and 0.29
lm/W, respectively, were achieved for 1 kV and 2.26mA/cm2. Based on these results, lithium-doped
zinc gallate thin-film phosphors appear to be attractive for applications in low-voltage field emission
display devices. ©2002 American Institute of Physics.@DOI: 10.1063/1.1448863#
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I. INTRODUCTION

The development of highly efficient phosphor materi
is one of the more challenging areas in the application
field emission displays~FEDs!. Within these activities, con
siderable effort has focused on enhancing the low-volt
cathodoluminescence~CL! efficiency in thin-film phosphors
both for oxide and sulfide luminescent materials. For F
devices, thin-film phosphors offer several advantages
compared to powder-based structures, including higher p
resolution, enhanced lifetime at high current density, exc
lent mechanical and thermal stability, and available thin-fi
processing methods. Unfortunately, the inferior luminous
ficiency and brightness presently realized in films as co
pared to powders limit their applicability for display app
cations. Efforts to alleviate these limitations and
understand the factors that determine efficiency for thin-fi
phosphors have focused on increasing light scattering cen
using surface modification, reducing defect density by po
annealing and/or epitaxy at high temperatures, and searc
for superior phosphor materials.1–3 Since CL is a complex
photonic process involving the creation, relaxation, and
combination of excited electrons, modification of phosph
electronic properties via cation doping also provides an
portunity for improved performance.

One thin-film oxide system of interest is the gallate
Gallate-related phosphor materials having a spinel cry
structure include ZnGa2O4, MgGa2O4, LiGa5O8 and their

a!Electronic mail: yonglee@etri.re.kr
b!Electronic Mail: dnort@mse.ufl.edu
c!Also at: Department of Microelectronic Engineering, Rochester Institute
Technology, Rochester, NY 14623-5604.
2970021-8979/2002/91(5)/2974/4/$19.00

Downloaded 11 Sep 2009 to 160.91.157.167. Redistribution subject to AI
f

e

as
el
l-

f-
-

rs
t-
ing

-
r
-

.
al

mixed solid solutions. These compounds exhibit promis
photoluminescence~PL! and CL properties, and have bee
suggested as possible alternatives to sulfur-based CL p
phors, whose properties degrade under high-energy elec
bombardment due to sulfur loss, thus shortening device l
time. Progress in understanding and exploiting the lo
voltage CL characteristics for ZnGa2O4 and mixtures of
Li2O/LiGa5O8 and ZnGa2O4 powders has been reported b
several researchers. Itohet al.4 reported CL efficiencies of
0.15 lm/W for the CIE color coordinatesx50.175 andy
50.186 measured at an anode voltage of 400 V and an an
current density of 75 mA/cm2 for ZnGa2O4 powders. An ef-
ficiency of 0.198 lm/W~x50.175 andy50.1608! at 5 kV and
2.54mA has been reported for ZnGa2O4 by Yanget al.5 Suh
et al.6 has observed promising low-voltage CL character
tics for the mixture of LiGa5O8 and ZnGa2O4 powders. Dmi-
trienko et al.7 also obtained an efficiency of 0.2 lm/W~x
50.20 and y50.21! at an anode voltage of 500 V in
(Li0.25Ga0.25!Zn0.5Ga2O4 powder.

II. RESULTS AND DISCUSSION

In this article, we report on the luminescence propert
of epitaxial lithium zinc gallate thin-film phosphors. CL e
ficiencies, comparable to that observed in powders, are
served for Li-doped blue (ZnGa2O4) and green
(Mn–ZnGa2O4) epitaxial films grown using pulsed laser a
lation. For blue emission, we investigated the compositio
ZnGa2O4~ZGO!, Li0.05Zn0.95Ga2O4~5LZGO!, and
Li0.25Zn0.5Ga2.25O4~25LZGO!. For green phosphors, Mn
doped ZnGa2O4~ZGO:Mn!, Li0.05Zn0.95Ga2O4~5LZGO:Mn!,
and Li0.25Zn0.5Ga2.25O4~25LZGO:Mn) films were deposited
These Li/Zn ratios represent the compositions in the abla
f

4 © 2002 American Institute of Physics
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target material. Polycrystalline 1 in. diameter ablation targ
were prepared by mixing Li2O @Alfa, 99.99%#, ZnO@Alfa,
99.999%#, Ga2O3@Alfa, 99.9995%#, and MnO2 @Alfa,
99.999%# powders, followed by sintering in air at 1250 °
for 24 h. The targets were encapsulated in excess pow
during sintering to prevent Zn and Li loss. To compensate
loss in the films during film growth, all films were deposite
using mosaic targets, which are composed of a phosp
target ZnO mosaic with an area ratio of 50/50.8 Previous
work on ZnGa2O4 film growth has shown that this composi
target configuration is effective at yielding nea
stoichiometric films under conditions used. No attempt w
made to compensate for Li loss; thus we anticipate that
Li content in the films may be somewhat less than that in
target. Quantitative determination of Zn/Ga and Zn/Li rat
is complicated by the near-identical atomic mass of Zn a
Ga, and by the fact that Li is a light element. Efforts a
currently underway to circumvent this challenge to prov
accurate determination of cation stoichiometry. Epitax
films that were approximately 2mm-thick were grown using
an excimer KrF laser with a wavelength of 248 nm. The la
fluence was approximately 3.5 J/cm2. Blue light emitting
lithium zinc gallate films were grown at 730 °C under ox
gen partial pressure@P(O2)# of 100 mTorr, while Mn-doped
green phosphor films were deposited at 750 °C underP(O2)
of 40 mTorr. These pressures were optimized for the resp
tive compositions. Crystallinity was investigated using fo
circle x-ray diffraction~XRD! with CuKa radiation~0.15406
nm wavelength!. The PL spectra were measured at roo
temperature using a broad band incoherent UV light exc
tion source with a dominant excitation wavelength of 2
nm. Low-voltage CL was measured with a Plasma S
PSS-2 spectrometer; CL intensity measurements were t
with an International Light 1700 photometer equipped with
photonic filter.

Figure 1 shows the x-ray diffraction data for
25LZGO:Mn film. In this study, all of the films exhibited

FIG. 1. High-resolution x-rayu–2u scans showing the~a! ~400 ! ZnGa2O4

and ~b! ~404! ZnGa2O4 peaks for a 25LZGO film.
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ZnGa2O4 ~400! diffraction peak in theu–2u scan. Occasion-
ally a low intensity Ga2O3 peak was also evident. In the cas
of films deposited from a Li2O-doped ZnGa2O4 target, one
should also consider the possible formation of LiGa5O8 as a
secondary phase. Unfortunately, it is somewhat difficult
observe the separation of diffraction peaks between ZnGa2O4

and LiGa5O8 because of their similar lattice constants@d400

50.2083 nm~Ref. 9! for ZnGa2O4 and d40050.20509 nm
~Ref. 10! for LiGa5O8]. This is further complicated by the
fact that the in-plane lattice spacing for films will be differe
from that observed in bulk due to epitaxial strain in the film
The high-resolutionu–2u scan shown in Fig. 1~a!, taken
along the surface normal with a Ge analyzer, shows a sm
peak at the position for bulk LiGa5O8 ~400!. However, a
corresponding peak did not appear in the high-resolut
scan in the~404! region shown in Fig. 1~b!, which was ob-
tained by four-circle XRD. This suggests that the peak is
associated with LiGa5O8 ~400!. Moreover, this side peak wa
sometimes observed in films that contained no lithium.
plane f-scans confirm that the films were epitaxial with
single in-plane orientation.

Since luminescence efficiency is dependent on surf
roughness via internal reflection of light, we also inves
gated the surface microstructure in the films using atom
force microscopy. Undoped ZnGa2O4 films show a smooth
surface with root-mean-square~rms! roughness of about 2.3
nm, while irregular-shaped surface features were obser
for the lithium-doped films. The rms roughness values for
5LZGO and 25LZGO films were approximately 2.9 nm a
4.9 nm, respectively. Mn-doped films exhibited higher valu
in rms roughness as compared to films grown without M
The values were 5.6 nm, 3.8 nm, and 8.0 nm for ZGO:M
5LZGO:Mn, and 25LZGO:Mn films, respectively. Despi
these variations, a systematic relationship between the
cific surface microstructural features and lithium conte
could not be observed.

Figure 2 shows the normalized CL emission spectra

FIG. 2. CL emission spectra of~a! blue lithium zinc gallate without Mn and
~b! green lithium zinc gallate with Mn.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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films deposited from ZGO, 5LZGO, and 25LZGO targe
These blue phosphor films exhibit significant differences
intensity and maximum peaking wavelength of the CL sp
tra, with a shift to lower wavelengths as Li content is i
creased. Peak wavelengths in the spectra for ZGO, 5LZ
and 25 LZGO films were measured at 427 nm, 430 nm,
406 nm, respectively. With the blue luminescence due t
self-activated center in the gallate lattice,5,11 the Li dopant
appears to modify the electronic environment at the def
resulting in a spectral shift. Note that the weak shoulde
about 506 nm may originate from contamination of Mn,
the Mn-doped films were deposited in the same chambe

FIG. 3. CL efficiency~open symbols! and brightness~filled symbols! of ~a!
ZGO ~circle!, 5LZGO ~triangle!, and 25LZGO~square! blue lithium gallate
without Mn, as well as~b! ZGO:Mn ~circle!, 5LZGO:Mn ~square!, and
25LZGO:Mn ~triangle! green lithium zinc gallate with Mn. Anode curren
density was fixed at 22mA/cm2.
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contrast, the PL and CL emission spectra for Mn-doped fil
show no discernable shift with Li doping, with peak wav
lengths located from 507 to 509 nm. This corresponds to
4T1→6A1 transition of the 3d electrons in the Mn21 ion
which occupies the four-fold coordinated Zn position in t
host lattice.12

Low-voltage CL efficiency~h! and luminance~L! as a
function of anode voltage for undoped and Mn-dop
lithium zinc gallate films are shown in Fig. 3. Measureme
were made at a fixed anode current density of 22mA/cm2.
Without lithium, CL efficiency in ZnGa2O4 films is relatively
low, measured to be approximately 0.01 and 0.03 lm/W
the undoped and Mn-doped ZnGa2O4 films, respectively. Ap-
preciable enhancement in the efficiency and brightness is
observed upon increasing anode voltage up to 1 kV. In c
trast, both blue~no Mn! and green~Mn-doped! zinc gallate
films show remarkable improvement in CL efficiency a
brightness with the addition of lithium. The efficiencies
undoped and Mn-doped lithium zinc gallate films at 1 k
and 22mA/cm2 were measured to be 0.08 lm/W and 0.1
lm/W, respectively. These values are about five-to-ei
times higher than the values measured for films with
lithium. The highest efficiencies measured at 1 kV and 2
mA/cm2 for the blue and green lithium zinc gallate film
were 0.21 lm/W and 0.29 lm/W, respectively, as shown
Table I. In addition to CL, lithium zinc gallate films als
show a significant enhancement in PL emission spectra u
UV excitations as summarized in Table I. These resu
clearly show that the addition of lithium ions in zinc galla
phosphor films enhances CL characteristics as well as
intensities.

As described, a small increase in film surface roughn
is observed with the addition of lithium. However, this in
crease in surface scattering due to roughness appears
insufficient to explain the enhanced luminescence. If lithiu
is incorporated in the film via cation substitution or as
of 1 kV.
TABLE I. Selected PL and CL data of zinc gallate and lithium zinc gallate films. CL efficiency and luminance was measured at fixed anode voltage

Films

PL emission CL emission

Wavelength~nm! Intensity ~arb.! Wavelength~nm! Current (mA/cm2) Efficiency ~lm/W! Luminance~cd/m2)

2.26 0.014 0.7
ZnGa2O4 481 1129 427 11.32 0.009 2.3

56.61 0.005 6.6

L0.05Zn0.95Ga2O4
455
484

12510
11287

430

2.26 0.213 10.9
4.53 0.284 29.1

11.32 0.147 37.7
56.61 0.069 89.0

458
483

34468
34893

2.26 0.150 7.7
Li0.25Zn0.50Ga2.25O4 406 11.32 0.065 16.7

56.61 0.050 63.5
2.26 0.077 3.9

ZnGa2O4:Mn 507 9095 507 11.32 0.050 12.7
56.61 0.022 27.8
2.26 0.251 12.9

Li0.05Zn0.95Ga2O4:Mn 509 27606 507 11.32 0.172 44.1
56.61 0.082 105.9
2.26 0.290 14.9

Li0.25Zn0.50Ga2.25O4:Mn 508 29361 507 11.32 0.196 50.3
56.61 0.089 114.1
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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interstitial in the spinel crystal structure, it should modify t
electrical properties of the zinc gallate films. From a cryst
lographic point of view, lithium ions, having small ionizatio
potential and suitable ionic size, could occupy tetrahed
vacancy sites as only 1/8 of the tetrahedral sites are filled
cations.13 Ionization of Li would provide electrons for trans
port, and consequently decrease the resistivity of the fil
Increased conductivity should enhance the CL efficiency
brightness, as this diminishes charge accumulation on or
the phosphor film surface. Charging effects hinder the in
dent primary electron beam from penetration into the ph
phor surface, resulting in a reduced electron–phosphor in
action volume. It is also possible that the lithium io
substitute for zinc on tetrahedral sites due to their sim
ionic radii (RLi150.059 nm, andRZn2150.060 nm!. In this
case, lithium may serve as an acceptor in zinc gallate.
electrical properties in the films are currently under inve
gation.

While these arguments can explain the enhancemen
CL, they do not address the observed enhancement in
intensity. However, previous work has suggested that
transfer of excitation energy from host material to activat
can be made more efficient by the addition of Li1 ions to
phosphor host materials. Hatayamaet al.14 observed that
doping Li1 in ZnS:Tm significantly enhanced PL intensit
This was attributed to the Li contributing to efficient ener
transfer from the host to Tm31 ions, as well as acting as
charge compensator. Lopezet al.15 also observed enhance
intensity of blue emission in Y3Al5O12:Tm31 doped with Li.
Lithium appears to act in a similar manner in Mn-dop
lithium zinc gallate.

III. CONCLUSION

In summary, blue and green light emitting lithium zin
gallate thin-film phosphors were grown on MgO~100! sub-
strates using pulsed laser deposition. The addition of lithi
considerably improved the PL and low-voltage CL charac
istics. The peaking wavelengths in the PL and CL emiss
bands exhibited a blueshift for lithium zinc gallate, where
Mn-doped film showed peak locations independent of
Downloaded 11 Sep 2009 to 160.91.157.167. Redistribution subject to AI
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content. The highest efficiencies obtained for blue and gr
lithium zinc gallate without postannealing were 0.21 lm/
and 0.29 lm/W, respectively, at 1 kV and 2.26mA/cm2.
Based on these results, lithium zinc gallate films appear to
an attractive phosphor material for low-voltage CL displ
devices.
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