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Mn-doped ZnS nanoparticles as efficient low-voltage cathodoluminescent
phosphors
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We have synthesized nanoparticles of ZnS doped with Mn for potential use as cathodoluminescent
phosphors in field-emission display8EDs. We show that the cathodoluminescent efficiency of
particles<100 nm in diameter is within 40% of that of a commerdmlcron-sized phosphor when

the electron-beam energy ranges between 500 and 3500 eV. The nanoparticles exhibit less current
saturation than larger-sized phosphors, an important feature for use in FEDs. Furthermore, the
nanoparticles were annealed at just 535 °C, hundreds of degrees below the processing temperatures
of standard phosphors. Finally, we discuss the effect of the particle surface on low-voltage luminous
efficiency. © 1999 American Institute of PhysidsS0003-695(99)02032-X]

A serious obstacle to the development of flat-panel field-using nanoparticles as precursors, we obtain excellent lumi-
emitter displayS(FEDS is the lack of phosphors with high nous performance with very low annealing temperature
cathodoluminescent efficiency at electron acceleration volt(535 °C vs >1000°C for standard materigjsand (3) we
ages near 1 kW-* Moreover, high-definition displays call obtain reduced current saturation. Finally) we provide
for submicron particle sizes to maximize screen resolutiorevidence that the “dead layer,” which is blamed for the poor
and screen efficiencyCurrent commercial processes, which low-voltage efficiency of phosphors, does not completely
use mechanical milling to control the particle size, result insurround the particles, but lies only at the surface first hit by
particles that are larger than abouuh. Nanoparticles can the incident electrons. Hence, the small particle size is ap-
be synthesized with sizes ranging from 2 to 100 nm and thuparently not a hindrance to good low-voltage performance.
easily fulfill the size requirement without mechanical mill- We propose that these conclusions might also apply to nano-
ing. They also offer the necessary high crystallinity, can beparticles of other phosphor materials with chromaticities
doped with a variety of materiafs!! and potentially allow suitable for full-color displays®
formation of smooth, tough films by relatively low- Nanoparticles of ZnS:Mn were prepared by precipitation
temperature sinterintf. Some author$>'* however, have inside the nanometer-sized aqueous pores of the bicontinu-
questioned whether it is possible to achieve high efficiencyus cubic phase of a water-surfactant mixttité?? All
using particles that are less than approximatelyriin size.  samples discussed here were made with the MtaCENCl,
Some experiment have suggeste@nd it is commonly as- ratio set to 0.7 mol% in the initial aqueous solution and
sumed that as particles become smaller, the efficiency deNa,S provided the sulfide ions. Some samples were also
creases because of the increasing surface area, which deped with 0.06 mol % CuSQ (These concentrations have
thought to contain nonradiative recombination Sitesr  yet to be optimized.The nanoparticles were capped by dis-
some other kind of “dead layer.” On the other hand, high persing them in water and adding ZpGbne quarter the
cathodoluminescent efficiency has been obtained from paweight of the ZnCJ in the initial solution and NaOH pH
ticles with diameters as small as Quin.®~'°High cathod- ~10, for approximately 10 min before washjng form a
oluminescent efficiency has never been reported, howevethin layer of ZnO around the particleParticles capped in
for phosphors made from smaller nanoparticlathough  this way were substantially brighter than uncapped particles.
high photduminescent efficiency has been achieved in parDetails will be published latey.
ticles as small as 3 nf211%0 All samples discussed here were annealed in vacuum at

Here, we demonstrate 100-nm-diam particles of ZnS106—10 7 Torr in a ceramic crucible for 35 min at a maxi-
doped with Mn whose cathodoluminescent efficiency is simi-mum temperature of 535 °C. In contrast, commercial phos-
lar to that of a commercial ZnS:Mn phosph@arnoff Cor-  phors are typically fired at temperatures in excess of
poration, Princeton, NJ; comprised of particles 3w in 1000 °C? The as-synthesized nanoparticles exhibited the
diamete}. The nanoparticles of ZnS:Mn are 40% as bright aszinc-blende structure; after annealing to just 400 °C, approxi-
the commercial product. The results demonstrate four impormately half of the sample had converted to wurtzite, which is
tant principles(1) highly efficient cathodoluminescent phos- the structure of the commercial phosphor. In bulk ZnS, how-
phors can be made with particles as small as 100 (®n; ever, the zinc-blende-to-wurtzite transition occurs at
1020 °C?® The significant reduction in the transition tem-
dCenter for Bio/Molecular Science and Engineering, Code 6930. perature appears to be another example of the remarkable
DElectronic mail: tdd@cbmse.nrl.navy.mil thermodynamic properties of nanoparticfés:urther details
Ziglhemist_ry Dsivi_sion, CogeTfilEO- oav Division. Code 6844 of the structural changes of undoped ZnS nanoparticles upon
e e annealing wil be publishe? Upon annealig the nanopar-
OCurrent address: The Samoff Corp., 201 Washington Rd., PrincetoniCl€S, We observed a dramatic incredbg a factor of sev-
NJ 08543. eral hundregl in luminescence, approximately coincident
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with the change in the ZnS crystal structure. The ability to Beam voltage (V)

anneal nanoparticles at low temperatures is an important

technological advantage and potentially allows annealing irffIG. 2. (8 Luminance vs voltage for two annealed nanoparticle phosphors

a fluidized bed or on 39'333 screen. compared to that of the commercial phospt®arnoff. The electron-beam

) . . current ranged between 25 and AB. The nanoparticles were annealed at
The annealed particles were regular in shape with aver.

just 535 °C.(b) Luminous efficiency vs beam voltage a2.5 uAlcm?. The
age sizes between 85 and 100 (fig. 1). Average crystal- efficiencies are scaled as indicated relative to the commercial Sarnoff mate-
lite sizes were 15—20 nm and were measured by fitting x-rayal. The nanopartiqles and large particles have very similar efficiency—
(Cu K« radiation diffraction peaks to the Scherrer formula, V0!t characteristics between 650 and 3650 V.
as previously described.The annealed powder was light tan
in color. Results of electron paramagnetic resondit&R), The measured luminance of our nanoparticle phosphors
x-ray absorption fine-structufXAFS), and x-ray photoelec- and the commercial ZnS:Mn phosphor are shown in Fig.
tron spectroscopyXPS) measurements will be published 2(a). The luminance of the nano-ZnS:Mn/ZnO sample was
later. 180 cd/nt at 650 V and 25«A (approximately 125.A/cm?),
Cathodoluminescence measurements were performed arithin approximately 40% of the commercial phosphor. The
powder patches approximately 1 cm in diameter and 0.5—Iuminous efficiency of our nanoparticles is 2.2 Im/W at 1 kV
mm thick on indium tin oxide(ITO) coated glass plates. and 1uA/cm?, according to measurements by Penczek and
Plates were mounted in a grounded high-vacuum chambai/agner of Georgia Technology Research Institute. Their
(2x 10" " Torr) and excited with a beam of electrons from a measurements of the relative efficiencies of the commercial
filament electron gun with voltages between 0.5 and 3.5 kVand nanophosphors at low current were consistent with those
A bias voltage of+150 V was applied to the plate to recap- reported here. We found that adding 0.06 mol % Cu&D
ture the secondary electrons. The electron-beam voltageke precursor solution to make nanoparticles of ZnS:Mn, Cu
will henceforth refer to the total acceleration voltage, equaincreased the luminance by approximately 30%, to 240
to the 150 V bias plus the gun voltageence, 650—-3650V  cd/n? at 650 V and 25:«A. The emission spectrum did not
The electron beam hit the sample from above and the emittechange. The added Cu is thought to improve the energy-
light was collected from the side. The sample plate was rotransfer efficiency®
tated so that it faced 45° from vertical. Electron-beam cur-  The voltage dependence of the nanoparticles’ luminous
rents(dc) ranged from 1 to 4QwA and were measured using efficiency provides some insight into the mechanism of the
an electrometer attached to the indium tin oxide-coated plateearly universally observed loss of efficiency at voltages be-
The area of the electron-beam spot was approximately 0.bw 2 kV. In Fig. ZAb), we plot the luminous efficienc{in
cn?. A calibrated Minolta CS-1000 spectroradiomeidiam-  arbitrary unit$ versus electron-beam voltage. The current
eter of detected spot: 0.3 gnmeasured the emission spectra density was~2.5 uA/cm? and the efficiency was set to 1 at
and the luminance in absolute units. In every case, the emig150 V for each sample. For the nanoparticles and for the
sion from the nanoparticles was compared to the emissiotarger commercial particles, the efficiency increased by a
from a similar-sized powder patch of a ZnS:Mn phosphorfactor of approximately 3 when the voltage increased from
made by the Sarnoff Corporation. The peak wavelength 0650 to 3650 V. We now discuss explanations for this behav-
the cathodoluminescence from the nanoparticles was 582 nior. The low efficiency at low voltages has been attributed to
(similar to the commercial phosphor, which peaked at 58G nonluminescent “dead layer” on the surface of the par-
nm) and the Commission Internationale de I'Eclaird@E) ticles or of the powder patch. The location and composition
1931 color coordinates were=0.53 andy=0.47. The lumi-  of the dead layer are not fully understob>2"~?At low
nescence of all samples appeared yellow to the eye. voltage, much of the energy of the incident electrons is ab-
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= - ‘ commercial processes. In short, using nanoparticles, one can
nano-Zn8:Mn,Cu/ZnO (x 6.2) 1 attain the high luminous efficiencgwhich has frequently
nano-ZnS:Mn/ZnO (x 4.9) been associated only with larger partiglesid also benefit

| from very low processing temperature and small particle
size. These qualities should make nanoparticles attractive for
use in new high-resolution display technologies.
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