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New observations on the luminescence aSyand europium-doped 48; nanoparticles show a green (510

nm) emission from IgB5; and In sEwy 2S; nanoparticles while a blue (425 nm) emission is observed from

In; EWy 4+Ss Nanoparticles. Both the blue and green emissions have large Stokes shifts of 62 and 110 nm,
respectively. Excitation with longer-wavelength photons causes the blue emission to shift to a longer wavelength
while the green emission wavelength remains unchanged. The lifetimes of both the green and blue emissions
are similar to reported values for excitonic recombination. When doped with Euaddition to the broad

blue and green emissions, a red emission near 615 nm attributed"tsBlserved. Temperature dependences

on nanoparticle thin films indicate that with increasing temperature, the green emission wavelength remains
constant, however, the blue emission shifts toward longer wavelengths. Based on these observations, the blue
emission is attributed to exciton recombination and the green emission to Indium interstitial defects. These
nanoparticles show full-color emission with high efficiency, fast lifetime decays, and good stability; they are
also relatively simple to prepare, thus making them a new type of phosphor with potential applications in
lighting, flat-panel displays, and communications.

1. Introduction attention® However, much less work has been performed on
[I1 —VI semiconductor nanoparticles such asy¥—12 One of

the advantages of 483 over other IV semiconductors such

as InP, InAs, and GaAs is that,® can be synthesized from
solution by chemical methods while sophisticated techniques
such as molecular beam epitaxy are needed for fabricating other
Il =V semiconductors. The preparation of,3 from an
aqueous solution of Inglsing S, 12NaS8&1°CS,,° and CH-
CSNH!! have been reported. Absorption spectra, photochemical

significant]y improved or that distinctly better materials will kinetics, and photosensitization effects have been reported in
be found in the near future. However, the present phOSphorslng&:, nanoparticle colloid$-12 These results indicate thatBy
have some shortcomings that need to be addressed. For exampl%’anostructured materials- or thin films mav find potential
ZnySiOaMn2t (willemite) is used as a green phosphor because o . y P

. N - -~ applications as solar cell materials. Nagesha &tephorted the
its green emission color is extremely saturated. However, its

- R . luminescence of kS; nanopatrticles with emission at 36880
luminescence decay lifetime is rather long, tens of millisecdnds. . .
oo : . S . nm and a quantum yield of 1.5% and Xiong e? hhve prepared
In applications involving fast-moving images, this causes a green

. -~ In,Sg nanophase dendrites with an emission peaking at 358 nm.
afterglow that can blur the display. As a result of quantum size L . o
. A ; These UV emissions have been assigned to the excitonic or
confinemeng nanoscale phosphors may offer significant im- - ) 9
- . band-to-band transitions of 48 nanoparticle§:® An orange
provements compared with conventional bulk phosphors. Lu- ~ .~ . ) -
. . . - emission at 600 nm from S nanoparticles embedded in sol
minescent nanoparticles may have an increase in elecirae o . .
o . gel silica xerogel was reported and attributed to the luminescence
overlap, thus yielding greater oscillator strength and an enhance-

: - . L from In®* ions1® We have observed that small quantities of
ment of luminescence quantum efficientgince the emission

e . . metallic ions such as europium in the preparation solutions helps
decay lifetime is inversely proportional to the oscillator strength . . ; ;
" oo E . . . to control the particle size and passivate the particle surfaces.
of a transitiort; the lifetime is shortened with decreasing size.

Thus, high efficiencies with short decay times make nanopar- In.thls way, we have suchssfglly synthesmeg&nnanopamcles

. . . . . with high quantum efficiencies in the blue, green, and red
ticles a new type of luminescent material with potential - . .

applications spectral regions. In this paper, we discuss the structure,

. . . lumin n n ntial lications eSynanoparticl
As a new type of luminescent materiak-N|I semiconductor ;adeejgﬁlgcfﬁig ndos(ejlt?ef:;)eapp cations gSymanoparticles
nanoparticles such as CdTe and CdSe have received much '

Luminescent materials or phosphors can be found in a broad
range of everyday applications such as cathode ray tubes,
projection television screens, fluorescent tubes, X-ray detectors,
and biomedical probésEfforts over the last three decades have
led to phosphor materials that operate close to their physical
limits.! Thus, it cannot be expected that properties such as
quantum efficiency and spectral energy distribution will be

* Corresponding author: wchen@nomadics.com. 2. Experimental Details

. Ugir‘\):gﬁsvo'fr‘ﬁund The synthesis of indium-sulfide-doped nanoparticles is similar
8 Pacific N)é,rthwest National Laboratory. to the schem(_e of a_rrested precipitation used in the pr_eparation
TNational Laboratory for Superlattices and Microstructures. of I1=VI colloids with the exception that Mt and Ed* ions
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are added to the solutions along with the chemical sources.
Typically, 4 mL of 0.1 M InCk, 2 mL of 0.1 M Mn(NG),,

and 0.5 mL of thioglycolic (mercaptoacetic) acid were dissolved
in 50 mL of deionized water and degassed bytbbling for

20 min. For preparation of h$;:Eut*-doped nanoparticles,
calculated amounts of Eu(NR2 were mixed with the InGl

The pH'’s of the solutions were adjusted between 2.0 and 3.5.
Each mixture was vigorously stirred and 6 mL of an 0.1 M
aqueous solution of sodium sulfide was added. The solutions
were refluxed for 5 h, after which the doped nanoparticlessIn

Ew 2Ss, In1 6EUp 4S3) formed. The procedure for the preparation
of In,Sz-undoped nanoparticles is the same except that #6 Eu
and Mr?* ions were added to the precursor solution. We find
that the particle size can be modified by adding ions such as
Mn2+ and Ed" because metallic ions can inhibit the growth
rate of the nanoparticles.

The structure, size, and elemental composition of the nano-
particles were determined by high-resolution transmission
electron microscopy (HRTEM). The patrticles in solution were ;
brought onto holey carbon (with holes)-covered copper grids Figure 1. HRTEM images of deposited 48; nanoparticles showing
for HRTEM observations. The HRTEM images of the particles g particles size of about 4 to 5 nm.
were obtained with a JEM-3000F electron microscope (300 kV)
with a structural information limit of 0.11 nm. The compositions
of the particles were analyzed using an energy-dispersive X-ray
spectrometer (EDS).

The optical absorption spectra were obtained on a Hewlett-
Packard 8453 diode array spectrophotometer using 1-cm quartz
cuvettes. Luminescence emission, excitation, and temperature-
dependent luminescence were measured in a JY SPEX Fluorolog
3 Fluorometer. The quantum yield determination in this paper
is the same as reported by Xiong efdlhe quantum yield was
determined by comparing the luminescence with Rhodamine B
in ethylene glycol (quantum yield near 100% at 580 nm). The
optical densities of an h%s dispersion in water and the standard
were adjusted to be within 0.05 absorbance units of each other
at the excitation wavelength of 390 nm. The quantum yield was 2y o R 7
calculated according to the formuf@,s, = 11s (lin,s{1s)*(ODs/ Figure 2. HRTEM images of deposited JgEu4S: nanoparticles

ODun,s)), where nin,s, and 7s are the quantum vyields of  showing a particles size of about 2 to 3 nm.
nanoparticles and standafg,s, andls are the integrated area

of the luminescence peaks of the nanoparticles and the standardiocused into a 1/8 m monochromator with a gated intensified
andODyn,s, andODs are the optical densities of the nanoparticles CCD camera to record the time-resolved spectra. Picosecond
and the standard at the excitation wavelength (390 nm). lifetime data were collected using the output of a femtosecond
However, we note that the quantum yield measured in this way amplified Ti:Sapphire laser operating at 1 kHz. The 150-fs, 760-
is not highly accurate as an absolute quantum yield, but gives nm output was frequency doubled & 1 mm BBOcrystal to
reliable values for the relative quantum yields of the different provide excitation at 380 nm and directed onto the samples.
particles. The purpose of measuring the quantum yield is to The magic-angle polarized output emission was collected at right
compare the fluorescence efficiencies of the samples of differentangles and focused into the entrance of a streak camera
sizes and to compare with published data in the literature. It is (Hamamatsu C5680). Appropriate filters were used to isolate
also noted that the quantum efficiency of Rhodamine B is the wavelengths of interest. The time resolution was determined
excitation wavelength and solvent dependent. Its efficiency is to be 200 ps fwhm using a standard scattering material.
largest in ethylene glycol (close to 100%), while in other

solvents its yield is slightly lower. Recent measurements on 3. Results

In>S; nanoparticles using both Rhodamine B and p-quaterphenyl  The |n,S; nanoparticles investigated with HRTEM (Figure
as standards concluded that the quantum yield values obtainedy) exhibit a cubic structure. The average size of the particles is
with the different standards were similar even though the i, the range of 4 to 5 nm. The (111) lattice spacing of the
emission wavelengths are quite differéntherefore it is  particles is estimated to be around 0.3 nm from the HRTEM
unlikely that the use of Rhodamine B as the quantum yield jmages, which is consistent with the (111) spacing of bulk
reference leads to significant quantitative errors, particularly in In,Ss,13 indicating a cubic cell of 0.54 nm. HRTEM images
relative yield measurements. (Figure 2) of the solution of eEu 0.4 S particles show that
The time-resolved spectral data were collected using a the average size of the particles is around 2 to 3 nm in diameter.
nanosecond optical parametric oscillator/amplifier (OPO) op- EDS analysis of aggregated particles such as the one in Figure
erating at a 10-Hz repetition rate and tunable between 220 and2 shows that the particles are composed of In, Eu, Mn, and S.
1800 nm. The output was directed onto the particles and the (Figure 3). Clearly the Mn and Eu ions added in the preparation
emission was collected at right angles to the excitation and to inhibit particle growth are incorporated within or on the
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Figure 3. EDS analysis of an aggregate of l&w 4 S; nanopatrticles, similar to the one in Figure 2. The analysis shows that the nanopatrticles are
composed of Eu, Mn, In, and S.
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Figure 5. Excitation spectra of k8, In1sEWw:S;, and In Bl 4S;

surface of the nanoparticles. The ¥, 4Ss particles observed nanopatrticles. The monit_ored emission wavelength is at 51_5 nm for
in the HRTEM images are most likely cubic close packed (ccp) 25 @nd IneEto2S;, and is at 425 nm for L «S; nanoparticles.

with a cubic cell of about 0.54 nm. HRTEM observations and
analysis confirm the formation of 48 nanoparticles in our ] c
preparation. e

Figure 4 displays the absorption spectra oS 1n; sE o 2Ss,
and In eEWy 4Sz nanoparticles. For k%3 and In gEuy 2S3 par-
ticles, a strong absorption peak is observed at 390 nm with a
weak shoulder at 330 nm. For;lgEw 4S3 particles, a strong
absorption peak is observed at 338 nm. Figure 5 displays the
excitation spectra and Figure 6 shows the emission spectra of
IN2Ss, In1gEWw2Ss, and In gEly.4Ss nanoparticles in aqueous
solution. For InSz and In gEw 2Sg nanoparticles, a strong green
emission at 510 nm is observed while fog Uy 4S3 particles
a strong blue emission is observed at 425 nm. The quantum
efficiencies for the green emission from83, and In sEu »S3
are 1.6% and 2.2%, respectively. The quantum efficiency for 350 450 550 650 750
the blue emission from kEu o4 Sz is 33%. The efficiency
from In,S; nanopatrticles is similar to that reported by Nagesha Wavelength (nm)
et al® Interestingly, the efficiency from kEup 4SSz nanoparticles Figure 6. Emission spectra of i% (), In.sE 2z (b), and 1n.eEly 4Ss
is one order of magnitude higher than that from purgSin (c) nanoparticles in aqueous solution following excitation at 397 nm.
nanoparticles. nm shoulder in the excitation spectrum of u 4Sz nano-

For ISz and I gEw 2S; particles, two absorption bands at  particles are not clear. The main excitation band shifts to shorter
310 and 400 nm are observed in the excitation spectra. fer In  wavelengths for IngEu 4+Ss nanoparticles compared with that
Ew 4S5 particles, two absorption peaks are observed at 323 andof In,S; and In gEu 2Sz particles, likely due to increased
363 nm, respectively. The origins of the 310-nm peak in the quantum size confinement of the smaller particles. By comparing
excitation spectra of b$; and In sEw »Ss particles and the 323-  the absorption spectra with the excitation spectra, it is observed

ex. 397 nm

Intensity (a.u.)
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Figure 7. Emission spectra of b%; (a), In.sEw 2Ss (b), and In éEwy 4S; (C) nanoparticle solutions at different excitation wavelengths as labeled in
the spectra.
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2.5 ns while the green emission lifetimes depend on the sample
with the shortest decay from the pure$aparticles. The longer
nanosecond lifetime is slightly shorter than the excitonic
luminescence decay lifetime previously observed y$ihand

is similar to other semiconductor nanoparticlés.

4. Discussion

4.1. Luminescence of Indium Sulfide Nanoparticles in
Solution. Table 1 summarizes the absorption and emission
] In,S, wavelengths of I55; and InSs:ELPT nanoparticles in aqueous
- solution. For the green emission, the Stokes shift is around 110

E nm, while for the blue emission, the Stokes shift is about 62
nm. The energy gap of bulk 483 is between 2.0 and 2.2 eV
with the corresponding absorption edge from 620 to 550,

In comparison, the absorption edge of theSnnanopatrticles

is approximately 156220 nm blue-shifted from bulk y%s. This
blue-shift is likely due to quantum size confinement. As the
diameter of the semiconductor particle approaches the exciton
Bohr diameter, its electronic properties change. The Bohr radius
of the exciton in I1nS; may be calculated Byt

Log (Intensity)

—— -
0 5 10 15
Time (nsec)

Figure 8. Luminescence lifetime decay curves of$ (monitored at
500 nm), In.gEuw 2S; (Monitored at 500 nm), and 1gE W +S; (Monitored
at 435 nm) nanopatrticles following excitation at 380 nm.

that for each absorption band, the main peak in the excitation
spectrum is at the absorption edge of the corresponding
absorption peak in the absorption spectra. This is a common ? m, ”_‘h
phenomenon in semiconductors since the photon-excitation rate

is the greatest at the absorption edge where the absorption indexynerec is the dielectric constant(11),A is the Planck constant

2
_hei_i_l (1)

is fairly low and the dispersion is smafl.

Figure 7 displays the emission spectra ofS# In1 sEuwp 2Ss,
and In_¢Ew 4S; nanoparticle solutions at different excitation
wavelengths. Figure 6 shows clearly that inSsinanoparticles,

and me and m, are the electron and hole effective mass,
respectively. Assuming thate = m, = u = 0.25x 10728 g,1?

the Bohr radius of the exciton in 483 is calculated to be 33.8
nm. Since the particle sizes are significantly smaller than the

the green emission position and shape do not vary significantly exciton Bohr radius, a large blue shift of the absorption edge is

following excitation at different wavelengths. Fory BEuo 2Ss

observed.

nanoparticles, the green emission wavelength remains constant Bulk In,S; is normally not luminescent at room temperatiire.

at different excitation Wavelengths as well. However, a new Recent observations on B micron-sized powders show a
emission peak at 425 nm appears following excitation at strong emission peaking at about 595 nm at 84" kn the
wavelengths shorter than 370 nm (Figure 6b). The blue emissionparticles reported here, strong blue and green luminescence is
at 425 nm is stronger in intensity than the green emission at ghserved. In semiconductors, the most common types of

510 nm. Figure 6¢ shows the emission spectrum offg 4Ss

emission are from exciton-like transitions and free-to-bound and

following excitation at different wavelengths. The emission peak donor-acceptor pair transitions, often mediated at defect sites.
position moves to shorter wavelengths gradually as the excitationRecently, nanoparticles of 48; have been reported to show

wavelength decreases.

Figure 8 shows the luminescence lifetime decays fros8sin
In1.gEW oS3, and from In gEy 4S3 nanopatrticles, near the peak

both UV8? and orang¥ luminescence. The UV luminescence
has been assigned to excitonic emis&ighile the red emission
has been attributed to the Indium interstitial defect ¥ The

wavelength of their respective emission following excitation at indium interstitial is also a common defect emitter in In-rich
380 nm. The lifetimes can be fit adequately with biexponential Culn$ thin films.1819

decay functions and the results of this fit are listed in Table 2.

Generally in nanoparticles, if the emission is from an exciton

The decay lifetimes of the blue emission are about 700 ps andor band-to-band transition, the emission wavelength maximum
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TABLE 1: Absorption and Emission Wavelengths of In,S; and In,S;:Eus™ Nanoparticles in Aqueous Solution

size absorption excitation emission stokes-shift
samples range (nm) (nm) (nm) (nm) (nm)* efficiency (%)
IN,S; 4-5 330, 390 310, 400 510 110 16
In1.sEW0 oS3 4-5 390 310, 400 512 112 2.2
N1 6EU0.4Ss 2-3 340 323, 363 425 62 33

*Measured from the excitation and emission spectra.

TABLE 2: Luminescence Lifetimes of In,S; Nanoparticles 16310 ©

0 nsec

particle wavelength (nm) lifetime (ns)  amplitude ratio* In, 4Eug, Sy

In2Ss 500 04,23 55
Iny gEW 2Ss 500 0.7,3.7 3
N1 6EW0.4S3 435 07,25 5

*Ratio of the amplitudes of the fast and slow lifetime components.

will vary with the excitation wavelength because the absorption
and emission wavelengths are size-depen#fei@ince the
nanoparticle sample contains a distribution of different sized
particles, the larger particles that have smaller band gaps absor
and emit at longer wavelengths relative to smaller particles in 024
the distributior?® However, if the emission is from a defect or g LT
a luminescence center such as W¥ror Ew?*, the emission 50 500
energy is not dependent on the excitation energy because the
emission energies of these transitions are not size-dependentfigure 9. Time-resolved emission spectra of #o.2S; nanoparticles
Figure 7 shows clearly that the green emission position and g‘xgﬂiﬁ%uztss%gt'ﬁ; taken at 0 ns, 100 ns, 200 ns, andsSafter
shape of the Is5;3 nanoparticles do not vary significantly '
following excitation at different wavelengths. ForiBEw2Ss  shifted. Nonetheless, it is clear from eq 2 that thegF 4Ss
nanoparticles, the green emission wavelength also remainsparticles have a significantly shorter radiative lifetime compared
constant following excitation at different wavelengths. However, with the other particles. This is consistent with our assignment
Figure 6¢ shows that the peak of the blue emission @In  of the blue luminescence from the;WEw.sSs particles as a
Eu.4S3 moves to shorter wavelengths gradually as the excitation pangd-to-band transition and the green luminescence from the
wavelength decreases. This is typical luminescence behaviorgther particles as defect luminescence that would be expected
of an excitonic or band-to-band transition from a distribution o have a significantly longer lifetime. The nonradiative rate in
of semiconductor nanoparticlés. _ ~ these samples may be entirely dominated by surface trapping
The dependences of the emission intensity and emissionas js common in very small particles because of their necessarily
wavelength with the excitation power density can also provide |arge surface-to-volume ratio. The fast, subnanosecond decays
some valuable information about the origin of the emission. As opserved may very well be associated with these trap states.
a general rule, the emission wavelength will shift toward shorter \ye note that in the 58; pure particles, the amplitude of this
wavelengths with increasing excitation intensity if the emission component is significantly enhanced relative to the longer
is from donor-acceptor pair recombinatidft’*>* Power  nanosecond decay as compared to the europium-doped particles
density measurements on both$pand In eEw sSs nanopar- - (Taple 2). Therefore, the incorporation of the3Eions may
ticles (data not shown) show no shift in the emission wavelength passivate surface defect sites as has been reported previdusly.
with power density. Therefore, donor and acceptor pair recom- - Based on the luminescence behaviors described above, the
bination is not likely responsible for either the blue or green pjye emission from Is5; nanoparticles is most likely due to
emission. o ) _ ~ excitonic recombination and the green emission is from an
~The measured lifetimes in all three particles show fairly jndium interstitial. The formation of indium interstitials inJ®;
similar decay times and all are at least biexponential in nature. is |ikely to occur because the particles are prepared in an acidic
However, the relative quantum yields of the B 4S; particles solution with pH 2.0 and 3.5. Under these conditions, some
are about a factor of 10 higher than the other samples. Thesegyfyr jons may escape as$lgas.
particles also show the blue emission whereas the other particles From the EDS measurements, it is clear that both manganese
show the green emission. For purely single-exponential lumi- and europium are present in the nanoparticles as both are added

200 nsec

06

100 nsec
)

50 psec
04

Rmission Intensity (arb. units)

550 600
Wavelength (nm)

nescence decays, the relation during the preparation procedure, however there is no obvious
spectroscopic signature for either species in the emission spectra.
¢ = Topd Trad 2 The luminescence from Bt is not easily observed over the

strong blue and green emission in®Ewdoped 1RS; nanopar-
whereg is the quantum yield, and,,sandz;aq are the observed ticles in solution. However, red luminescence from3Eis
and radiative lifetimes, can be used to determine the radiative observed in time-resolved spectra at longer times (microseconds)
lifetimes. While these relations may not be rigorously true for once the green or blue emission from thgSynnanoparticles
multiexponential decays or decays fit to a distribution of has decayed away. Figure 9 displays the time-resolved emission
lifetimes, they can still be used to gain some insight into the spectra taken at 0 ns, 100 ns, 200 ns, and/$Qlelay after
nature of the transitions. We note that the values for both the excitation. The emission bands peaking at 579.5, 593, 615, 648,
quantum yield and observed lifetime of the$s nanoparticle and 698 nm are from theDo—"Fo, ®Do—"F1, *Do—"F2, “Do—
samples presented here are quite similar to those reported byFs, and®Do—"F, transitions of E&", respectively. (see Figure
Xiong,? however the emission wavelength is significantly red- 11 for the details). The decay lifetime of Euemission in 1aSs:
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a nanoparticles, the luminescence is predominantly fron#Mn
ions that are doped inside the particles. The2Mspecies
adsorbed to the nanoparticle surfaces are not luminetamt.
other words, the dopant ions within the lattice are responsible
for emission while the ions adsorbed on the particle surfaces
provide surface passivation. Likewise, some*Emost likely
resides on the surfaces of the nanopatrticles, also offering surface
passivation. Evidence for this can be observed as thip ;S;
sample begins to show a blue excitonic peak in the emission
(Figure 6) and the higher-dopedilEw ¢S; particles show
predominantly excitonic emission. This is likely becausé'Eu
. . . X ions first passivate the surface so that the exciton does not trap
A b easily to the surface states. HighePEdoping may also replace
or reduce the " interstitial defects, resulting in purely
excitonic emission with higher quantum efficiency. Strong
guantum size confinement and good surface passivation prob-
ably lead to the high luminescence efficiency from dBup 4Ss
nanoparticles.

4.2. Luminescence and Temperature Dependence of In-
dium Sulfide Nanoparticles Thin Films. To fabricate devices
that require full-color emission properties, it is desirable to have
red emission in addition to the blue and green emission of the
. ) ) . \ In,Ss nanoparticles. Eif is a common dopant resulting in red
300 400 500 600 700 emission and used in fluorescent lighting and displays. In

Wavelength (nm) addition, solids or thin film materials that can withstand elevated
Figure 10. Excitation and emission spectra of; lEw >S; and In ¢ temperatures may be requ“eq fqr some applications. Figure 10
Euw +S; nanoparticle thin films. PLE-510 nm represents the photolu- shows the eXC|tat|0_n and_ er_n|SS|on spectra afgi ;S5 and .
minescence excitation spectrum with monitored emission at 510 nm, IN1.6EU0.4S3 nanoparticle thin films that are made by evaporating
and PL-410 nm represents the photoluminescence emission spectrunthe nanoparticle solutions on glass slides. In addition to the
with excitation at 410 nm. emission of 1nS; particles, strong luminescence from¥Edus
observed in the continuous-wave emission spectra from thin
In, ;Eu,,S, S films. In this case, the Bt luminescence is not quenched by
nearby water molecules so that the luminescence is significantly
enhanced relative to the aqueous nanoparticles. In the excitation
spectra obtained monitoring the Euemission at 610 nm, the
f—f transitions of E&" and the band-to-band transition of the
In,S; host are observed.

The changes in the emission wavelength as a function of
temperature can give important information about the lumines-
cence mechanism. Generally, if the energy levels of the emitter
are coupled to the crystal field strength or chemical bond or
pair distances, the emission wavelength is temperature depend-
ent. This behavior has been observed in the band-to-band
transitions and excitonic luminescence in semiconduéfot,
the d—d transitions of transition metal iod$333%and the e&-f

T T T T T T T T T 1 f T T T T T T T T .y . e .
400 450 500 550 600 650 400 500 600 700 800 transitions of rare earth io#3.If the transition is not strongly
wavelength(nm) wavelength(nm) influenced by the crystal field strength, then its emission
Figure 11. Emission spectra of ks and In ¢Euy 453 nanoparticle thin wavelength is temperature independent, as observed in-the f
films at different temperatures below room temperature. The excitation transitions of trivalent rare earth io&%3land some interstitial
is at 325 nm. defects®>3¢ Figure 11 displays the emission of both$s and

Ew* nanoparticles is about 105, much longer than either the Inl,eEuolASB_thin films at different temperatures. The resglts_
blue or green emissions from2®. In agueous solutions, the ~ Showniin Figure 11 demonstrate that the 510-nm green emission
Ew lifetime is significantly shortened due to quenching by Peak and the red emission from¥ulo not change in emission
energy transfer to the €H stretci® of nearby water molecules. wavelength while the 425-nm blue emission peak shifts to longer
No emission from MA* is observed however, despite the Wavelengths (lower energies) at higher temperatures. The red
fact that its lifetime should be in the millisecond range. Surface- shift of the blue emission with increasing temperature is a typical
adsorbed M#" on ZnS7 or CdS® nanoparticles is not lumi-  temperature behavior of excitonic emission in semicondu€tors
nescent, while M doped into the lattice displays characteristic and supports our previous assignment. As the interstitial ions
broad orange luminescence. Due to the difference in charge, itare likely at the surfaces or interfaces among the nanocrystals,
is unlikely that the MA" can easily substitute for the indium in  the crystal field has little effect on its energy levels. This is
the lattice, thus the most likely place for manganese to reside likely why the green emission wavelength does not change with
is on the surfaces of the nanoparticles. Recent reports indicatelemperature.
that ion doping can inhibit nanoparticle growth and passivate = The measurement of the luminescence intensity temperature
the surface defect sit@82°:30In addition, in CdS:MA"-doped dependence can also provide useful information about the
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Luminescence intensities of 1gEW Sz and In gEuy.4Ss
nanoparticle thin films at different temperatures above room
u temperature show a gradual decrease with increasing temperature
likely due to thermal quenching (data not shown), although
In,S strong luminescence is observed at temperatures up t6.00
Nam This indicates that the particles and luminescence properties are
quite stable in air, even at elevated temperature$"-BHoped
phosphors are widely used in lighting and displays and ttfe f
emission of E&" is very stable due to shielding from outer-
100 . shell electrong!-*>The blue and green emissions are comparable
) in stability to the E&" emission, therefore these nanoparticles
L L L may make good multicolor luminescent materials.
[ | |”1_GEU0_483 u The blue, green, and red emissions frommSand InSs:
" Eut nanoparticles make them a potentially new type of full-
o
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color phosphor. In fact, both the blue and green broad emission
bands cover a large portion of the full visible spectrum from
the blue to red wavelength ranges. In addition, the luminescence
decay lifetime is very fast and 48; nanopatrticles are relatively
simple to prepare. Thus, 48;-based nanophosphors may have
a bright future for full-color emission, flat panel displays, and
lighting.
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Figure 12. The emission intensity changes of®g (upper) and Ine technlqugs show blue, green, and red emission. Expenmental

Ew «Ss (lower, squares for the blue emission and triangles for the red Observations on the luminescence responses following changes

emission of E& at 612 nm) nanoparticle thin films at different in the excitation wavelength and excitation power density, as

temperatures below room temperature. The excitation is at 325 nm. well as the luminescence lifetime decays and temperature
dependences, indicate that the blue emission £8;Inanopar-

stability of the particles as well as the photophysical origins of ticles is due to exciton recombination and the green emission

the luminescence. Figure 12 shows the change in intensity atto indium interstitial defects. The full-color emission, short

different temperatures below room temperature for bofsln  luminescence decays, and good stability mak&gmanopar-

and In ¢Elo.4Ss thin films. Overall, the green emission from ticles a new type of promising phosphor for flat-panel displays,

In,S; increases in intensity with decreasing temperature. How- lighting, and optical communications.

ever, the intensity temperature dependence of the blue emission

from Iny éEUy.4Ss is complex, decreasing from room temperature ~ Acknowledgment. W. C. and S. P. W. would like to thank
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decreases at lower temperatures likely due to increase of energy

transfer to the E¥ ions. In addition, the carriers can transfer
between the energy levels responsible for the blue and red
emissions. The occupation of the carriers on the higher energy.. g%)giUSte'» T, H.; Nikol, H.; Ronda, GAngew Chem., Int. Ed1998
level (responsible to the blue emission) will decrease with =~ ) ékimov, A. 1.; Efros, A. L.; Onuschenko A. /Solid State Commun.
decreasing temperature, which results in the decrease of theiggs 56, 921.

intensity of the blue band. Therefore, the combination of (3) Chen, W.; Sammynaiken, R.; Huang, X.Appl. Phys200Q 88,
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