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Luminescence properties of ZnS phosphor nanocrystals prepared
by the laser-induced gas-evaporation method
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Nanocrystalline particles of ZnS:~Ag, Al! semiconductor phosphor, whose sizes are mostly 3–5 nm
in diameter, are prepared by the gas-evaporation method with cw CO2 laser heating. The Raman
scattering spectrum as well as the transmission electron microscope observation demonstrates that
the crystallization of the nanoparticles was caused successfully through the gas-phase condensation.
Under irradiation of ultraviolet light, the nanoparticles exhibit blue luminescence, as in the case of
the starting material of ZnS:~Ag, Al! bulk powder. The peak of the luminescence spectrum of the
nanoparticles shifts to lower energy with increasing delay time and also with decreasing excitation
intensity, showing that the luminescence originates from the donor–acceptor pair recombination.
However, it is concluded that the luminescence of the nanoparticles is not ascribed to the blue Ag
luminescence mechanism responsible for the luminescence of the bulk powder, by taking into
account the spatial confinement of an electron trapped at the donor and a hole at the acceptor. It is
argued that the luminescence mechanism of the nanoparticles is the so called self-activated
luminescence, which involves zinc vacancies. ©2000 American Institute of Physics.
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I. INTRODUCTION

Nanometer-sized crystals show remarkable change
optical, structural, and electronic properties compared w
the bulk crystal, because of the quantum confinement ef
and the large surface to volume ratio.1 Recently there have
been a large number of studies on nondoped semicondu
nanocrystals.1 However, optical properties of nanocrystallin
semiconductors doped with impurity ions remains larg
unexplored despite their potential applications. According
it is very important to investigate how size reduction of t
doped semiconductor affects the optical properties, from
viewpoints of application as well as basic physics.2

A representative phenomenon that is often observe
the doped semiconductor is donor–acceptor pair lumin
cence, which occurs by the electron–hole recombination
ter trapping of carriers at donors and acceptors. Because
doped with donors of IIIb and VIIb elements and accept
of Ib elements exhibits an intense luminescence of
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type,3,4 this is widely used as the phosphors for cathode-
tube~CRT! displays. These phosphors have particle sizes
a few microns to a few tens of microns. In order to increa
the resolution and the brightness of CRT displays under
excitation by the low-energy electron beam, particles
smaller sizes are desirable.

Nanocrystalline particles can be prepared by seve
methods such as gas evaporation, sputtering, and chem
reaction synthesis. The gas-evaporation method is w
known to be applicable to many materials irrespective
metals and insulators and or inorganic and orga
materials.5,6 When a resistance heater is used for the
evaporation of a compound, there is a possibility of deco
position into the constituents during the heating, because
heating rate is relatively low. In fact, it is known that ZnS
decomposed into the zinc and sulfur by this method. T
difficulty may be circumvented by heating with a high-pow
laser beam, provided that starting material has an absorp
band at the laser wavelength.

In this article, we report the preparation of nanopartic
of ~Ag, Al! doped ZnS phosphor by the laser-induced g
evaporation method and the optical experiments. From th
il:
5 © 2000 American Institute of Physics
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results, the origin of the luminescence of the nanoparticle
discussed.

II. EXPERIMENT

The starting material was commercially availab
(ZnS:~1024Ag, 1024Al ! bulk phosphor powder. The crysta
lite size of this powder has distribution ranging from 5 to
mm. The powder was pressed into a pellet and set on a ta
holder, which can be moved horizontally, inside an evapo
tion chamber. The beam of a cw CO2 laser~Nippon Infrared
Industries, model NC-1100! with power of about 80 W was
focused on the pellet through a ZnSe lens, and the ta
materials were evaporated and condensed in an atmosp
of helium gas at a pressure of 1.0 Torr. The particles dep
ited on the wall of the chamber~or on quartz plates set on th
wall of the chamber! were collected and were used for th
optical experiments and the observation by transmiss
electron microscope~TEM!.

Luminescence spectra under a cw light excitation w
measured using a 27.5 cm monochromator~Acton Research,
Spectrapro-275! equipped with a Si charge-coupled-devi
~CCD! detector ~Princeton Instruments, LN/CCD-1100PF
UV!. The monochromatic light of 330 nm wavelengt
which was obtained by passing the light from a 500 W xen
lamp through a 25 cm monochromator~JASCO, CT-25 CPT!
and UV band-pass filter~Hoya Glass, U330! was used for the
cw excitation. The excitation intensity dependence of the
minescence spectrum was examined under irradiation of
325.0 nm line of a He–Cd laser~KIMMON Electric,
IK3902R-G!. Raman scattering spectra were measured
use of a triple-gating polychromator~JASCO, TRS-600/S!
with the above CCD detector under the excitation by
514-5 nm line of a cw Ar1 laser ~Coherent Innova 90!. In
this measurement, the spectral resolution was about
cm21. Further, time-resolved luminescence spectra w
taken with a combination of a 30 cm monochromator~Acton
Research, Spectrapro-300i! and an intensified CCD detecto
~Princeton Instruments, 1024MG-E/L! operated with a gate
width of 0.1ms. In this case, the excitation light was a Xe
excimer laser ~Lambda Physik Compex 110!-pumped-
BiBuQ dye laser~Lambda Physik, Scanmate! of 10 Hz rep-
etition rate, about 20 ns pulse duration, and 380 nm wa
length. The measurements at low temperature were d
using a closed-cycle He refrigator~Daikin, UV202CL!. The
wavelength calibration of all the CCD detectors was done
the emission lines from atomic vapor lamps. The intensi
of the luminescence spectra and the Raman spectra were
rected for the wavelength dependence of the grating e
ciency of the monochromators and the response of the C
detectors.

For the TEM observation, the prepared particles w
dispersed in methanol and drops of this dispersion are
on a copper mesh. The electron microscope~Hitachi,
H-9000Nar! was operated at 300 kV.

III. RESULTS AND DISCUSSION

We could observe many lattice plane images clearly
the TEM images of the prepared ZnS:~Ag, Al! sample. A
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typical TEM micrograph is shown in Fig. 1. As a result
the measurement of the scales of the lattice plane ima
most of the crystallite sizes were found to be in the range
3–5 nm. Although we also notice in Fig. 1 that the partic
may be grains formed from several crystallites touching s
to side, the grain sizes~or the degree of the particle aggre
gation! are believed, from earlier reports,7,8 to have increased
during the process of TEM sample preparation. According
the sample treated for the TEM observation was not used
the optical experiments. We could not determine experim
tally the impurity densities in the crystallites, because
amounts of the produced powder was too small to anal
them chemically. However, from a calculation based on v
ume and impurity density in the starting material, many
the crystallites are estimated to contain at most one Al
one Ag.

In Fig. 2, we show the Raman scattering spectra of
bulk powder and the prepared nanoparticles of ZnS:~Ag, Al!.
Compared with the spectrum of the bulk powder, the peak
the first-order longitudinal optical phonon~1-LO! line of the
nanoparticles is shifted by 2.8 cm21 to lower energy and the
linewidth becomes broad. These features can be qualitati
explained by the relaxation of the wave-vector selection ru
which results from the quantum confinement effect of the
phonon.9,10 The Raman spectrum as well as the lattice pla
images observed by TEM demonstrate that the decomp
tion into Zn and S was not serious unlike the case of
gas-evaporation method with a resistance heater and

FIG. 1. TEM micrograph of ZnS:~Ag, Al! particles grown in helium gas of
1.0 Torr pressure by the laser-induced evaporation method. The magn
tion is 63106.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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crystallization of ZnS was achieved successfully through
gas-phase condensation.

Figure 3 shows the absorption spectrum of the nano
ticles at 300 K. A hump can be seen around 3.8 eV in t
figure. In the absorption spectrum of ZnS:Cl bulk crystal
similar hump has been observed at the low-energy side o
interband absorption edge~about 3.7 eV!,12 and it has been
ascribed to the bound~zinc vacancy!-to-free transition.13 Cor-
respondingly, the hump in the absorption spectrum of
nanoparticle sample can be assigned to the free~bound!-to-
bound~free! transition, while an intense absorption band w
an edge at 4.260.1 eV, which is located at the high-energ
side of the hump, is attributable to the interband transiti
Possible candidates for the trap center forming the bo
state are silver acceptor and/or zinc vacancy.@In ZnS:~Ag,
Al !, the silver and the aluminum substitute Zn21 in the

FIG. 2. Raman spectra of the nanoparticles and the bulk powde
ZnS:~Ag, Al! at 300 K. 1-TO and 1-LO denote the first-order transverse
longitudinal optical phonon lines, respectively. The spectral resolution
about 0.7 cm21. The excitation was done by the 514.5 nm line of an A1

laser.

FIG. 3. Absorption spectrum of ZnS:~Ag, Al! nanoparticles at room tem
perature. The solid arrow denotes approximately the band gap energy
tion in the nanoparticles, from the comparison with the absorption spec
of bulk ZnS:Cl~Ref. 12!, while the dotted arrow shows the band gap ene
position of bulk ZnS~Ref. 11!.
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monovalent and trivalent states, respectively. As a res
AlZn

1 donor and AgZn
2 acceptor are formed.# The large blue-

shift of the interband absorption edge relative to that of
bulk crystal shows that the quantum confinement effect
the carriers occurs in the prepared nanoparticle sample.2,8,14

Using a variational calculation of Brus,14 the average particle
size is estimated, from the shift of the absorption band ed
to be about 3 nm in diameter, which agrees fairly well w
the dimensions of the lattice plane images in the TEM i
ages.

Under excitation by ultraviolet light, the nanoparticles
ZnS:~Ag, Al! exhibit blue luminescence. In Fig. 4, we sho
the luminescence spectra of the nanoparticles and the
powder of ZnS:~Ag, Al! at 10 K under the excitation at 3.7
eV ~wavelength 330 nm!. These spectra were taken by usin
the excitation light with the same intensity for both sampl
The luminescence spectrum of the bulk powder with a p
at about 2.73 eV~wavelength 454 nm! is known as the blue
Ag band,3,4 which is due to the recombination between
electron trapped at an AlZn

1 donor and a hole at an AgZn
2

acceptor. The luminescence spectrum of the nanoparticle
broadened largely to the low-energy side of that of the b
powder, and its peak is shifted to lower energy by about 0
eV in comparison with that of the bulk powder.

Figure 5 shows the luminescence spectra of ZnS:~Ag,
Al ! nanoparticles at various delay times after the pulsed
laser excitation at 3.26 eV~wavelength 380 nm! at 300 K.
The peak of the luminescence spectrum is found to be shi
to lower energy with increasing delay time. In addition, t
change in the peak energy during decay is larger for
earlier time region, as shown in Fig. 6.

In Fig. 7, we show the decay behaviors at several pho
energies within the luminescence band. All the decay cur
are nonexponential, and, except for the earliest time reg
they obey the relation of power law

I}t2n. ~1!

Here I and t are the luminescence intensity and the de
time, respectively. As shown in Fig. 8, the value ofn in-
creases monotonically with increasing photon energy, co

of
d
is

si-
m

FIG. 4. Luminescence spectra of the nanoparticles and the bulk powd
ZnS:~Ag, Al! at 10 K under the 3.76 eV~wavelength 330 nm! excitation.
The excitation intensity was the same for both these samples. For com
son, the peak position of the self-activated luminescence in bulk ZnS:A
denoted by the dotted arrow~Refs. 3 and 15!.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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sponding to the fact that the luminescence peak redshift
time evolves. Similar luminescence decay behaviors w
previously observed for the donor–acceptor pair lumin
cences in the ZnS3,4 and GaP bulk crystals.16 It was shown
theoretically by Thomaset al.16 that the decay behavior o
the donor–acceptor pair luminescence nearly follows the
lation ~1! except for the early time region.4 Accordingly, the
luminescence of the nanoparticle sample can be ascribe
the donor–acceptor pair recombination. Further, the grad
change in then value with the photon energy in Fig. 8 ind
cates that a single kind of luminescence mechanism and
plural kinds of mechanisms is responsible for the lumin
cence band of the nanoparticles.

Figure 9 shows the excitation intensity dependence
the luminescence spectrum of ZnS:~Ag, Al! nanoparticles.
As the excitation intensity is increased, the luminesce
spectral peak is shifted to higher energy. This result is a
one of the characteristics of the donor–acceptor pair rec
binations expected for the sample where the separation

FIG. 5. Luminescence spectra of ZnS:~Ag, Al! nanoparticles for various
delay times after the pulsed dye-laser excitation at 3.26 eV~wavelength 380
nm!. The sample temperature is 300 K.

FIG. 6. Peak energies of the time-resolved luminescence spectr
ZnS:~Ag, Al! nanoparticles at various delay times. These data were obta
from Fig. 5.
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tween the donor and the acceptor has a distribution,17 and
supports the attribution of the observed luminescence to
type of mechanism.

Next, we consider how a reduction in the crystallite siz
affect the donor–acceptor pair luminescence spectrum, in
der to examine whether the luminescence of ZnS:~Ag, Al!
nanoparticles results from the same mechanism as that o
bulk powder, namely, the blue Ag luminescence mechani
The photon energy emitted by a donor–acceptor pair is
pressed by

E~R!5Ed2Ea1e2/~eR!, ~2!

whereEa andEd are the energies of the donor and accep
levels, respectively,e is the electron charge,e is the static
dielectric constant, andR is the separation between the don
and acceptor. The observed donor–acceptor pair lumin
cence consists of unresolved luminescence lines of var
pairs with differentR values. Now we assume that the lum
nescence of the nanoparticles is due to the blue Ag lumin
cence mechanism. The Ag acceptor level involved in t
mechanism is fairly deep~about 0.7 eV above the valenc
band edge! in bulk ZnS,18 and the change inEa is considered

of
ed

FIG. 7. Decay behaviors at various photon energies in the luminesc
band of ZnS:~Ag, Al! nanoparticles. These data were obtained from Fig

FIG. 8. Then values in the relation~1! at various photon energies in th
luminescence band of ZnS:~Ag, Al! nanoparticles. These data were obtain
from Fig. 5.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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to be negligibly small for the size reduction. On the oth
hand, the aluminum donor in bulk ZnS has a shallow le
~0.074 eV below the conduction band edge!,18 and the orbital
radius of an electron trapped at the donor is about 1.2 nm19

Because the value of this radius is fairly close to that of
nanoparticles,Ed increases remarkably with decreasing cry
tallite size, on account of the spatial confinement effect,20–22

as in the case of the band gap energy.14 As a simple example
let us consider the case where the aluminum donor is loc
in the center of a spherical ZnS particle with the diamete
nm, which is the approximate average size of our nanoc
tals determined from the dimensions of the lattice plane
ages in the TEM micrograph. In this case, the donor leve
estimated to be shifted to higher energy by about 0.1
compared with that of the bulk crystal, by a theoretical c
culation using the effective mass approximation.21,22Thus, it
is predicted that the particle size reduction causes a shi
the donor–acceptor pair luminescence spectrum to the h
energy side. This prediction has been supported experim
tally for the donor–acceptor pair luminescence of the C
nanocrystals prepared by the chemical method.23

Contrary to the above prediction, the luminescence sp
trum of our nanoparticles is shifted largely to the low-ener
side compared with that of the bulk powder, as seen in F
4. Accordingly, it is not correct to ascribe the blue lumine
cence of the nanoparticles to the blue Ag luminesce
mechanism responsible for the luminescence of the b
powder. When the density of the IIIb~e.g., Al! or VIIb ele-
ment donor is fairly low compared with the density of the
element acceptor~e.g., Ag! in the bulk ZnS phosphors, th
self-activated blue luminescence, which has a peak at a
2.60 eV ~dotted arrow in Fig. 4!, is observed
predominantly.3,24–26 This luminescence is known to resu
from the recombination of an electron trapped at AlZn

1 with a
hole at an acceptor of a nearest-neighbor associate of a
vacancy and AlZn

1 .3,4,24–27Currently, the probable mechanis
of the luminescence observed in the nanoparticles is con
ered to be the self-activated luminescence for the follow
three reasons: First, this luminescence has the same cha

FIG. 9. Luminescence spectra of ZnS:~Ag, Al! nanoparticles for various
excitation intensities at 10 K. The excitation was done by the 325.0 nm
~photon energy 3.81 eV! of a He–Cd laser.I 0 is the lowest excitation in-
tensity.
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of the donor–acceptor pair transition as the self-activa
luminescence. Second, the peak position of the blue lumin
cence of the nanoparticles is higher in energy by about
eV than that of the self-activated luminescence observe
the bulk ZnS powder, which satisfies the requirement of
spatial confinement. Third, it is very probable that zinc v
cancies involved in the self-activated luminescence are
ated in the process of vaporization by laser heating.

The following two of our experimental results will b
advantageous for practical applications to CRT displays w
a high resolution under the low-energy electron beam e
tation. One is that the nanocrystals of ZnS were obtain
easily by the laser-induced gas-evaporation method with
serious decompositions and considerably good crystallin
as is obvious from the Raman spectrum and the TEM mic
graph. The other is that the nanocrystals of ZnS:~Ag, Al!
show blue luminescence, as in the case of the bulk star
material, which is now put to various practical uses as
blue light emitting phosphors.

IV. SUMMARY

In summary, we have prepared nanocrystalline partic
of ZnS:~Ag, Al! phosphor, whose sizes are mostly 3–5 nm
diameter, by the CO2 laser-induced gas-evaporation metho
Due to the quantum confinement effect, the band gap e
gies of the nanoparticles are shifted remarkably to hig
energy, compared with that of the bulk ZnS crystal. T
Raman scattering data and the TEM observation showed
the crystallization of the nanoparticles is caused success
through the gas-phase condensation. Under irradiation o
traviolet light, the nanoparticles exhibit blue luminescen
From the observation of the shift in luminescence spectr
during decay and with excitation intensity, the blue lumine
cence has been ascribed to the donor–acceptor pair re
bination. The luminescence decay curve has been foun
obey the relation of power law at various photon energ
within the luminescence band. The mechanism of the lu
nescence has been concluded to be different from that o
blue Ag luminescence responsible for the starting materia
ZnS:~Ag, Al! bulk powder, by taking into account the spati
confinement effect for the donor level and the acceptor le
Our current hypothesis is that the luminescence of the na
particles has the mechanism of the self-activated lumin
cence.
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