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Energy structure and fluorescence of Eu2¿ in ZnS:Eu nanoparticles
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Eu21-doped ZnS nanoparticles with an average size of around 3 nm were prepared, and an emission band
around 530 nm was observed. By heating in air at 150 °C, this emission decreased, while the typical sharp line
emission of Eu31 increased. This suggests that the emission around 530 nm is from intraion transition of Eu21.
In bulk ZnS:Eu21, no intraion transition of Eu21 was observed because the excited states of Eu21 are degen-
erate with the continuum of the ZnS conduction band. We show that the band gap in ZnS:Eu21 nanoparticles
opens up due to quantum confinement, such that the conduction band of ZnS is higher than the first excited
state of Eu21, thus enabling the intraion transition of Eu21 to occur.
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Doped semiconductor nanoparticles are interesting na
structured materials because their electronic and op
properties, which are largely size dependent, may resu
practical applications such as high brightness displays
typical such material is ZnS:Mn nanoparticles which ha
been widely studied.1 Recently, the luminescence properti
of trivalent rare-earth~RE! ions @Tb31 ~Ref. 1!, Eu31 ~Ref.
2!# in semiconductor nanoparticles have been reported.
luminescence of Eu21 and Eu31 in xerogels3,4 was also ex-
amined. However, to our knowledge, divalent RE ions dop
into semiconductor nanoparticles have received little att
tion.

Eu21-doped ZnS is a promising phosphor. The advant
of this phosphor over other Eu21-doped sulphides~CaS, SrS,
and BaS! is that ZnS is more chemically stable. However,
was reported that instead of luminescence from Eu21, only
the Eu21-bound exciton could be observed in bu
ZnS:Eu21, because the excited states of Eu21 are higher or
degenerate within the host conduction band.5,6 In this paper,
we show that as the size of ZnS:Eu particles approach
critical dimension, emission from Eu21 becomes possible
and we argue that this is due to the fact that the ene
structure of ZnS:Eu21 is modified by quantum size confine
ment.
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ZnS:Eu21 nanoparticles were prepared as follows: A fou
neck flask was charged with a solution containing 10-
methacrylic acid, 5-g citric acid, and 1000-ml ethan
~99.95%!. The solution was stirred under N2 for 2.5 h. A
second solution containing 8.009 g of Na2S and 200 ml of
ethanol, and a third solution containing 30.337 g
Zn~NO3!26~H2O!, 0.114 g of EuCl2 and 200 ml of ethanol
(Eu21/Zn21 molar ratio 5:995! were prepared and added
the first solution simultaneously via two different necks. A
ter the addition, the resulting solution was stirred constan
under N2 at 80 °C for 24 h. ThepH value of the final solution
was 2.4. This relatively lowpH value is required to preven
the precipitation of unwanted Eu species from occurring. T
nanoparticles were extracted from the solution by centrifu
tion, and dried in vacuum at room temperature.

The nanocrystalline structure, size, and shape were
served by x-ray powder diffraction~XRD! and high-
resolution transmission electron microscopy~HRTEM!. The
XRD pattern was recorded with an INEL diffractometer u
ing a CPS 120 detector and a monochromatized CuKa1(l
51.540 56 Å) radiation witha-Si (a50.543 nm) as an in-
ternal standard. The particles were suspended in ethanol
brought onto a holey carbon covered copper grid
11 021 ©2000 The American Physical Society
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HRTEM observation. The HRTEM images of the particl
were obtained using a JEM-4000EX electron microsco
~400 kV! with a structural resolution of 0.16 nm.

The absorption spectra of the particles were measured
JASCO V-530 UV/visible spectrophotometer. The photo
minescence excitation and photoluminescence were reco
at room temperature using a SPEX 510 fluorescence spe
photometer. All measurements were carried out at room t
perature.

XRD measurement shows that the ZnS:Eu particles
characteristic of that of the zinc-blende modification of Z
~sphalerite, Fig. 1!. The average size of the particles, calc
lated from the Debye-Scherrer equation, is around 3 nm
typical HRTEM image~Fig. 2! shows that the average siz
of the particles is about 3 nm, in agreement with the XR
and optical-absorption measurements. The~111! lattice
planes of some particles can be observed in the HRT
images. The~111! lattice spacing of the particles was es
mated to be around 0.31 nm from the HRTEM images. T
is consistent with the~111! spacing of bulk ZnS~0.312 nm!.

A broad emission at 530 nm was observed from the
S:Eu nanoparticles~Fig. 3!. In order to reveal whether thi
emission is from Eu21, we oxidized the sample by heating
in the air at 150 °C for 1 and 12 h, respectively. Since Eu21

is not stable in an oxidized atmosphere, it can be oxidize
Eu31 easily via Eu21→Eu311e. The electron may be

FIG. 1. X-ray-diffraction pattern of ZnS:Eu21 nanoparticles.

FIG. 2. High-resolution transmission electron microscopy~HR-
TEM! image of ZnS:Eu21 nanoparticles.
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trapped at the surface states or defects of the particles. A
oxidation, the intensity of the broad emission at 530 nm
creased, while a new sharp band appeared around 612
and grew gradually as increase in oxidation time. After o
dation for 12 h, the broadband at 530 nm, almost dis
peared, while three sharp bands around 590, 612, and
nm were observed~Fig. 3!. These three bands are the cha
acteristic emissions of Eu31,7 corresponding to the transi
tions of 5D0→7F1 , 5D0→7F2 , and 5D0→7F4 , respec-
tively. These results demonstrate that the emission at 530
is indeed from Eu21. After oxidation, the concentration o
the Eu21 ions decreases, while the concentration of Eu31

increases, resulting in a decrease in the emission intensi
Eu21 at 530 nm and in an increase of the emission inten
of Eu31 ions. There is no ZnSO4 or ZnO reflections detected
in XRD measurements in the oxidized samples, indicat
that upon oxidation at such low temperatures, the convers
of ZnS to ZnSO4 or ZnO is negligible.

Figure 4 shows the optical absorption~ABS!, photolumi-
nescence excitation spectra of ZnS:Eu21 nanoparticles as
prepared and the absorption spectrum of bulk ZnS. The
citon absorption at;290 nm is blueshifted by;45 nm from
the bulk value@;335 nm~Refs. 8 and 9!# because of quan
tum size confinement. Using the exciton absorption ene
and based on the tight-binding model,10 the estimated par-
ticle size is around 3 nm. This is in agreement with XRD a
TEM observations. Three absorption bands appear in
photoluminescence excitation spectrum~Fig. 4!. One absorp-
tion band is on the longer-wavelength side of the parti
absorption edge. It is probably from the absorption of t
doped Eu21 ions. The excitation signals from these stat
indicate that there is an emitting state within the band g
and that the energy scheme in nanophase ZnS:Eu21 is differ-
ent from that of bulk ZnS:Eu21. Due to quantum confine
ment, the energy gap of ZnS is increased to approach
level of SrS~for example, the energy gap is;4.5 eV for a

FIG. 3. Emission spectra of ZnS:Eu nanoparticles as prepa
~1! and after heating at 150 °C for 1~2! and 12 h~3!, respectively
~excitation at 260 nm!.
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3-nm-sized ZnS particle, and is 4.3 eV for SrS~Ref. 11!!.
Thus the energy schemes of Eu21 in ZnS and in SrS might be
similar, and may have analogous luminescence proper
For example, the excitation or emission spectrum of Eu21 in
ZnS nanoparticles is very similar to the excitation or em
sion spectra of Eu21 in SrS:Eu.11 By comparing the excita-
tion spectrum of ZnS:Eu21 nanoparticles~Fig. 4! with that of
SrS:Eu21,11 and according to the calculation based
effective-mass approximation,9 we assign the two excitation
bands at 280 and 310 nm to the 1S-1P and 1S-1S transi-
tions of ZnS,12–14 respectively. The band in the range
380–430 nm corresponds to the 4f 7→4 f 65d1 transitions of
Eu21 ions.

The emission spectra of the particles excited at 260, 3
and 390 nm are shown in Fig. 5. The emission at;530 nm
is from the 4f 65d1→4 f 7 transition of Eu21 ions rather than
from the so called Eu21 bound exciton, because the emissi
wavelength is shorter than that of the bound exciton. In
dition, the bound exciton is not stable at temperatures ab

FIG. 4. Optical absorption~ABS! and photoluminescence exc
tation ~PLE, emission of 530 nm! spectra of ZnS:Eu21 nanopar-
ticles and absorption spectrum of bulk ZnS.

FIG. 5. Emission spectra of ZnS:Eu21 nanoparticles obtained b
excitation at 260~1!, 340 ~2!, and 390~3! nm, respectively.
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200 K.15 We can see that the emission wavelength is
same for excitation at 260, 340, or 390 nm, but the emiss
intensity obtained by excitation at 260 nm is higher than t
obtained at 340 or 390 nm. In doped semiconductors, th
are two channels of excitations in the impurity luminescen
One is indirect excitation, i.e., excitation into the conducti
band of the host, followed by an energy transfer from t
host to the impurity ions to cause the luminescence. T
other is direct excitation of the impurity ions. The absorpti
edge of the particle is around 290 nm. Thus the excitation
260 nm is an indirect excitation, while excitation at 340
390 nm is a direct excitation. It is clear that the luminescen
obtained by indirect excitation of the host is much mo
efficient than that obtained by direct excitation of Eu21 itself,
since for below-gap excitation only little of the exciting ligh
is being absorbed.

In bulk ZnS: Eu21, the ground state of Eu21 is 2.25 eV
below the edge of the conduction band, and its first exci
state is;0.35 eV above the edge of the conduction band
bulk ZnS.5 The excited states of Eu21 are degenerate with
the continuum of the conduction band. Photoionization e
ily occurs, and no intraion transition was observed beca
the intraion excitation process requires a higher energy t
that for the photoionization transition. Emission from th
state is possible only if there is a potential barrier for t
autoionization of the center. However, such a barrier d
not exist in the case of Eu21 in bulk ZnS, and thereby no
intraion transition was observed.15 The emission bands o
bulk ZnS:Eu around 700 nm~Ref. 15! are attributed to the
so-called anomalous emission of the Eu21 bound exciton.

From the above discussion, we see that, in order to
serve the intraion transition of Eu21 in the ZnS:Eu systems
we need to raise the edge of the conduction band above
first excited state of Eu21. This may be realized in ZnS:Eu21

nanoparticles. Due to quantum confinement, the energy
opens up, the conduction band moves to higher energy,
the valence band moves to lower energy. The extent to wh
each band moves depends on the relative values of the e
tive mass of electron (me* ) and hole (mh* ). According to the
effective-mass approximation model,12–14 the increase of the
energy gap is;1.07 eV for a 2.5-nm-sized ZnS nanoparticl
For ZnS,me* and mh* are 0.25me and 0.59me ,13,14 respec-
tively. In this case, the edge of the valence band moves d
by ;0.32 eV, while the edge of the conduction band mov
up by;0.75 eV. Consequently, the conduction-band edg
about 0.30 eV above the first excited state of Eu21. Simi-
larly, the conduction-band edge is about 0.12 eV higher t
the first excited state level of Eu21 in a 3-nm-sized particle,
and is almost at the same level as the first excited stat
Eu21 in a 3.5-nm-sized particle~see Fig. 6!. If the edge of
the conduction band is higher than the first excited state
Eu21, the energy required for intraion excitation is small
than that for the photoionization transition, and the intrai
transition may occur. Accordingly, we can predict that t
intraion transition of Eu21 can be observed in a ZnS:E
nanoparticle smaller than 3.5 nm.

The characteristic energy structure of the nanostructu
system can explain why the energy transfer from nanosi
ZnS host to Eu21 ions is so efficient. In ZnS:Eu21 nanostruc-
tures, the 4f 7 ground-state level of Eu21 lies in the forbidden
gap, and the first 4f 65d1 excited state lies fairly close to th
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FIG. 6. Energy structure scheme of bulk~left! and nanophase ZnS:Eu21 of 3.5 ~middle! and 3.0 nm~right!. In the bulk, the first excited
state~FES! of Eu21 is ;0.35 eV above the edge of the conduction band~CBE! in bulk ZnS~Ref. 5!, the excited states of Eu21 are degenerate
with the continuum of the conduction band. Photoionization easily occurs and no intraion transition could be observed. The CBE o
about 0.12 eV higher than the FES of Eu21 in a 3-nm-sized particle. In this case the intraion transition of Eu21 becomes possible. For
3.5-nm-sized particle, the CBE of ZnS is almost at the same level as the FES of Eu21. This suggests that the intraion transition of Eu21 can
be observed in ZnS:Eu21 nanoparticles smaller than 3.5 nm.G-Eu21 stands for the ground state of Eu21, the VBE is the edge of the valanc
band of ZnS.
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edge of the conduction band of ZnS. Since the wave fu
tions of conduction electrons in ZnS ared like, it is expected
that the 4f 65d1 excited state of the Eu21 ions will interact
strongly with the conduction electrons. This interaction w
result in an efficient energy transfer from the nanosized Z
host to the Eu21 emitter, and thus make Eu21-doped nano-
sized ZnS an efficient phosphor.

In summary, we have observed the luminescence of E21

in ZnS:Eu nanoparticles. The luminescence of Eu21 from
indirect excitation of the host is much stronger than that fr
direct excitation of Eu21. The energy scheme of Eu21 in
nanostructured ZnS is different from that in bulk ZnS. Due
quantum confinement, the band gap opens up and the ed
the ZnS conduction band moves to a higher energy than
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first excited state level of Eu21, and thus enables the intraio
transition of Eu21 ions.

The authors would like to thank the Swedish Natural S
ence Research Council, the Foundation For Strategic
search of Sweden, and the National Natural Science Foun
tion of China~No. 69890230! for financial support. W.C. is
grateful to the exchange program between China and S
den and financial support from the Center for Chemic
Physics, The University of Western Ontario. Y.H. thank
NSERC of Canada for the financial support. Dr. Ande
Gustafsson is acknowledged for a critical reading of t
manuscript.
e

m

B

J.

.

*Author to whom all correspondence should be addressed. Pre
address: Nomadics, Inc., 1730 Cimarron Plaza, P. O. Box 24
Stillwater, OK 74076. Electronic address: wchen@nomadics.c

1R. N. Bhargava, J. Lumin.70, 85 ~1996!.
2F. Parsapour, D. F. Kelley, and R. S. Williams, J. Phys. Chem

102, 7971~1998!.
3M. A. Zaitoun, T. Kim, and C. T. Lin, J. Phys. Chem. B102,

1122 ~1998!.
4E. Cordoncillo, B. Viana, P. Escribano, and C. Sanchez, J. Ma

Chem.8, 507 ~1998!.
5M. Godlewski and D. Hommel, Phys. Status Solidi A95, 261

~1986!.
6M. Goldlewski and K. Swiatek, inOn Eu Activated II-VI Semi-

conductor Compounds, edited by J. K. Furdyna and J. Kossu
Semiconductors and Semimetals Vol. 25~Academic, New York,
1988!, pp. 621–643.
nt
6,

r.

7R. D. Peacock, inStructure and Bonding~Springer-Verlag, New
York, 1975!, Vol. 22, pp. 83–122.

8T. S. Moss,Optical Properties of Semiconductors~Butterworths,
London, 1959!, p. 208.

9W. Chen, Z. G. Wang, Z. J. Lin, Y. Xu, and L. Y. Lin, J. Mater.
Sci. Technol.13, 397 ~1997!.

10P. E. Lippens and M. L. Lannoo, Phys. Rev. B89, 10 935~1989!.
11H. Xiang, G. Z. Zhong, S. Tanaka, and H. Kobayashi, Jpn.

Appl. Phys.28, L1019 ~1989!.
12A. I. Ekimov, AL. L. Efros, and A. A. Onuschenko, Solid State

Commun.56, 921 ~1985!.
13L. E. Brus, J. Chem. Phys.79, 5566~1983!.
14R. Rossetti, J. L. Ellison, J. M. Gibson, and L. E. Brus, J. Chem

Phys.80, 4464~1984!.
15K. Swiatek, M. Godlewski, and D. Hommel, Phys. Rev. B42,

3628 ~1990!.


