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Energy structure and fluorescence of E&G" in ZnS:Eu nanoparticles
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Ew?*-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 E&" increased. This suggests that the emission around 530 nm is from intraion transiticii of Eu
In bulk ZnS:EE@", no intraion transition of E& was observed because the excited states &f Bte degen-
erate with the continuum of the ZnS conduction band. We show that the band gap in ZhSdhoparticles
opens up due to quantum confinement, such that the conduction band of ZnS is higher than the first excited
state of EG", thus enabling the intraion transition of Euto occur.

Doped semiconductor nanoparticles are interesting nano- znS:Ei#* nanoparticles were prepared as follows: A four-
structured materials because their electronic and opticaieck flask was charged with a solution containing 10-ml
properties, which are largely size dependent, may result IMhethacrylic acid, 5-g citric acid, and 1000-ml ethanol

practical applications such as high brightness displays. 99.95%. The solution was stirred under,Nor 2.5 h. A
typical such material is ZnS:Mn nanopatrticles which have 2

; ; ; . __second solution containing 8.009 g of J$aand 200 ml of

2? ?r?vggilyr:rtgﬂgg?;ée?;Els’ E?—Esli"(gg?s%enéﬁaf r(oRpsfr.tles ethanol, and a third solution containing 30.337 g of
2)] in semiconductor nanoparticles have been reported. Thé”(N+O3)22£HZO)’ 0.114 g of EuGJ and 200 ml of ethanol
luminescence of B and EG* in xerogeld* was also ex- (EW?*/zn?* molar ratio 5:99% were prepared and added to
amined. However, to our knowledge, divalent RE ions dopedhe first solution simultaneously via two different necks. Af-
into semiconductor nanoparticles have received little attenter the addition, the resulting solution was stirred constantly
tion. under N at 80 °C for 24 h. TheH value of the final solution

Ew?*-doped ZnS is a promising phosphor. The advantagavas 2.4. This relatively lowH value is required to prevent
of this phosphor over other Etrdoped sulphideéCaS, SrS, the precipitation of unwanted Eu species from occurring. The
and Ba$is that ZnS is more chemically stable. However, it nanoparticles were extracted from the solution by centrifuga-
was reported that instead of luminescence fromM'Ewnly  tion, and dried in vacuum at room temperature.
the Ed'-bound exciton could be observed in bulk The nanocrystalline structure, size, and shape were ob-
ZnS:E¥", because the excited states of?Eware higher or served by x-ray powder diffractionXRD) and high-
degenerate within the host conduction bafidn this paper, resolution transmission electron microscqpyRTEM). The
we show that as the size of ZnS:Eu particles approaches@RD pattern was recorded with an INEL diffractometer us-
critical dimension, emission from Bl becomes possible, ing a CPS 120 detector and a monochromatizedK@d (A
and we argue that this is due to the fact that the energy=1.54056A) radiation witha-Si (a=0.543nm) as an in-
structure of ZnS:E&i is modified by quantum size confine- ternal standard. The particles were suspended in ethanol, and
ment. brought onto a holey carbon covered copper grid for
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FIG. 1. X-ray-diffraction pattern of ZnS:Et nanoparticles.

HRTEM observation. The HRTEM images of the particles e s s 00
were obtained using a JEM-4000EX electron microscope
(400 kV) with a structural resolution of 0.16 nm.

The absorption spectra of the particles were measured in a g, 3. Emission spectra of ZnS:Eu nanoparticles as prepared
JASCO V-530 UV/visible spectrophotometer. The photolu-(1y and after heating at 150 °C for () and 12 h(3), respectively
minescence excitation and photoluminescence were recordeghcitation at 260 nim
at room temperature using a SPEX 510 fluorescence spectro-
photometer. All measurements were carried out at room temtrapped at the surface states or defects of the particles. After
perature. oxidation, the intensity of the broad emission at 530 nm de-

XRD measurement shows that the ZnS:Eu particles arereased, while a new sharp band appeared around 612 nm
characteristic of that of the zinc-blende modification of ZnSand grew gradually as increase in oxidation time. After oxi-
(sphalerite, Fig. L The average size of the particles, calcu-dation for 12 h, the broadband at 530 nm, almost disap-
lated from the Debye-Scherrer equation, is around 3 nm. Apeared, while three sharp bands around 590, 612, and 695
typical HRTEM image(Fig. 2) shows that the average size nm were observedFig. 3). These three bands are the char-
of the particles is about 3 nm, in agreement with the XRDacteristic emissions of Eti,’ corresponding to the transi-
and optical-absorption measurements. Tfkll) lattice tions of °Dy—'F;, °Do—'F,, and °Dy,—'F,, respec-
planes of some particles can be observed in the HRTEMively. These results demonstrate that the emission at 530 nm
images. The(111) lattice spacing of the particles was esti- is indeed from E&'. After oxidation, the concentration of
mated to be around 0.31 nm from the HRTEM images. Thishe E#* ions decreases, while the concentration ofEu
is consistent with th€111) spacing of bulk Zng0.312 nm.  increases, resulting in a decrease in the emission intensity of

A broad emission at 530 nm was observed from the Zn£?" at 530 nm and in an increase of the emission intensity
S:Eu nanoparticlegFig. 3. In order to reveal whether this of Eu** ions. There is no ZnSgor ZnO reflections detected
emission is from EtI", we oxidized the sample by heating it in XRD measurements in the oxidized samples, indicating
in the air at 150 °C for 1 and 12 h, respectively. Sinc8'Eu  that upon oxidation at such low temperatures, the conversion
is not stable in an oxidized atmosphere, it can be oxidized tef ZnS to ZnSQ or ZnO is negligible.

EU" easily via EG"—EWw"+e. The electron may be  Figure 4 shows the optical absorptiohBS), photolumi-
nescence excitation spectra of ZnS*Ewnanoparticles as
prepared and the absorption spectrum of bulk ZnS. The ex-
citon absorption at-290 nm is blueshifted by-45 nm from

the bulk valug ~335 nm(Refs. 8 and g because of quan-
tum size confinement. Using the exciton absorption energy
and based on the tight-binding mod8lthe estimated par-
ticle size is around 3 nm. This is in agreement with XRD and
TEM observations. Three absorption bands appear in the
photoluminescence excitation spectr(ffg. 4). One absorp-
tion band is on the longer-wavelength side of the particle
absorption edge. It is probably from the absorption of the
doped Ed" ions. The excitation signals from these states
indicate that there is an emitting state within the band gap,
and that the energy scheme in nanophase ZrfS:Buiffer-

ent from that of bulk ZnS:E&i. Due to quantum confine-

FIG. 2. High-resolution transmission electron microscgR-  ment, the energy gap of ZnS is increased to approach the
TEM) image of ZnS:E&i' nanoparticles. level of SrS(for example, the energy gap is4.5 eV for a
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200 K1° We can see that the emission wavelength is the
same for excitation at 260, 340, or 390 nm, but the emission
intensity obtained by excitation at 260 nm is higher than that
obtained at 340 or 390 nm. In doped semiconductors, there
are two channels of excitations in the impurity luminescence.
One is indirect excitation, i.e., excitation into the conduction
band of the host, followed by an energy transfer from the
host to the impurity ions to cause the luminescence. The
other is direct excitation of the impurity ions. The absorption
edge of the patrticle is around 290 nm. Thus the excitation at
260 nm is an indirect excitation, while excitation at 340 or
390 nm is a direct excitation. It is clear that the luminescence
v ST ob.ta.ined by indirect (.axcitation. of the ho;t is muph more
Wavelength (nm) e_ff|C|ent than that obtaln_ed _by direct excitation onE_u_tseIf_,
since for below-gap excitation only little of the exciting light
FIG. 4. Optical absorptiotABS) and photoluminescence exci- is being absorbed.
tation (PLE, emission of 530 ninspectra of ZnS:Eif nanopar- In bulk ZnS: EG", the ground state of Bl is 2.25 eV
ticles and absorption spectrum of bulk ZnS. below the edge of the conduction band, and its first excited
state is~0.35 eV above the edge of the conduction band in
3-nm-sized ZnS particle, and is 4.3 eV for Sief. 11). bulk Zns? The excited states_ of B are deggne_ratg with
Thus the energy schemes of%un ZnS and in SrS might be f[he continuum of the cc_)nductlon_ _band. Photoionization eas-
y occurs, and no intraion transition was observed because

similar, and may have analogous luminescence propertieg? . ] o ) :
- - e intraion excitation process requires a higher energy than
For example, the excitation or emission spectrum of'Bn L - I .
that for the photoionization transition. Emission from this

Z.nS nanoparticles 1S very.smllllar to the excitation or emis-g,q i possible only if there is a potential barrier for the
sion spectra of EUf in SrS:Eu. BY comparing _the exclta- 5 toionization of the center. However, such a barrier does
tion spectlrlum of ZnS:E%T.nanopartlclee‘QHg. A with thatof o4 ayist in the case of Eti in bulk ZnS, and thereby no
SrS:E_G*, and according to the calculation based onjyaion transition was observéd.The emission bands of
effective-mass approximatichye assign the two excitation bulk ZnS:Eu around 700 nrfRef. 15 are attributed to the
bands at 280 and 310 nm to th&1P and 1S-1S transi-  so-called anomalous emission of the?Edound exciton.
tions of ZnS;*** respectively. The band in the range of  From the above discussion, we see that, in order to ob-
380—430 nm corresponds to thé’4-4f°5d" transitions of  serve the intraion transition of Bl in the ZnS:Eu systems,
EW ions. we need to raise the edge of the conduction band above the
The emission spectra of the particles excited at 260, 34Girst excited state of Ei. This may be realized in ZnS:El
and 390 nm are shown in Fig. 5. The emission~&30 nm  nanoparticles. Due to quantum confinement, the energy gap
is from the 4°5d*—4f7 transition of EG" ions rather than  opens up, the conduction band moves to higher energy, and
from the so called B bound exciton, because the emissionthe valence band moves to lower energy. The extent to which
wavelength is shorter than that of the bound exciton. In adeach band moves depends on the relative values of the effec-
dition, the bound exciton is not stable at temperatures abovéve mass of electronni’) and hole (). According to the
effective-mass approximation modér,'*the increase of the
energy gap is-1.07 eV for a 2.5-nm-sized ZnS nanopatrticle.
For ZnS,m? andm} are 0.2%n, and 0.59n,,"*** respec-
1 tively. In this case, the edge of the valence band moves down
by ~0.32 eV, while the edge of the conduction band moves
up by ~0.75 eV. Consequently, the conduction-band edge is
about 0.30 eV above the first excited state of EuSimi-
larly, the conduction-band edge is about 0.12 eV higher than
the first excited state level of Euin a 3-nm-sized particle,
and is almost at the same level as the first excited state of
EW?' in a 3.5-nm-sized particlésee Fig. 8. If the edge of
the conduction band is higher than the first excited state of
Ew?*, the energy required for intraion excitation is smaller
2 than that for the photoionization transition, and the intraion
transition may occur. Accordingly, we can predict that the
intraion transition of E&' can be observed in a ZnS:Eu
. , . . . . . nanoparticle smaller than 3.5 nm.
350 450 550 650 750 The characteristic energy structure of the nanostructured
system can explain why the energy transfer from nanosized
ZnS host to Efi" ions is so efficient. In ZnS:Ed nanostruc-
FIG. 5. Emission spectra of ZnS:Eunanoparticles obtained by tures, the 4 ground-state level of Ei lies in the forbidden
excitation at 26Q1), 340(2), and 390(3) nm, respectively. gap, and the first #5d* excited state lies fairly close to the
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FIG. 6. Energy structure scheme of blkft) and nanophase ZnS:Euof 3.5 (middle) and 3.0 nm(right). In the bulk, the first excited
state(FES of EL?* is ~0.35 eV above the edge of the conduction b&BBE) in bulk ZnS(Ref. 5, the excited states of Etiare degenerate
with the continuum of the conduction band. Photoionization easily occurs and no intraion transition could be observed. The CBE of ZnS is
about 0.12 eV higher than the FES of%ELn a 3-nm-sized particle. In this case the intraion transition ot'Enecomes possible. For a
3.5-nm-sized particle, the CBE of ZnS is almost at the same level as the FE$'of Hhis suggests that the intraion transition ofEgan

be observed in ZnS:Eti nanoparticles smaller than 3.5 n@:Ew?* stands for the ground state of £y the VBE is the edge of the valance
band of ZnS.

edge of the conduction band of ZnS. Since the wave funcfirst excited state level of Ei, and thus enables the intraion
tions of conduction electrons in ZnS aitdike, it is expected transition of EG" ions.
that the 4°5d* excited state of the Ei ions will interact
strongly with the conduction electrons. This interaction will ~ The authors would like to thank the Swedish Natural Sci-
result in an efficient energy transfer from the nanosized Zngnce Research Council, the Foundation For Strategic Re-
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in ZnS:Eu nanoparticles. The luminescence of Efrom  den and financial support from the Center for Chemical
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direct excitation of Efi". The energy scheme of Euin NSERC of Canada for the financial support. Dr. Anders
nanostructured ZnS is different from that in bulk ZnS. Due toGustafsson is acknowledged for a critical reading of the
quantum confinement, the band gap opens up and the edge @anuscript.
the ZnS conduction band moves to a higher energy than the
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