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Nanocrystalline ZnS and CdS samples have been synthesized in the presence of Eust and
Th3" using various techniques (precipitation in water, methanol, or toluene and inverse
micelle techniques) which have been reported to yield ZnS or CdS nanoparticles doped with
luminescent rare earth ions. Nanocrystalline particles with a typical diameter of 4 nm were
formed. In some cases, particles were heated (up to 800 °C) which resulted in an increase of
the particle diameter (>20 nm). To study the incorporation of rare earth ions in the particles,
luminescence spectra have been measured. Upon excitation in the semiconductor host lattice,
no emission or weak emission is observed from the rare earth ions. The excitation spectra
of the characteristic rare earth emissions show excitation lines corresponding to intracon-
figurational 4f"—4f" transitions of the rare earth ions but not the semiconductor host lattice
excitation band. The absence of a host lattice excitation band indicates that with the presently
used synthesis techniques the rare earth ions are not incorporated in the nanocrystalline
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semiconductor particles but are probably adsorbed at the surface.

1. Introduction

Nanocrystalline semiconductors have been the sub-
jects of numerous investigations in the past two decades.
If the semiconductor particles become smaller than the
Bohr radius of the exciton, so-called quantum size effects
occur.™* As a result of these quantum size effects, the
band gap of the semiconductor increases and at the
edges of the valence and conduction band discrete
energy levels occur. These quantum size effects have
stimulated great interest in both basic and applied
research.

In 1994, Bhargava reported on remarkable optical
properties of doped semiconductor nanoparticles.® It was
argued that the lifetime of the Mn2" emission in
nanocrystalline ZnS was shortened from milliseconds
to nanoseconds due to quantum size effects. In addition,
the luminescence quantum efficiency was reported to
increase with decreasing particle size. However, it was
later shown that lifetime shortening in nanocrystalline
ZnS/Mn?* does not occur.®” The Mn2* emission of
nanocrystalline ZnS/Mn?* has a “normal” millisecond
lifetime.

Despite the absence of lifetime shortening, numerous
papers on the luminescence of semiconductor nanopar-

ticles doped with 3d transition metal (TM) ions or rare
earth (RE) ions have appeared and in various articles
it was concluded that both the TM- and RE-doped ZnS
nanocrystals “form a new class of luminescent materi-
als”.589 This report focuses on RE-doped semiconductor
nanoparticles. The literature has reports on both oxidic
insulators and 11—-VI semiconductor nanoparticles doped
with RE ions. From the papers on nanocrystalline RE-
doped oxides, it is clear that it is very well possible to
incorporate RE ions in oxidic nanoparticles such as
Y203,10712 YVO,,1% and Gd,03,** due to the very similar
chemical properties of all rare earth ions. Quantum size
effects are not expected in these oxides since the Bohr
radius of the exciton in insulating oxides, like Y503,
YVO,, and Gd;Og3, is very small. The exciton Bohr radius
of 11-V1 semiconductors is larger (e.g., 2.5 nm for CdS)
resulting in pronounced quantum confinement effects
for nanoparticles of about 2.5 nm and smaller. There-
fore, a possible influence of quantum size effects on the
luminescence properties of RE ions is only expected in
11—VI semiconductor nanocrystals.

A number of papers reported on the luminescence
of nanocrystalline 11-VI semiconductors doped with
Tb3+’15717 Sm2+,13 EU3+/EU2+, 9,19,20 or EI’.Zl Papers on
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the luminescence of nanocrystalline ZnS/Th3* 15717 re-
ported emission spectra characteristic for °D,—’F,, tran-
sitions of the Tb®" ion. In addition, a lifetime shortening
from milliseconds to nanoseconds was reported for these
nanoparticles.’®> An organometallic synthesis route,'® a
common precipitation technique,® and block copolymer
nanoreactors!” were used to synthesize the ZnS/Th3*
nanoparticles.

The optical properties of nanocrystalline ZnS/Sm were
reported in ref 18. Nanocrystalline ZnS/Sm was pre-
pared by using a precipitation method. The broad emis-
sion and excitation bands were tentatively assigned to
the transitions between the 4 and 4°5d states of Sm?*
and also to the transitions of excitons bound to Sm?*,

Nanocrystalline samples of ZnS/Eu or CdS/Eu were
prepared by using common precipitation methods,1719
a microemulsion technique,® and sol—gel processing.2°
Upon host lattice excitation, either a broad band emis-
sion band around 500 nm®19 or sharp Eu3" lines!® were
observed.

An important issue that needs to be addressed is if
the RE ions are really being incorporated in nanocrys-
talline ZnS or CdS. The ionic radii of RE ions are much
larger than that for Zn?* (viz., Eu®* = 0.95 and Zn?" =
0.75 A23). If one assumes that the RE ion is incorporated
on a Zn?* lattice site, like Mn?* ions in nanocrystalline
ZnS/Mn,?* the ZnS host lattice has to deform locally. In
addition, the 3+ charge of a RE ion on a 2+ site has to
be compensated for somewhere in the host lattice.
Finally, the differences in chemical properties between
Zn?* and RE3®" will not favor substitution of Zn2™ by
RE3T. Still, it is known that RE ions can be incorporated
in bulk 11-VI semiconductors.?> Efficient luminescence
from intraconfigurational 4f"—4f" transitions has been
observed for RE ions in bulk ZnS upon excitation over
the band gap.26:27.28 However, high temperatures (900—
1200 °C?5) are needed to accomplish this. The reported
synthesis conditions for the preparation of RE-doped
nanocrystalline semiconductors are very mild compared
to the conditions used for bulk RE-doped semiconduc-
tors. Therefore, it is not evident that RE ions are
incorporated in ZnS or CdS nanoparticles.
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A few papers reported on the luminescence of RE ions
adsorbed at the nanocrystalline semiconductor surface?®
or nanocrystalline semiconductors adsorbed on RE-
containing species.3%31 The emission spectra for these
substances are very similar to the spectra reported for
nanocrystalline ZnS/RE or CdS/RE. Therefore, the RE
ions in the latter compounds may be located at the
surface of the nanoparticle and not in the host lattice.
Note that a similar discussion is going on about the
incorporation of Mn?* in nanocrystalline ZnS even
though Mn?" has the same charge as Zn?* and the size
and chemical properties of these ions are similar. Also
for ZnS/Mn2*, there is evidence that a part of the Mn2*
ions is not incorporated in the ZnS nanocrystals but is
at surface sites.32736

In this report, the incorporation of RE ions in nano-
crystalline ZnS and CdS is investigated in a systematic
way. Old and new synthesis methods are used and
compared. Besides room-temperature preparation meth-
ods, postsynthesis heat treatment (up to 800 °C) was
done to promote incorporation of RE ions in ZnS or CdS
nanoparticles. Even ion implantation was attempted as
a method to incorporate RE ions in semiconductor
nanoparticles. From careful luminescence studies, it is
concluded that with the preparation techniques applied
it is not possible to incorporate RE ions in nanocrystal-
line semiconductors.

2. Experimental Section

2.1. Synthesis of Nanocrystalline ZnS/Eu and CdS/Eu.
For the synthesis of nanocrystalline ZnS/Eu or CdS/Eu, a
precipitation method and a microemulsion method were used.
After the synthesis, some samples were subjected to a heat or
hydrothermal treatment. The precipitation method that was
used for the synthesis of nanocrystalline ZnS/Eu or CdS/Eu
is similar to the method described by Yus7 for the synthesis of
nanocrystalline ZnS/Mn?*. A portion of 10.2 g of Na(POg), (PP)
(Aldrich) was dissolved in distilled water. A portion of 10 mL
of 1 M Zn(CH3CO0),:6H,0 (for ZnS/Eu) or 1 M Cd(ClOy).*
6H,0 (for CdS/Eu) and 10 mL of 0.01 M EuCls;.xH,O were
added to this solution. Sometimes, 10 mL of a 0.02 M LiCl
solution was added since Li* on a Zn?* site can serve as charge
compensator for RE3" ions on Zn?* sites. After the solution
was stirred for 10 min, 10 mL of 1 M Na,S-9H,0 was injected.
Immediately, a white suspension is formed. After the reaction,
the total volume was 100 mL. The suspension was centrifuged
and washed with distilled water and ethanol. The nanopar-
ticles were dried in a vacuum.

The microemulsion method used to prepare nanocrystalline
ZnS/Eu or CdS/Eu is very similar to the method described by
Xu et al.? for the preparation of ZnS/Eu®*. As surfactant, a
2:1 mixture of poly(oxyethylene)snonylphenol (Empilan NP-
5) and poly(oxyethylene)gnonylphenol (Empilan NP-9) of Al-
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bright & Wilson was used. Two solutions were prepared. The
first one contained 75.6 g of petroleum ether (bp 60—80 °C,
Fluka), 32.4 g of surfactant, and 92 g of a 0.1 M ZnCl,/0.01M
EuCls.xH-0O solution in water. The other solution contained
92 g of 0.1 M NazS as the aqueous part. The two solutions
were mixed, and a white suspension was formed. After
centrifugation, the particles were rinsed with water and
acetone and dried in a vacuum.

Heat treatments of samples were performed to study if RE3*
ions can be incorporated at higher temperatures. Some samples
were heated under increased pressure in a Teflon-lined auto-
clave for 15 h at 120 °C (hydrothermal treatment) before the
centrifuging step. Precipitated nanocrystalline ZnS/Eu samples
made with twice the amount of Na(PO3), (20.4 g) were
subjected to a heat treatment. Part of the samples were placed
in an aluminum oxide crucible, covered by a layer of sulfur,
and placed in the oven. First, the samples were heated at 200
°C for 2 h in a nitrogen atmosphere to evaporate any water
present in the sample or the oven tube. After this heat
treatment, the samples were heated for another 3 h at 200,
400, 600, and 800 °C, respectively, in a nitrogen atmosphere.
After cooling, the samples were washed several times with
distilled water and ethanol to remove any excess sulfur.
Finally, the samples were dried in a vacuum.

2.2. Synthesis of Nanocrystalline ZnS/Tbh3". Two syn-
thesis routes were used to synthesize nanocrystalline ZnS/
Th3*: a conventional precipitation method and an organome-
tallic method. The first method resembles the standard
precipitation method described in section 2.1. A solution of 0.01
M TbCl;6H,0 in water was used as the terbium precursor
solution. Sometimes, LiF was added as charge compensator.
In addition to this synthesis in water, the synthesis was
performed in methanol.

The organometallic method used is similar to the method
described by Bhargava et al.??> In a nitrogen atmosphere
(glovebox), 2.5 mL of a 1.1 M Zn(C,Hs). solution in toluene
(Aldrich) was further diluted to 205 mL. To this solution, 5
mL of a 0.011 M solution of terbium trifluoromethanesulfonate
(Aldrich) in tetrahydrofuran and 1.1 mL methacrylic acid
(stabilizer, Aldrich) were added. After the addition of 50 mL
of a saturated solution of H,S in toluene (0.631 M), a white
suspension was formed instantaneously. The particles were
separated from the solution by centrifugation. The separated
particles were rinsed with tetrahydrofuran and methanol and
dried in a vacuum.

2.3. Nanocrystalline ZnS/Er. Samples of nanocrystalline
ZnS/Er were prepared by ion implantation at the FOM
institute for Atomic and Molecular Physics in Amsterdam.
Prior to ion implantation, undoped nanocrystalline ZnS was
prepared using the precipitation method described in section
2.1. This undoped sample was implanted with 100 keV Er to
a fluence of 1 x 10'® Er ions per cm?. This corresponds to
approximately 10 Er ions per nanoparticle. The sample was
subsequently annealed at 150—800 °C for various times
between 10 s to 20 min.

2.4. Characterization. Emission and excitation spectra
were recorded with a SPEX Fluorolog spectrofluorometer
equipped with two double grating 0.22 m SPEX 1680 mono-
chromators and a 450 W xenon lamp as excitation source. The
emission was detected with a cooled Hamamatsu R928 pho-
tomultiplier. Emission spectra were corrected for the sensitiv-
ity of the photomultiplier tube, and excitation spectra were
corrected for the intensity of the xenon lamp.

X-ray powder diffraction patterns were recorded using a
Philips PW 1729 X-ray generator with Cu Ka radiation (1 =
1.542 A). From the line broadening of the XRD patterns, the
average particle size was calculated.3®

3. Results and Discussion

3.1. Nanocrystalline ZnS/Eu and CdS/Eu. X-ray
powder diffraction patterns of the ZnS/Eu nanoparticles
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Figure 1. Emission (1exc = 330 nm) (solid line) and excitation
spectra (em = 480 nm) (dashed line) of nanocrystalline ZnS/
Eu, prepared by using the precipitation method, measured at
room temperature.

show broad lines at positions that are in agreement with
the zincblende modification of ZnS. From the line
broadening of the XRD patterns, the average particle
size of the samples was calculated.3* When the samples
prepared with twice the amount of PP in a nitrogen
atmosphere were heated, the particle size increased
drastically. Before they were heated, the particle diam-
eter was 5.0 nm. After the samples were heated at 200
°C for 5 h, the average particle diameter increased to
10.2 nm. The heating above 200 °C (at 400, 600, and
800 °C) yielded an average particle diameter larger than
20 nm. Due to this large particle size, quantum size
effects are not expected for these samples. As a result
of the hydrothermal treatment (15 h at 120 °C in Teflon-
lined autoclave), the average particle diameter of the
precipitated samples increases from 4.4 to 5.2 nm. By
subjection of the samples, made by the microemulsion
method, to the hydrothermal treatment (15 h at 120 °C
in Teflon-lined autoclave), the average particle diameter
increased from 4.2 to 7.8 nm.

Similar trends were found for nanocrystalline CdS/
Eu. The average particle diameter of samples prepared
with the precipitation method was 3.6 nm, while samples
prepared with the microemulsion method had an aver-
age particle diameter of 4.6 nm. Due to the hydrother-
mal treatment (15 h at 120 °C in Teflon-lined autoclave),
the average particle radius of the latter samples in-
creased to 9.6 nm.

A typical emission and excitation spectrum of nano-
crystalline ZnS/Eu prepared with the precipitation
method is shown in Figure 1. A broad emission band
was obtained for the 330 nm excitation. No sharp Eu3*
emissions or a broad Eu?" emission around 530 nm were
observed for host lattice excitation, contrary to other
publications.®° The emission and excitation spectra are
similar to the emission and excitation spectrum of
undoped nanocrystalline ZnS, showing that no Eu3* or
Eu?* was incorporated. Also, if LiCl was used as charge
compensator, Eudt or Eu?* emission was not observed.
For excitation at 395 nm (in the "Fo — 5L transition of
Eud"), weak °Dg — 7F; emission could be observed.
There was a clear relation between the thoroughness
of the washing procedure and the intensity of the Eu3"
emission: if more washing steps were included, the Eus*™
emission intensity decreased, supporting the conclusion
that the Eu®* emission results from Eu®* ions absorbed
at the surface.

Samples prepared with the microemulsion method
show Eu®* emission, as is demonstrated in Figure 2. In
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Figure 2. (a) Emission (lexc = 375 nm) and (b) excitation
spectra (Aem = 612 nm) of nanocrystalline ZnS/Eu, prepared
by using the microemulsion method, measured at room tem-
perature.

the emission spectrum, the characteristic Dy — 7F;
emission lines of the Eu®" ion are observed. The
spectrum is similar to emission spectra reported for
nanocrystalline ZnS/Eu*. The observation of Eus*
emission is, however, no evidence that the Eu®" ions are
incorporated in the ZnS nanocrystals. There may very
well be a second phase containing Eu3*, or the (lumi-
nescent) Eudt ions may be situated at the surface of the
nanoparticles. If the Eus* ions are indeed incorporated
in the ZnS nanocrystals, it is expected that upon
excitation of the ZnS host, efficient energy transfer to
the Eu3t centers will occur, similar to the situations for
Mn2* in nanocrystalline ZnS/Mn?* and RE ions in bulk
ZnS.57726=28 A crucial test for the incorporation is an
excitation spectrum of the Eu3* emission; if the ZnS
absorption band is present in the excitation spectrum,
energy transfer from the ZnS semiconductor nanopar-
ticle to the Eu®* ion occurs and it is clear that Eu®* ions
are incorporated in the ZnS nanoparticles. If the excita-
tion spectrum does not show the ZnS absorption band,
it can be concluded that the Eu®* emission does not
originate from Eu®" in ZnS nanoparticles. In Figure 2,
the excitation spectrum of the Eu3" emission is also
shown. The spectrum is dominated by intraconfigura-
tional 4f" — 4f" transitions, the strongest line being the
"Fo — 5Lg line around 395 nm as is usually observed
for Eu3™. The ZnS absorption band is not present in the
excitation spectrum, showing that the Eu3* ion cannot
be excited via the ZnS host. This shows that the Eu3"
ions are not incorporated in the ZnS nanoparticles.

The emission spectra for Eu3* ions adsorbed at the
surface of nanocrystalline ZnS?> and nanocrystalline
CdS adsorbed on Eu®*-doped silica gel or zirconia
films3%:31 are similar to the spectra reported here for
nanocrystalline ZnS/Eu. Probably, the Eu" ions in the
present compounds are located at the surface.

In the literature, the papers on ZnS/RE3* often show
only emission spectra, e.g., refs 9 and 29, which makes
it difficult to verify if the rare earth ions are incorpo-
rated. If excitation spectra are shown, e.g., ref 17, only
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Figure 3. Emission spectrum (dexc = 330 nm) of nanocrys-
talline ZnS/Eu, prepared by using the precipitation method
with (dashed line) and without (solid line) hydrothermal
treatment, measured at room temperature.

intraconfigurational 4f" — 4f" excitation lines are
present and there are no host lattice (ZnS) excitation
bands showing that the RE3" ions are not incorporated
in the nanoparticles, even though it is suggested that
they are in the literature.

There are several reasons for the poor incorporation
of Eudt in nanocrystalline ZnS. First, the ionic radius
of the Eud* ion is larger than that of Zn?* (Eu3™ = 0.95
and Zn2* = 0.75 A23). For an Eu3* ion on a Zn2* lattice
site, the ZnS host lattice has to deform, which is
energetically unfavorable. Besides, due to the large ionic
radius, the Eu®" ion prefers sites with high coordination
numbers (six or higher). In ZnS, however, the coordina-
tion number of the cation lattice site is only four, which
is very unusual for Eu®*. In addition, the 3+ charge of
the Eud" ion has to be compensated for somewhere in
the lattice. It is questionable if Eu can be incorporated
in a sulfide in the trivalent state. The divalent state is
expected to be more stable.3®

It is known that RE ions can be incorporated in bulk
11-VI semiconductors.?> However, high temperatures
(~900—1200 °C?5) are needed to accomplish this. The
synthesis conditions used here and in other publications
for the preparation of Eus*-doped nanocrystalline semi-
conductors are very mild compared to the conditions
used for bulk Eu®*-doped semiconductors.

To try and incorporate Eu3™ ions into the nanocrys-
tals, some of the samples were subjected to a heat
treatment (up to 800 °C for 3 h) or a hydrothermal
treatment (15 h at 120 °C in a Teflon-lined autoclave).
When the samples were heated, the particle size in-
creased dramatically (=10 nm). The samples subjected
to both heat and hydrothermal treatment give emission
and excitation spectra similar to the ones shown in
Figure 2. Upon host lattice excitation at 320 nm, no
Eu®™ emission was observed. The hydrothermally treated
samples, however, show an increase in luminescence
intensity at an emission wavelength around 500 nm for
host lattice excitation (see Figure 3). This could possibly
suggest that not Eu®* but Eu?* is incorporated in the
ZnS nanoparticles. It is known that Eu in sulfides is
often divalent.?® Besides, Chen et al.’® reported that
Eu?* could be incorporated in nanocrystalline ZnS by
using a precipitation method, followed by a heat treat-
ment at 80 °C for 24 h. Upon excitation in the nano-

(39) Blasse, G.; Grabmaier, B. C. Luminescent Materials; Springer-
Verlag; Berlin 1994,



Incorporation of Trivalent Rare Earth lons

1400

a h
12004 M
_ |l
5 1000+ |
@ A
g AN !
> 800 g
= o
a Wy
& 6004 -f“m 1ot by
= T r”uv”nw W/« { VW o
4004 o] W‘.W
'VWMV
2004
0 T T T T T
450 500 550 600 650 700 750
Wavelength (nm)
b
0.6 '
\
|
3 o
5 0.4 i |
< b ey D
2 ! \“ / .v\/\% m “
2 | A /
5 1" At W
£ 024 M/“w'wv\/w\wvf e N
0.0

250 300 350 400 450 500 550
Wavelength (nm)

Figure 4. (a) Emission (dexe = 380 nm) and (b) excitation

spectra (lem = 620 nm) of nanocrystalline CdS/Eu, prepared

by using the microemulsion method, measured at room tem-
perature.

crystalline host, an emission at around 530 nm was
obtained, which was assigned to Eu?" emission. Xu®
reported a similar emission for ZnS/Eu prepared by a
microemulsion method, followed by a hydrothermal
treatment. They assigned this emission to the photo-
ionization of Eu?* to Eu3". Neither of these publications
verified the absence of this emission band in undoped
nanocrystalline ZnS, prepared in the same way as the
doped samples. It is possible that due to the applied heat
or the hydrothermal treatments, new luminescent cen-
ters are formed in the nanocrystalline host, which cause
the observed broad green emission.

To investigate the influence of the hydrothermal
treatment on the luminescence of undoped nanocrys-
talline ZnS, an undoped nanocrystalline ZnS sample,
made by using the microemulsion method, was sub-
jected to the hydrothermal treatment. The same in-
crease of the emission spectrum around 500 nm was
observed for the undoped sample as for the Eu-doped
one. Thus, upon subjecting ZnS nanoparticles to heat
or hydrothermal treatment, new luminescence centers
are created.

Since the ionic radius of the Cd ion is larger than the
ionic radius of the Zn2* jon (0.98 and 0.74 A, respec-
tively?3), it is expected that EuZ*™ or Eu3" is incorporated
more easily in CdS than in ZnS. As for nanocrystalline
ZnS/Eu, the precipitated samples gave only CdS defect
emission around 650 nm for host lattice excitation (see
Figure 4). The samples prepared with the microemul-
sion method gave Eu3* emissions, but as was observed
for nanocrystalline ZnS/Eu, these emissions were rela-
tively weak and could be most efficiently excited inter-
nally in the Eu3*, as was also reported by Morita et al.°
showing that the Eu3" ions are not incorporated in the
nanocrystalline CdS/Eu. Also, the addition of LiCl as
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charge compensator or after the subjection of the
samples to a hydrothermal treatment, no Eu3" was
incorporated in the nanocrystalline CdS. Again, the low-
energy side of the defect emission increased upon
hydrothermal treatment of nanocrystalline CdS/Eu.
This increase was also observed for undoped nanocrys-
talline CdS. This low-energy emission is therefore not
ascribed to Eu?" emission but to the emission from
newly created luminescent centers.

From the above discussion, we conclude that by the
use of a common precipitation method or a microemul-
sion method to synthesize nanocrystalline ZnS/Eu or
CdS/Eu, the Eu®* or Eu?" ions are not incorporated in
ZnS or CdS host. The characteristic °Dg—’F; emission
that is observed results from Eu3* ions adsorbed at the
surface of the nanocrystalline ZnS or CdS particles or
a small amount of a second phase.

3.2. Nanocrystalline ZnS/Th3*. The first publication
on nanocrystalline ZnS/Th®* appeared in 1994.4° Bhar-
gava reported that upon excitation in the nanocrystal-
line ZnS host, the well-known °D,—7F, emissions of the
Tb3* ion around 550 nm were observed. Later, it was
reported by the same author!® that the lifetime of the
Th3* emission was shortened from ~3 ms for bulk ZnS/
Th3* to 7 ns in nanocrystalline ZnS/Th3*. This lifetime
shortening was explained by the quantum size effects.1®

A similar explanation was given for the observed
lifetime shortening of the Mn2*™ emission of nanocrys-
talline ZnS/Mn?*.5 However, recently, the presence of
lifetime shortening in nanocrystalline ZnS/Mn?* was
shown not to occur.®” The Mn2™ emission in nanocrys-
talline ZnS/Mn?* has a “normal” millisecond lifetime,
like in bulk ZnS/Mn2*. Therefore, lifetime shortening
in ZnS/Tb3" is expected to be due to the same misin-
terpretation.

lhara et al.l” observed °Ds—"F, emissions for nanoc-
rystalline ZnS/Tb3* as well. In addition, they observed
a lifetime shortening from 1.15 ms for bulk ZnS/Th3*
to 0.10 ms for nanocrystalline ZnS/Th3*. However, close
inspection of the excitation spectra of these emissions
reveals that the Th3" emission can only be excited via
4fn — 4f" excitation of the Tb®" ion and via ZnS band
gap excitation, showing that the Tb3" ions are not
incorporated in the ZnS host lattice.

Kane and co-workers?® tried to incorporate Th3" in
nanocrystalline ZnS using block copolymer nanoreac-
tors. Emissions characteristic for Th®" were observed.
However, an excitation spectrum of these emissions was
not shown in this paper. It is therefore not clear if the
Th3* ions are incorporated in the ZnS host lattice.

To incorporate Th3*" ions in a nanocrystalline ZnS host
lattice, a common precipitation method was used.
Furthermore, we applied the organometallic synthesis
method used by Bhargava and co-workers. The samples
prepared with the common precipitation method gave
a broad emission band around 430 nm, like in Figure
1, upon host lattice excitation. No Th3" emission was
observed. The addition of LiF as charge compensator
did not yield Tb3" emission. The synthesis was also
performed in methanol. Since TbCls is less soluble in
methanol than in water, it was expected that Th3+
would incorporate more easily in the ZnS if the synthe-

(40) Bhargava, R. N.; Gallagher, D.; Welker, T. J. Lumin. 1994,
60—61, 275.
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Figure 5. (a) Emission (dexe = 378 nm) and (b) excitation

spectra (Aem = 544 nm) of nanocrystalline ZnS/Th®", prepared

by using the organometallic method, measured at room tem-
perature.

sis was done in methanol. However, no Th3" emission
lines were observed for host lattice excitation.

This was tried to reproduce the organometallic syn-
thesis that Bhargava used to prepare nanocrystalline
ZnS/The*. Since a detailed description of the synthesis
route was never published, it was assumed that an
organometallic synthesis method used by the same
authors, comparable to the organometallic synthesis
method used for the preparation of nanocrystalline ZnS/
Mn2*, was used to prepare nanocrystalline ZnS/Th3*,

Again, no Th3* emission was observed for host lattice
excitation of these samples. Only if the Tb3" ions were
excited in characteristic 4f" — 4f" lines, 5D,—"F, emis-
sions of the Th®* ion could be observed (see Figure 5).
From this, it is concluded that with the application of
room-temperature preparation techniques, Th3* cannot
be incorporated in nanocrystalline ZnS. As was dis-
cussed in section 3.1, this is due to the large size,
chemical differences, and the need for charge compensa-
tion.

Bol et al.

3.3. Nanocrystalline ZnS/Er. From the above dis-
cussion, it is clear that incorporation of rare earth ions
in nanocrystalline semiconductors by several chemical
preparation methods was not successful. Therefore, ion
implantation was used to incorporate Er in nanocrys-
talline ZnS. Er3* in bulk ZnS shows a green emission
originating from the 4Sz;; — I35, transition of the Er3*
ion.?4 After ion implantation, the samples were ther-
mally annealed, since ion implantation damages the
crystal structure of the sample, which causes lumines-
cence quenching. Thermal annealing also increases the
particle size of the semiconductors. Thermal annealing
at 450 °C for 10 min yielded samples with an average
particle diameter of 5.6 nm, while before thermal
annealing, the average particle size was 4.2 nm. The
samples annealed at this temperature did not show Er
luminescence. Only the defect-related ZnS emission was
observed. Possibly, the crystal structure around the Er
ions is not restored by thermal annealing at this
temperature. Therefore, another sample was subjected
to 800 °C for 10 min. Still, no Er luminescence was
found for this sample. Due to this high temperature,
the particle diameter increases to above 20 nm. Hence,
initial ion implantation experiments of precipitated ZnS
samples followed by thermal annealing have not been
successful in the preparation of nanocrystalline 11-VI
semiconductors doped with RE ions.

4. Conclusion

Nanocrystalline 11—VI semiconductor (ZnS and CdS)
particles were prepared in the presence of trivalent rare
earth dopant ions (Eu®" and Tbh3®"). Several synthesis
methods were used based on commonly applied precipi-
tation methods and microemulsion techniques. Lumi-
nescence measurements show that the rare earth ions
are not incorporated in the semiconductor nanoparticles.
Even after the samples are heated to 800 °C (resulting
in a substantial increase in particle size), there is no
evidence that the trivalent lanthanides are inside the
11—VI semiconductor nanoparticles.
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