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A strong enhancement of the 1.54 um fluorescence of Er®t has been achieved in highly
concentrated 11—VI semiconductor quantum dot environments. A new preparation strategy
allowed to incorporate up to 20 at. % Er®" into ZnS, CdS, and CdSe as well as ZnO
semiconductor clusters and nanocrystals (sizes 1.5—5 nm). All clusters investigated contain
OH groups that serve as bridging ligands for the lanthanide attachment. Er®t in ethanolic
cluster solutions is fluorescing by 3 orders of magnitude more strongly than in pure ethanol,
which can only be explained by a cagelike architecture of these clusters offering a large
intake capacity. With this new material concept, the two well-known radiationless
recombination channels related to electron—phonon coupling and Er—O—Er clustering can
be controlled. First, with decreasing number of erbium ions per nanoparticle, the fluorescence
intensity increases, approaching its maximum at 2 at. % Er®t. Second, it is shown that the
fluorescence intensity increases with decreasing energy of phonons produced by lattice
vibrations of the surrounding cluster carrier. For example, ethanolic molecular erbium/
(aminopropyl)trialkoxysilane (AMEQO) complexes exhibit the lowest fluorescence intensity
of all samples employed, due to the presence of high-energy OH and NH vibrations (between
3000 and 3500 cm™1). Ethanolic Er/ZnO colloids, however, fluoresce 100 times more intense,
which can be interpreted in terms of the lower phonon energy of the ZnO lattice vibrations
(between 500 and 1000 cm™?). The AMEO-capped 1.6 nm CdSe/Er3* clusters in ethanol
fluoresce 1000 times more strongly than ethanolic AMEO/Er®t complexes (CdSe phonon
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energies around 200 cm™2).

Introduction

The initiation of small semiconductor and metal
particle research related to the development of novel
materials for photocatalysis, solar energy storage, and
size tunable linear and nonlinear optics goes back to
the beginning 1980s and is summarized in several
review articles and books.1=® Since the early 1990s,
structure and application oriented work on semiconduc-
tor quantum dots (QD) is increasing due to improved
synthesis routes. They allow preparing highly concen-
trated colloidal cluster solutions for the growth of large
crystalst®—12 and for film preparations.13-15
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In this paper, we present a semiconductor quantum
dot approach to control NIR fluorescence of Er3t.
Silicate glass fibers doped with erbium ions are impor-
tant NIR laser components used for the light signal
recovery in telecommunication networks.’® Promising
complementary components for optical signal processing
might also be represented by short distance planar
waveguides.” To increase the NIR laser efficiency (by
lowering the phonon energy of the matrix) and to
shorten the pumping distance (by introducing high
content of homogeneously distributed Er3*), new mate-
rial compositions and fabrication technologies are re-
quired. Heavy metal fluoride, oxide, and chalcogenide
glasses are known to exhibit lower phonon energies
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which reduce the extent of electron—phonon interaction
and improve the laser performance.’® On the other
hand, high Er3* contents of up to 15 at. % were already
demonstrated on sol—gel-derived materials such as
silicates,!® alumosilicates,?® TiO,?* and GeO,?? as well
as organosilicates filled with nanocrystalline ZnO car-
riers.?

In this contribution, we present the synthesis of
colloidal Er3*-containing I1—VI quantum crystallites for
planar waveguide formation. This preliminary study
was directed toward following three goals: (1) to acti-
vate the 1.54 um fluorescence by attaching Er3* to the
I1-VI quantum dot, (2) to study the influence of the
chemical composition of the semiconductor clusters on
the 1.54 um fluorescence intensity of Er®*, and (3) to
synthesize highly concentrated metal chalcogenide and
oxide nanocolloids with high Eré* content and to employ
them in the preparation of thick films via single step
coating.

Experimental Section

Materials. All manipulations involving silylchalcogenides
were carried out under argon using the Schlenk technique.
Cadmium and zinc acetate dihydrates were purchased from
Fluka. Bis(trimethylsilyl)selenium, (TMS).Se, was prepared
according to the procedure described elsewhere® and stored
at —30 °C under argon. Bis(trimethylsilyl) sulfide, (TMS),S,
and ethanol from Aldrich were used as purchased. 3-(Ami-
nopropyl)triethoxysilane (AMEQ) was purchased from ABCR.

Synthesis of Cd/Er and Zn/Er Precursors for Chalco-
genolysis. A 2.3 g sample of dehydrated cadmium acetate
(or 1.83 g of zinc acetate) together with the desired amount of
erbium acetate (atomic Cd/Er or Zn/Er ratios ranging between
5 and 20) were suspended in 100 mL of ethanol. The metal
acetate mixture dissolved during refluxing for 3 h. Finally,
the solvent was removed under reduced pressure and ambient
temperature, yielding crystalline powders.

Chalcogenolysis of Er/Cd(Zn)E (E = S, Se) Precursors.
The nanocolloids were synthesized according to the following
general procedure: Cd/Er or Zn/Er precursor powder was
dissolved in ethanol and reacted with (aminopropyl)triethox-
ysilane (AMEO) to yield a 0.2 M Cd complex with the AMEO/
Cd(Zn) ratio of 5. The reagent, placed in a two-neck flask,
was thoroughly deoxygenated by repeated evacuation and
flushing with argon. The synthesis of a concentrated metal
chalcogenide cluster solutions was completed by dropwise
addition of the liquid bis(trimethylsilyl)selenium or -sulfur
source. The resulting erbium-containing metal chalcogenide
colloidal solutions were approximately 0.1—0.5 M (with respect
to chalcogenium atom) and contained 100% mole excess of
cadmium or zinc.

Using the spin on technique, optically transparent films on
glass substrates or on Si wafers were prepared from the 0.1
M or subsequently concentrated 0.5 M colloids. The thermal
curing of these films was performed under vacuum conditions
at 100 °C for 2 h. The average thickness of the resulting crack-
free films can be adjusted between 2 and 10 um per single
step coating.
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Synthesis of Er®t/Zn0O Coating Sols and Nanocrystal-
line Films. Two routes were developed to prepare highly
concentrated stable Er®*/ZnO nanocolloids containing hexago-
nal wurtzite crystallites with sizes around 3.5 and 5 nm as
checked by XRD.

Route A, 3.5 nm Particles. An ethanolic suspension of a
mixture of dehydrated zinc and erbium acetate was refluxed
for 3 h under ambient air conditions, and the resulting clear
pink 0.1 M Zn—O—Er precursor solution was cooled to room
temperature. For this procedure, the Zn/Er ratios ranging
between 2 and 40 were adjusted by varying the Zn content
whereas the Er concentration remained constant. The hy-
drolysis and condensation yielding 3.5 nm ZnO clusters was
induced by dropwise addition of tetramethylammonium hy-
droxide, TMAH (2.2 M stock solution in methanol), the TMAH/
Zn ratio being one. Subsequent concentrating on a rotary
evaporator (10 Torr, 30 °C) yielded stable 2 M ZnO/Er colloids.
Assuming spherical geometry, it was calculated that 3.5 nm
nanocrystals contain 950 ZnO molecules with approximately
300 being situated on the surface. The mean particle distance
was calculated to be about one particle diameter.

Route B, 5 nm Particles. This route, developed for the
preparation of thick electronically conducting nanocrystalline
Al/ZnO films,? employs 80 mL of a 1-propanolic 0.5 M zinc
acetate dihydrate suspension. After heating to 125 °C and
refluxing for 20 min, 18 mL of a 2.2 M methanolic TMAH
solution was rapidly added. Subsequently, the hot solution
was cooled to 40 °C, yielding a nearly neutral (pH = 8) 0.4 M
ZnO colloid. Subsequent concentrating on a rotary evaporator
under vacuum conditions (10 Torr) gave 20 mL of a 2 M ZnO
colloid. In the final step and under stirring, dehydrated
erbium acetate powder was added to the 2 M ZnO solution.
Erbium acetate powder is soluble neither in ethanol nor in
1-propanol, but it readily dissolves within a few minutes in
this concentrated ZnO colloid up to a molarity of about 0.4 M
Er3*t (Zn/Er ratio = 5). Several other lanthanide acetates,
which are not soluble in 1-propanol, are highly soluble in 2 M
ZnO colloids, too. In these colloids the agglomeration number
was calculated to be 2750 ZnO molecules per particle with 950
of them being situated on the surface. The mean particle
distance was calculated to be approximately 1.2 particle
diameter.

The 2 M ZnO/Er colloids were further used to prepare films
on commercial glass slides by dip coating. The apparatus used
was equipped with a sintering oven and allows coating under
controlled humidity and withdrawal speed (2—70 cm/min). It
also allows to transfer the wet films from the coating chamber
into the oven chamber without exposing them to the ambient
air. The rapid sintering of the films (by transferring the wet
films into the preheated oven) was performed under dry air
stream conditions for 2 h. The sintering temperature ranged
between 250 and 400 °C. The largest film thickness per single
step coating achieved was 1.5 um as determined on sintered
crack-free optically transparent films.

Optical Characterization. Optical absorption spectra
were collected with a Perkin-Elmer Lambda 19 spectropho-
tometer. Quartz cells with thickness ranging between 10 um
and 1 cm were used to obtain spectra from concentrated
colloids.

NIR Fluorescence Measurements. The room-tempera-
ture steady-state NIR spectra of erbium-containing samples
were taken using a chopped 200 mW CW Ar* laser (chopper
frequency was 36 Hz) and a liquid nitrogen cooled Ge detector.
The 488 nm pump wavelength was chosen to induce the *l15,,
— 4F7; transition (=20 492 cm~Y) in Er®*. The detection range
was between 1400 and 1700 nm.
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Figure 1. Optical absorption spectra of alcoholic 0.2 and 2
M ZnO colloids for two different particle sizes. All samples
contain 20 at. % Er3".

Results and Discussion

Optical Absorption Properties of Er3*/ZnO Col-
loids. Figure 1 shows optical absorption spectra of
highly concentrated differently sized ZnO/Er colloids
taken with 10 and 100 um quartz cells (ZnO/Er = 5).
The excitonic transitions at 320 nm indicate the pres-
ence of strongly quantized 3.5 nm particles. The 350
nm transitions correspond to sizes of about 5 nm (also
confirmed in TEM measurements), in contrast to large
ZnO bulk crystals which have an absorption band edge
at 400 nm. The spectra in Figure 1 also show a
nonlinear ZnO concentration dependency of the optical
density. Below concentrations of 0.1 M, the sols obey
the Lambert—Beer law (e320 = 500 M~ cm™1, €359 = 250
M~tcm™1). Above 0.1 M, the optical densities rise with
increasing ZnO concentration. Surprisingly, the pres-
ence of erbium ions in all investigated colloids did not
influence the growth of ZnO nanocrystals, neither their
optical absorption spectra nor the XRD and TEM
patterns.3¢ The cluster size dependent energy position
and shape of the excitonic transitions shown in Figure
1 coincide with spectroscopic observations made on
erbium-free colloids and with earlier studies.102°

Optical absorption spectra of the above colloids taken
with 1 cm cells are depicted in Figure 2. It shows the
optical absorption edge of the ZnO particles located
below 400 nm along with the characteristic weak Er3*
transitions between 360 and 1000 nm (parity-forbidden).
For comparison, spectra of an aqueous erbium acetate
and an ethanolic Er—O—Zn precursor solution are also
included. Environment-related differences in shape and
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Figure 2. Optical absorption spectra of erbium ions in water,
in an ethanolic Zn—O—Er precursor before hydrolysis, and in
two alcoholic ZnO colloids of different particle size. The molar
concentration of erbium was 0.05 M in all four liquid samples
(Zn/Er = 5). Note the hyperchromic term splitting of the two
4G112 and ?Hyyp, transitions.

intensity of the 4Gy, and 2Hyy, transitions at 377 and
520 nm can be recognized in the Er3* spectra (Figure
2).

From the literature,'826-28 it is well-known that these
two *Gi1/2 and 2Hjy, transitions (and transitions of other
lanthanides in different ligand fields) are hypersensitive
pseudoquadrupolar, which is reflected in nephelauxetic
band shifts, ligand field induced term splitting, and an
increase in the oscillator strength. These changes,
observed in experimental studies on glasses and liquid
complexes as well as in theoretical Judd—Ofelt and
Jorgensen calculations,826-28 gre explained in terms of
variable ligand—metal orbital overlap due to different
point symmetries and electronegativities of the ligands.

In our colloid study, nephelauxetic ?Hj1/2 band shifts
were not detected, and a more detailed examination of
this transition revealed a significant band broadening
and hyperchromic effect in all investigated Er/ZnO
colloids. This is illustrated in detail in Figure 3 showing
the 2Hyy/, band of an aqueous erbium acetate complex
compared to the spectra of differently sized colloids. The
left-hand spectra indicate that the heterometallic Er—
O—2Zn precursor cluster® as well as the subsequently
prepared colloids exhibits comparable hyperchromic
band broadening. Large ZnO/Er ratios in these colloids
cause the transformation of a shoulder at 522 nm into
a peak after the condensation process (Figure 3, left).

The right-hand side of Figure 3 also displays hyper-
chromic band broadening detected after dissolving er-
bium acetate in neutral 1-propanolic ZnO colloids,
indicating deposition of liberated Er®* onto ZnO par-
ticles. The molar extinction coefficient of about 8 M1
cm~1 was found to be comparable with that of the co-
condensed ZnO/Er sols from route A. At ZnO/Er ratios
> 20, the maximum value of about 11 M~! cm~1 was
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Figure 3. Spectral changes of the 2H;;; band in alcoholic
precursor solutions and ZnO colloids for two different synthesis
routes and two different atomic ZnO/Er3* ratios. For compari-
son, the spectrum of an aqueous/methanolic erbium acetate
reference solution of the same molar concentration (0.05 M)
is also included (for details see text).

determined. From the area under the absorption bands
on the wavenumber scale, we have determined the
oscillator strength P to be 5 x 107 for the aqueous (or
methanolic) acetate complex, which is nearly 3 times
lower than the maximum P value of 13 x 107° calcu-
lated for the ZnO/Er colloid. The magnitude of this ZnO
environment-related hypersensitivity coincides with
literature reports on Er¥*-containing oxide glasses based
on germanate (P x 108 = 11), phosphate (=13), borate
(=15.1), or zinc sulfate (=15.23).28:31

It would go beyond the scope of this paper to give an
additional theoretical Judd—Ofelt-based Q, parameter
analysis of the found hypersensitivity, apparently re-
lated to stronger erbium—oxygen orbital overlap within
the Zn—0O-rich ligand field. Nevertheless, the above-
presented experimental data indicate that both routes
produce ZnO particles with surface bound erbium ions,
no matter whether the erbium is present during the
ZnO condensation process or added afterward. More-
over, it seems that not only in co-condensed sols but also
during the erbium salt dissolution in ZnO colloids the
liberated erbium ions appear to occupy the particle
surface as well as the interior of the particles. This will
be evaluated in the next section, where NIR fluorescence
studies on Er®t/Zn0O are presented.

NIR Fluorescence Properties of Er3t/ZnO Col-
loids. From NIR fluorescence studies on Er3* embed-
ded in glasses, it is known that photoexcited Er3* ions
emit 1.54 um photons more efficiently if a matrix of
lower phonon energy is used.’® Due to electron—phonon
interactions, the existing radiationless recombination
channel conserves fluorescence. The number of phonons
p (excited lattice vibrations) required to conserve the
energy of the excited state in a multiphonon decay
between energy levels 4113, and 4115, (the last being the
ground-state level of Er3*) can be calculated according
t032

p = AE/hw = 6537 cm ™ ho (1)

where AE = 6537 cm™! (fluorescence maximum at 1.54
um) is the energy gap between #1313, and 4115, levels and
hw is the energy of phonons (expressed in wavenumbers)
of the surrounding medium. The relationship between
the nonradiative multiphonon relaxation rate Wy, and
the number of phonons p can be approximated through
the relation!®
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Figure 4. NIR fluorescence spectrum of an ethanolic 2 M Zn—
O—Er precursor before and after the hydrolysis and ZnO
condensation. Excitation conditions: pump wavelength = 488
nm of a CW Ar™ laser; ambient laboratory conditions.

Wnr =A exp(_Bp) (2)

where A (in hertz) and B are constants. Further, when
this multiphonon decay is the predominant mechanism,
the fluorescence quantum vyield # is related to the
radiative and nonradiative recombination rate W, and
Wyr by

n=WJW, +W,_ 3)

Accordingly, with increasing number of phonons p,
i.e., by lowering the vibration energy of the Er3*
environment (eq 1), Wn, decreases (eq 2), which en-
hances 5 of the 1.54 um fluorescence (eq 3).

In alcoholic Er3*/ZnO colloids, there are several kinds
of vibrations deactivating the energy of the excited state
of Erd*, for example, the high-energy OH and CH
vibrations of alcohol solvent between 3500 and 2700
wavenumbers and low-energy lattice vibrations of ZnO
nanocrystals located around 500 wavenumbers.3¢ Con-
sidering egs 1 and 2, the multiphonon relaxation rate
in a ZnO matrix (Oe ') is by almost 5 orders of
magnitude lower than in an alcohol environment (Oe~2)
so that we might expect for Er3* residing within ZnO
particles to fluoresce more strongly than Er3* sur-
rounded by alcohol molecules.

Figure 4 shows the fluorescence spectra of an etha-
nolic Zn—O—Er precursor cluster before and after
hydrolysis and condensation. After completion of con-
densation (development of ZnO nanocrystallites), the
measured fluorescence intensity was by 2 orders of
magnitude higher than before, indicating that the
above-described multiphonon deexcitation should be
taken into account. In addition, the relatively broad
fluorescence bands, located between 1450 and 1650 nm,
show five Stark levels for the precursor solution whereas
four Stark levels are seen for the condensed colloid.
Similarly to the hypersensitivity of the 2H;y,, transition
discussed above, the Stark splitting seen in Figure 4 is
a sensitive indicator of the symmetry changes of differ-
ent ligand fields. According to the literature,3? lower
numbers of Stark levels represent a higher symmetry
of Er3* sites in the host matrix. This implies that Er3"
bound to ZnO after the condensation process seems to
have a different symmetry (with lower coordination
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Figure 5. Intensity of the 1.54 um fluorescence plotted
against the number of erbium ions per ZnO particle for two
different nanocrystal sizes and synthesis routes. Assuming
spherical geometry, the agglomeration numbers are 950 (for
3.5 nm size) and 2750 (for 5 nm size) molecules per ZnO
particle. The upper scale displays the corresponding erbium
ion concentration per cm? ZnO.

number) than in the precursor cluster solution. How-
ever, low-temperature investigations would be necessary
to determine the accurate number of Stark levels, as is
known from studies on silicate glasses containing er-
bium with nearly octahedral 6-fold oxygen coordina-
tion.33

Besides the electron—phonon interaction, the cross-
relaxation quenching within Er—O—Er domains, also
called clustering in “overdoped” matrix, is another
process conserving 1.54 um fluorescence. This energy-
transfer-related deactivation process occurs at critical
concentrations near 10%/cm3 with distances between
Er3* ions approaching 0.5 nm (nearly 5 times the Er3*
ion diameter).32 Accordingly, in our Er®*/ZnO colloids
with Er3* concentrations between 10%° and 10%%/cm3
ZnO, one might observe the cross-relaxation quenching
when erbium ions increasingly occupy the nanocrystal-
lites.

To find out the aggregation quenching conditions in
our experiments, the NIR fluorescence intensity was
measured as a function of the number of Er3* ions per
ZnO particle. This has been adjusted by varying the
Zn content in the Er—O—Zn precursor employed in
hydrolysis and condensation (route A) or by varying the
ZnO particle concentration used to dissolve a given
amount of the erbium acetate salt (route B). Three
important results of this study are shown in Figure 5
with the 1.54 um fluorescence intensity plotted against
the number of Er3* ions per ZnO particle.

First, the highest fluorescence intensity has been
measured in samples containing around 2 at. % Er. With
increasing erbium concentrations on ZnO carriers, the
NIR fluorescence intensity drops and approaches a
plateau around 20 at. % (with respect to zinc) for both
particle sizes.

Second, co-condensed Er3*/ZnO colloids with 3.5 nm
particles fluoresce not as strongly as samples with
erbium salts being dissolved in ZnO colloids composed
of 5 nm crystallites. Refluxed co-condensed sols with 5
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Figure 6. Optical absorption spectra of three ethanolic
AMEO-stabilized 0.1 M quantum dot colloids containing ZnS,
CdS, or CdSe clusters (average cluster size between 1.5 and 2
nm, the molar Cd(Zn):S(Se) ratio is 2) carrying 20 at. % Er3".
(a, top) Taken with a 10 um cell. (b, bottom) Taken with a 1
cm cell. For comparison, the spectra of methanolic erbium
acetate solution and of the AMEO-complexed Er—0O—Zn(Cd)
precursor before chalcogenolysis are also included.

nm ZnO/Er3* particles showed the same fluorescence
intensity as the colloids with 3.5 nm ZnO/Er3* particles.
Hence, the dissolution route produces samples with a
lower extent of clustering, and at low Er3* concentra-
tions (20—200 Er3* per ZnO particle), larger crystallites
are more appropriate carriers than smaller ones.

Third, the extent to which the Er3™ aggregation
quenching of the 1.54 um fluorescence takes place is not
as strong as the activation achieved. The most remark-
able fact is the large uptake capacity of these nanoc-
rystallites, reflected also in the upper scale of Figure 5
(1021—-1022 Er3t/cm3 ZnO).

Optical Absorption and NIR Fluorescence of
Eré* in ME Cluster Environments (M = Cd, Zn, E
= S, Se). In addition to zinc oxide nanocrystals, we
tested AMEO-stabilized ZnS, CdS, and CdSe clusters
as erbium carriers in ethanol (for synthesis see Experi-
mental Section). Figure 6 shows the optical absorption
spectra of highly concentrated ethanolic 0.1 M chalco-
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Figure 7. NIR fluorescence of Er®* in AMEO-complexed Zn-
(Cd)—O—Er precursor before and after chalcogenolysis in
ethanol. For comparison, the ZnO/Er®* spectrum is also
included. For fluorescence pumping conditions see Figure 4.

genide cluster solutions with a molar Cd(Zn)/Er3* ratio
of 5, taken with a 10 um cell (part a) and with a 1 cm
cuvette (part b). The sharp excitonic transitions at 250
nm for ZnS, 350 nm for CdS, and 410 nm for CdSe
reflect the presence of strongly quantized clusters.
(ZnS, CdS, and CdSe bulk crystals possess absorption
onset at 400, 550, and 700 nm.'™#) Their size is
approximately 1.6 £ 0.2 nm (nearly 100% surface),
which has been determined using HRTEM, SAXS, and
XRD methods.®* It is of note that the presence of Er3*
did not affect the cluster nucleation process and their
corresponding optical absorption spectra. They exhibit
the same shapes as lanthanide-free samples.

The f—f transitions in Er3*, however, undergo similar
hyperchromic intensity changes as discussed above for
the case of the ZnO carrier (see part b and also Figure
2). Particularly, the hypersensitive 4Giy, and 2Hyip
transitions have higher oscillator strength than those
of carrier-free systems. Additionally, by comparing the
2Hyy, transition of the AMEO-complexed Zn(Cd)/Er
precursor before and after the chalcogenolysis (see
Figure 6b), the initial pronounced term splitting is
suppressed after the chalcogenolysis, without a decrease
in oscillator strength. This indicates that the ligand
field is dominated by the produced chalcogenide cluster.

The fact that the Er®* ions are trapped in chalco-
genide clusters becomes even more evident in Figure 7
displaying the 1.54 um fluorescence as a function of the
cluster environment. For comparison, the data collected
on 3.5 nm sized ZnO colloids and carrier-free EFFAMEQO
complexes in ethanol are also included. Ethanolic
AMEO-stabilized Er—zZn(Cd)S cluster solutions are
fluorescing 200 times more strongly than ethanolic
AMEO-Er complexes and approximately 2 times more
intense than Er—znO colloids. The highest intensity
was detected on CdSe cluster environments.

These effects of the cluster environment on the 1.54
um fluorescence intensity can be explained in terms of
different energies of the optical phonons produced by
cluster vibrations. From resonant Raman scattering

Schmidt et al.

studies, it is well-known35 that both CdSe bulk crystals
and CdSe quantum dots produce LO phonons with
energies of about 200 cm™1, which is lower than in metal
sulfides or ZnO (300 cm™ in CdS and 500 cm™1 in ZnO).
Thus, according to formulas 1—3, the number of phonons
needed to conserve the 1.54 um fluorescence (4f electron
LO phonon coupling) is larger in CdSe than in CdS or
ZnO, which might explain the highest fluorescence
intensity in the case of CdSe.

Furthermore, besides this phonon energy-based cor-
relation of the experimental data, two general questions
arise: (1) What is the exact structure and chemical
composition of these extremely small chalcogenide
clusters activating the 1.54 um fluorescence? (2) What
is the nucleation mechanism of the metal chalcogenide
clusters, not influenced by erbium concentrations as
high as 20 at. %? In the next section, we give some
preliminary explanations based on fractal cluster hy-
pothesis, addressed in detail in ref 34.

Remarks to Structure and Chemistry of 11-VI
Semiconductor Cluster Carriers and Their Pre-
cursors. Inour recent synthesis studies we performed
a careful chemical analysis of tributylphospine (TBP)-
capped CdSe clusters exhibiting the same excitonic
feature at 420 nm as the AMEO-stabilized samples
employed in the above-described experiments. Both
cluster solutions were prepared under identical molec-
ular precursor conditions. From the analysis data we
derived a formula [CdssSe19(OAC)25(0OH)s(TBP)75] re-
flecting the presence of acetates and OH groups in
addition to TBP ligands which also has been cor-
roborated in FTIR measurements. It appears that the
OH groups serve as bridging ligands between the
clusters and erbium. This is supported by the fact that
erbium acetate powder readily dissolves in these etha-
nolic colloidal solutions whereas it does not dissolve in
ethanol. Additionally, the use of other precursors such
as cadmium or zinc chlorides did not allow synthesis of
stable alcoholic colloids.

The presence of hydroxyl and acetate groups after the
chalcogenolysis is intimately related to the structure of
the Cd(Zn) precursor produced by refluxing ethanolic
metal acetate solution prior to complexation with
AMEO or TBP and a subsequent hydrolysis or chalco-
genolysis. The boiling procedure produces oligomeric
acetate-capped metal oxo-ethoxide clusters of the gen-
eral formula [M1004(OAc);2], associated with two water
molecules and 10 ethanol ligands, derived from chemical
analysis and FTIR data. Hence, it can be easily realized
that the above-employed cluster environments are actu-
ally oxo-chalcogenides with strongly bound acetate
ligands. However, it is still difficult to understand
the above-presented dramatic 1.54 um fluorescence
activation in terms of the Ls—;—Er—0O—Cd(Zn) cluster
sequences with L dominated by ethanol and/or (amino-
propyl)silane ligands of the surrounding liquid environ-
ment.

More realistic seems an assumption of erbium ions
being trapped inside of these 1.6 nm sulfide and selenide
clusters. SAXS studies on 1.6 nm CdSe cluster solutions
proved that these clusters could be mass fractals with
the fractal dimension 2, suggesting a structure based
on a Koch pyramid.3

Figure 8 illustrates the growth of this self-similar
cagelike tetrahedral object (also called a 3D Sierpinski
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Figure 8. Fractal growth of a regular Koch pyramidal cluster
(fractal dimension 2) to its third level and the corresponding
stoichiometries assuming MyX as the initiator with M = Cd,
Zn and X = O, S, Se (adapted from ref 34).

triangle) with vertex-shared tetrahedra. The corre-
sponding stoichiometries are also included. The gen-
erator of this growth is represented by a collection of
four primary MyX clusters, where X (= O, S, Se) is
located within a My tetrahedra (M = Zn, Cd). Applied
to CdSe, this initiator is stepwise doubling its size
(defined by the Cd—Cd distance of about 0.42 nm in
sphalerite) by the transition to the second MipX, level
(0.84 nm) and further to the third level ascribed to a
M34X16 pyramid (1.68 nm).

Interestingly, the [M1004(OAC)12] precursors and the
second-level pyramid exhibit the same cluster core
stoichiometry, and so do the [Cd3;Se;9(OAC)25(0OH)s-
(TBP)75] clusters and the third-level M3sX16 pyramid.
In our preliminary theoretical investigations we have
found that an Er3* ion, if trapped in the center inside
the third-level CdszsSeis pyramid, is exposed to 12
nearest Cd neighbors (cuboctahedron cage) at a distance
of about 0.432 nm. The theoretical Er—Cd distance in
Er—0O—Cd has been calculated to be 0.37 nm (at an
angle of 109°). Thus, Er3* would fit fairly well into these
cages offering up to 12 coordination sites.

Additional structural analyses (e.g., ESR, EXAFS,
SAXS) are required to determine definitely the position
of erbium ions in these clusters. Our highly concen-
trated colloids, optimized for film formation technolo-
gies, undergo gelation rather than crystallization. It
might be possible, however, to grow large crystals for
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X-ray crystallographic analysis by replacing the AMEO
ligands against more suitable groups.

Conclusions

The strong activation of the 1.54 um fluorescence of
Er3t has been achieved employing 11-VI semiconductor
guantum dot environments. Up to 20 at. % Er3* could
be incorporated into the 1.5—2 nm metal oxo-chalco-
genide clusters or slightly larger 3—5 nm ZnO nano-
crystals, with the aid of the Cd(zZn)—O groups serving
as bridging ligands. Both the electron—phonon interac-
tion and the concentration quenching can be controlled
in these new oxo-chalcogenide cluster materials. Ad-
ditionally, the Koch pyramid hypothesis, supported by
synchrotron SAXS and XRD studies,3* can best explain
the above-achieved fluorescence activation as well as the
hyperchromic term splitting of the f—f transitions, and
vice versa.

The sol—gel-derived 11-VI semiconductor cluster
concept for incorporation of Er3* extends the range of
materials represented by 11—V semiconductors, im-

planted oxygenated Si wafers, and codoped silicate,
phosphate, as well as low phonon heavy metal fluoride
glasses. However, the above steady-state optical ab-
sorption and fluorescence study does not present the
final optimized materials applicable for NIR lasing
components. The latter requires long fluorescence
lifetimes and low damping losses of thick 5—10 um films
produced from the cluster solutions. At present, we are
engaged in time-resolved NIR fluorescence studies
which is the subject of our next report.3®
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