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ABSTRACT: The incorporation of dopants with optical or
magnetic functionalities into colloidal nanocrystals (NCs) has
been a longstanding challenge for nanomaterial research. A
deeper understanding of the doping kinetics will aid a better
control of the doping process. In particular, alkaline-earth
sulfides are an important class of host materials for a range of
luminescent dopants, including transition-metal and lanthanide
ions. Their nanocrystalline analogues have many potential
applications. However, the lack of synthetic methodologies
hampers their development. Here we introduce a single-source
precursor approach that successfully leads to Ce**- and Eu*-
doped CaS$ and SrS luminescent NCs with diameters of ~10
nm and with luminescent properties similar to those of the
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bulk analogues. The characteristic absorption and luminescence of Ce*" and Eu** depend on the local coordination and are
applied to probe dopant ion internalization. We demonstrate that controlling the reactivity of the precursors is crucial for
achieving effective doping. By designing the chemical structure of the dopant precursor to vary the reactivity relative to that of the
host precursor, the doping efficiency can be controlled. In addition, we have applied a growth doping strategy to further improve
internalization of the dopants. Finally, we demonstrate nucleation doping as an alternative method to achieve lanthanide NC
doping for dopant and host precursors with strongly different reactivities. The single-source precursor approaches proposed here
allow for a flexible design of synthesis strategies and have the potential to be widely applicable to the doping of colloidal
chalcogenide NCs with transition-metal and lanthanide dopant ions.

B INTRODUCTION

Doping impurities into nanocrystals (NCs) enables the
introduction and tuning of optical, electrical, and magnetic
properties.' ™ Growing interest in the development of new
types of doped colloidal NCs is motivated by both fundamental
science and potential applications. Successful NC doping
requires an understanding of the doping process and the
development of new doping strategies.

Previous efforts have mainly focused on two major classes of
doped NCs: transition-metal-doped chalcogenide semiconduc-
tor II°-~VI NCs (e.g. CdSe,*® ZnSe,’ and ZnS’) and
lanthanide-doped wide band gap insulator NCs (so far limited
mainly to fluorides, phosphates, and oxides).>®” In these wide
band gap nanocrystals, lanthanides are in the trivalent state and
are characterized by weak and narrow line absorption due to
4f—4f transitions, while the strong 4f—Sd transitions are
situated in the UV. For many applications, however, strong
and broad band absorption and emission in the visible spectral
region are required. A largely unexplored class of nanocrystal-
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line host materials is the alkaline-earth sulfide II*~VI NCs, e.g.
CaS and SrS. As bulk materials they are well-known hosts for a
variety of luminescent dopant ions, including Mn**, Cu*, Ce*,
and Eu*".'° The high luminescence quantum efficiencies,
saturated emission colors, and high thermal stability of these
materials make them interesting for a number of applications,
including phosphors for color conversion in LED-based
lighting.lo’11 In addition, CaS:Ce’*, Sm*" and CaS:Eu**, Sm’*
are well-known afterglow (or persistent luminescence)
materials.">'® Their colloidal NCs are excellent candidates of
nontoxic afterglow nanolabels for background-free biomedical
imaging.14 In addition, lanthanide-doped alkaline-earth sulfide
NCs may be applied for spectral conversion in luminescent
solar concentrators.">¢

The incorporation of dopants into colloidal NCs is, however,
not always straightforward and is often the limiting factor in the
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development of new doped NCs."'7'* Previously reported

synthetic protocols for doped NCs of II*~VI materials have
relied on coprecipitation or hydrothermal methodologies,"
which yielded relatively large particles (tens to hundreds of
nanometers), with ill-defined shapes and large size distribu-
tions.”® The lack of synthetic methodologies for well-defined
and monodisperse doped II*-~VI NCs has greatly hampered
the development of this class of materials.

Recently there has been remarkable progress in the
development of new doping strategies, especially for II°P—VI
and IV—VI NCs. Single-source precursor decomposition, cation
exchange,® attachment followed by shell overgrowth (growth
doping),”" diffusion doping,”* and nucleation doping have been
successful in realizing host—dopant combinations that were not
feasible through traditional methods. The use of single-source
precursors (SSPs) was first developed for the synthesis of II°—
VI semiconductor NCs** and transition-metal sulfide NCs**~>¢
and has later been shown to have great potential for NC
doping."®*” Most previous reports have focused on the doping
of transition metals,”” > while very few examples have applied
SSPs to lanthanide doping.'® The incorporation of lanthanide
ions in II-=VI NCs has been a challenge due to differences in
preferred anion coordination, size, and charge between
lanthanide dopants and the divalent host cations for which
they substitute,'”*3%3!

Here we report a SSP approach for successful doping of Ce**
and Eu** in monodisperse ~10 nm colloidal SrS and CaS NCs.
The optical properties of these dopant ions, which strongly
depend on the local chemical environment, are used to probe
and evaluate the efficiency of incorporation. For both Ce®* and
Eu*" efficient d—f emission has been reported in bulk Ca$ and
SrS. The spectra are characteristic for Eu** and Ce** in Ca$ or
SrS. In other host materials the 4f' — 5d' transition on Ce’" is
typically located in the UV/blue spectral region. However, due
to the high covalency (S*~ ligands) and large octahedral crystal
field splitting, the lowest Sd state is shifted to low energy in Ca$
and SrS and is situated in the yellow-green spectral region.
Similarly, for Eu®, typically blue-green emission is observed but
the same effects (covalency, crystal field) shift the Eu®*
emission to the orange-red spectral region in CaS and SrS."
Due to the high sensitivity of the f—d luminescence spectra to
the local environment, the observation of luminescence spectra
that are typical for Ce** or Eu** in bulk Ca$S or SrS provides
strong evidence that Ce® or Eu’' is incorporated on the
octahedral site inside the Ca$ or SrS nanocrystals. For Eu*" or
Ce® in solution or at the surface the coordination will be
different and the emission is situated at shorter wavelengths.
This makes luminescence spectroscopy a very sensitive tool for
probing the incorporation of these lanthanide ions into
chalcogenide nanocrystals. In addition, the strong, broad 4f—
5d absorption and emission bands in the visible spectral region
give Eu**- and Ce*"-doped CaS and SrS nanocrystals unique
optical properties for applications such as spectral conversion
for solar cells and as biolabels.

To establish the kinetic and chemical conditions that enable
effective dopant incorporation, a crucial factor is the balance
between the reactivities of host and dopant precursors.'® To
achieve this balance, the ligand—metal bond strength can be
tuned by choosing the appropriate coordinating ligand.>* For
SSPs the reactivity, measured as the decomposition temger-
ature (Tp), is strongly related to the chemical structure.> In
this report, we have systematically studied the influence of the
reactivity of SSPs on the doping level in the NCs. We

demonstrate that, by changing the SSP structure, hence tuning
their reactivities, the doping efliciency can be improved and
controlled. Moreover, we demonstrate the flexibility of
synthesis methods based on SSPs through combination with
other strategies, including growth doping®**® and nucleation
doping,**® to synthesize monodisperse luminescent lantha-
nide-doped Ca$S and SrS nanocrystals.

B RESULTS AND DISCUSSION
Growth Doping for SrS:Ce3*, CaS:Ce3*, and SrS:Eu®*

NCs. A single-source precursor method was recently developed
for synthesis of monodisperse ~10 nm SrS and CaS NCs,
through thermal decomposition of strontium diisopropyldi-
thiocarbamate (Sr(DPTC),) and calcium diisopropyldithiocar-
bamate (Ca(DPTC),) in oleylamine at 250 °C.*” In order to
incorporate Ce** or Eu®* dopants in CaS or SrS NCs, a
straightforward method is to simultaneously decompose the
SSPs of both the host material and the dopant together through
a hot-injection strategy. In Figure 1 the method is schematically
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Figure 1. Schematic illustration of the synthesis of SrS:Ce*" NCs using
single-source precursors and a growth doping strategy.

depicted for SrS:Ce*". In Table 1 the chemical structures of the
various SSPs used in this report are collected. Coinjection of
Sr(DPTC), and cerium diethyldithiocarbamate (Ce(DDTC),,
S mol % with respect to Sr) in oleylamine at 250 °C results in
the formation of 8—10 nm NCs (Figure 2a). The solution is
slightly yellow, indicating incorporation of Ce®" (vide infra).
After recapping the NCs with oleic acid and tetradecylphos-
phonic acid and washing with methanol, the NCs were
redispersed in toluene or hexane (see the Experimental Section
for details). We observed through TEM that the sizes of the
particles collected from the reaction solution immediately after
the injection of precursors did not significantly differ from
those collected after several minutes (data not shown). This
implies that the NCs nucleate and reach their final size within a
few seconds in oleylamine at 250 °C. Therefore, the size of the
particles is mainly controlled by adjusting the concentration of
precursors, with higher concentrations leading to larger NC
sizes (see TEM images in the Supporting Information, Figure
S1). The size of the NCs obtained is similar to the size reported
for undo;)ed SrS NCs synthesized for similar SSP concen-
trations.”” The coordinating solvent, oleylamine, assists the
decomposition of dithiocarbamate salts by lowering the
decomposition temperature.>> This mechanism has been
described in detail recently.*®

To improve the incorporation of Ce*" ions in the SrS NCs,
the shell overgrowth method was apglied. Previously, in many
doped NC systems (e.g,, CdS:Co**,** ZnSe:Mn*",** and CdS/
ZnS:Mn?>**°), epitaxial growth of additional layers of host
material was used to increase the doping level, by internalizing
surface-bound dopant ions. In a similar way, we grew a SrS shell
over the SrS:Ce* NCs formed after the coinjection, by slowly
adding Sr(DPTC), precursor solution to the reaction mixture
at 250 °C (as schematically illustrated in Figure 1). Figure 2a
shows that the SrS:Ce®" NCs formed after the coinjection have
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Table 1. Decomposition Temperatures and Structures of Single-Source Precursors in Oleylamine

Decomp. Phenomenon used to
Precursors  Structure of ligand indicate
Temp.(°C)2  decomposition
s, >~ Generation of H,S gas,
Ca(DPTC)z N), 140 formation of CaS
s >~ Generation of H,S gas,
Sr(DPTC), g N), 140 formation of SrS
XA Dark brown solution,
Ce(DDTC)4 S>_N\_ 150 formation of CeS
S_ n Dark brown solution,
Ce(BDTC)4 s)‘"\/\/ 135 formation of CeS
X Dark brown solution,
Ce(ODTC)4 S>_“\/\/\/\/ 115 formation of CeS
A Purple solution,
Eu(DDTC)4 S)“ N 260 formation of EuS
S H Purple solution,
Eu(BDTC)4 S>_"\/\/ 131 formation of EuS
Eu(ODTC) S u 125 Purple solution,
* s>_ AN e formation of EuS
Eu(DoDTC)s S}—H\/\/\/\/\/\/ 115 Purple solution,
S

formation of EuS

“The decomposition of the precursor in oleylamine takes place over a temperature range of typically 6—8 °C at a heating rate of S °C/min. For

simplicity, the Tp, value presented here is roughly the middle point of the decomposition range.

Figure 2. TEM images of SrS:Ce** NCs obtained through the growth doping method: (a) after coinjection of lattice and dopant precursors; (b)
after shell overgrowth; (c) after annealing at 270 °C for 1 h. (d) HR-TEM image of a single SrS:Ce**NC. The inset shows the fast Fourier transform
(FFT) of the image, which is used to determine the spacing of (200) planes. (e) Electron diffraction pattern of an ensemble of SrS:Ce** nanocrystals
and the assignments of diffraction rings.
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Figure 3. (a) Absorption and (b) emission spectra of SrS:Ce** NCs samples (for 430 nm excitation) obtained during the synthesis through the
growth doping method. The small peak at ~490 nm is due to Raman scattering, which is observable when emission peak is weak. The inset shows
the energy levels of Ce®* ions (4f') in a host lattice. The energy of the f—d transition is influenced by the nephelauxetic effect (through covalency),
crystal field splitting, and phonon coupling. (c) Absorption and (d) emission spectra of CaS:Ce* NCs through the growth doping method.

irregular shapes and diameters around 8—10 nm with a rather
large polydispersity (>30%). After the addition of the SrS shell
precursors, the size of the NCs increased to 10—12 nm (Figure
2b), confirming the growth of a SrS shell around the pre-
existing SrS:Ce®* NCs. After annealing at 270 °C for 1 h, the
NCs were more spherical and the size distribution was
narrower (<10%, Figure 2c). High-resolution TEM images
(Figure 2d) confirm the single-crystalline nature of the
SrS:Ce** NCs, since no grain boundaries are observed within
individual NCs. Electron diffraction patterns are consistent with
the rock salt structure of SrS (Figure 2e). XRD analysis
confirms the formation of SrS NCs, while there is no evidence
for the formation of Ce,S; nanocrystals (see XRD patterns in
the Supporting Information, Figure S2).

To follow the incorporation of Ce*" into the SrS NCs, optical
absorption spectra were recorded. Figure 3a shows the
absorption spectrum of the SrS:Ce®" NCs obtained after the
coinjection of Sr and Ce precursors followed by SrS shell
growth. The broad absorption band at 430 nm is assigned to
the 4f' — Sd' transition of Ce** ions in SrS, and its spectral
position is in good agreement with the values reported for bulk
SrS:Ce®*.* In addition, the emission spectrum of the SrS:Ce*
NCs obtained after the coinjection (Figure 3b) is consistent
with emission spectra previously reported for bulk
Sr$:Ce3****' In the Supporting Information, Figure S4, the
luminescence spectra for Ce** in bulk SrS are included for
comparison. The spectra show a broad emission band centered
at ~480 nm with a shoulder at ~540 nm. An emission
spectrum showing two bands split by about 2000 cm™ is
typical for Ce*" d—f emission, due to the 2000 cm™" spin—orbit
splitting of the F ground state into “Fs,, and °F,/, states. A
similar doping strategy was applied for the synthesis of
CaS:Ce’* NCs (see the TEM image in the Supporting
Information, Figure S3, and XRD pattern in the Supporting
Information, Figure S2). After the coinjection of Ca and Ce
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SSPs, a weak absorption peak at 450 nm and a corresponding
double-emission peak at 514 and 572 nm appeared (Figure
3c,d), consistent with the optical spectra reported for Ce** in
bulk CaS$ (see also the Supporting Information, Figure $4).**
The typical double peak structure is only clearly observed
before shell overgrowth. After shell overgrowth the Ce®*
concentration in the NCs increases and in the transparent
solution reabsorption effects distort the shape of the emission
spectra due to the overlap between the absorption and emission
spectrum, as will be discussed in the next section. The yellow
coloration of the reaction mixture is indicative of incorporation
of Ce® in CaS$ and SrS. It arises from the Ce®" f—d absorption
band in the blue-green spectral region in these host lattices.
More quantitative information is obtained from luminescence
and absorption spectra for the f—d transition on Ce®". The
spectra in Figure 3 provide direct proof of the successful
incorporation of Ce* into SrS and CaS NCs. Ce** absorption
and emission spectra are sensitive to the local coordination, as
discussed in the Introduction. Emission in the yellow or orange
spectral region is only possible in highly covalent host lattices
and/or in the case of a strong crystal field splitting (Figure 3b
inset) as in SrS and CaS. The shift of the d—f absorption and
emission to 20 nm longer wavelengths for Ce** in Ca$ in
comparison to SrS is due to the larger crystal field splitting for
the Sd orbitals for Ce®* on the smaller Ca®" site. The larger
crystal field splitting shifts the lowest t,, state to lower energies.
Note that the emission spectrum of Ce’" in the SrS or CaS NCs
is the same as that for Ce*" in the bulk analogue, since the
transitions are localized on the Ce*" ion and the coordinating
anions (S*7). Hence, in contrast to the undoped semiconductor
NCs, where quantum confinement effects for the delocalized
exciton result in size-dependent emission colors, the emission
spectra of SrS:Ce** and CaS:Ce** do not depend on the crystal
size. The observation of the characteristic absorption and
emission for Ce* in an octahedral S~ coordination in Ca$S or
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Figure 4. (a) Emission (solid lines) and excitation (dashed lines) spectra of SrS:Ce** NCs with 0.1%, 1%, and 10% Ce?" in the reaction mixture. All
emission spectra are recorded with excitation at 430 nm. Excitation spectra are recorded at peak emission wavelengths. The excitation peak at 430
nm is direct excitation of the Ce®* ions, and the peak at 375 nm may be due to defect states in the lattice. (b) Emission spectra of CaS:Ce® with 1%
and 10% of Ce precursor content, excited at 450 nm. (c) Colloidal suspension of CaS:Ce* 1% and 10% NCs in toluene under ambient light (left)
and UV irradiation (right). (d) Luminescence decay curves of SrS:Ce®* NCs emission at 486 and 540 nm, excited with a picosecond UV diode at 277

nm.

SrS can be utilized to distinguish incorporated Ce®" from
surface-bound Ce**. Ce*" on the surface has a different local
coordination, resulting in absorption and emission spectra that
differ from those of fully internalized Ce®*. Hence, the similarity
of the absorption and emission spectra in Figure 3a to those
observed for Ce** in bulk SrS and Ca$ (see Figure S4) confirms
that Ce®" has been successfully incorporated. The ability to
assign the luminescence spectra of Ce** specifically to internally
doped ions is important, since it is a notorious problem to
distinguish between dopant ions at the surface and dopant ions
incorporated in a NC."*>'®

The results clearly show that Ce** doping in SrS and Ca$ can
already be achieved through the coinjection of lattice and
dopant SSPs. The weak Ce*" absorption peak and low emission
intensities suggest that a substantial fraction of the Ce*" ions is
not incorporated. In the emission spectrum recorded for the
sample immediately after coinjection, the Ce®" emission
intensity is weak, especially for SrS, and a Raman peak is
observed at 490 nm, while there may also be a weak blue
background emission from defect states in the SrS lattice
(Figure 3b). The 490 nm Raman peak is due to a ~2900 cm™
C—H vibration in solution and can be observed in weakly
luminescent samples. Evidence for the assignment to a Raman
peak is the 2900 cm™' lower energy with respect to the
excitation wavelength (430 nm) and the shift of the peak along
with the excitation wavelength. During the addition of shell
precursors the reaction solution darkens from light to deep
yellow. This color change is clearly reflected in the absorption
spectra from the samples taken at two time points during the
shell growth (Figure 3a,c), since the Ce** absorption strength at
430 nm increases after addition of more host precursor.
Correspondingly, the intensity of the Ce*" emission is strongly

16537

enhanced (Figure 3b). The intensity of the emission peak at
540 nm (Sd — ’F,),) increases more than the peak at 480 nm
(Sd— °F;;,) and becomes dominant. These observations
indicate that the SrS shell growth has successfully internalized
more Ce®" ions in the SrS NCs while also some unreacted Ce**
in the reaction mixture may be incorporated during the shell
overgrowth. Similar to the case fror SrS:Ce** NCs discussed
above, also for CaS:Ce*", the intensity of the Ce®" absorption
and emission bands increases upon growth of CaS$ shells over
the CaS:Ce*" NCs, confirming the internalization of Ce*" ions
in the CaS NCs. The red shift of the emission peak upon
increasing Ce®* concentration is due to reabsorption effects in
the nanoparticles and will be discussed in more detail in the
next section.

Following the successful Ce®* doping strategy, a similar
synthesis method was applied to dope Eu** in SrS and Ca$
NCs by using europium diethyldithiocarbamate (Eu(DDTC),)
as the dopant precursor (see the Experimental Section for
details). Absorption and emission spectra recorded for the NCs
did not show the characteristic absorption or emission of Eu**
in SrS (see the Supporting Information, Figure S4, for the bulk
spectra), indicating that the doping was not successful. Only
when the reaction temperature was increased to temperatures
as high as 340 °C was weak Eu’* emission observed in some
syntheses, but with very poor reproducibility. To understand
the difference in doping kinetics for Eu** and Ce®* in SrS and
CaS, decomposition temperatures in oleylamine, Tp, were
determined for the various single-source precursors. The Tp
value of Eu(DDTC), is over 260 °C (consistent with that
reported in the literature>), while the Ty, value of Ce(DDTC),
is around 150 °C, which is much lower and also closer to
Sr(DPTC), or Ca(DPTC), (both around 140 °C; see Table

dx.doi.org/10.1021/ja5076663 | J. Am. Chem. Soc. 2014, 136, 16533—16543
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Figure 5. (a) Absorption spectra of SrS:Ce** NCs synthesized by codecomposing Sr(DPTC), and Ce(DDTC), (left)/Ce(ODTC), (right), on
increasing the concentration of dopant precursors. (b) Absorbance of Ce** in SrS:Ce** (normalized to SrS absorption at 300 nm) plotted against the
relative concentrations of Ce precursors. (c) Absorption spectra of SrS:Ce** NCs synthesized by codecomposing Sr(DPTC), and Eu(BDTC),
(left)/Eu(DoDTC), (right), on increasing the concentration of Eu dopant precursors. (d) Absorbance of Eu** in SrS:Eu** (normalized to SrS
absorption at 300 nm) plotted against the relative concentrations of Eu precursors. In (b) and (d) the dotted lines are linear fits. The nonzero
intersection with the y axis is attributed to scattering by the samples. The scattering also contributes to the error in the measured absorbance.

1). We hypothesize that T, (or the decomposition rates at the
reaction temperature) values of dopant and lattice precursors
are crucial factors for successful doping via the SSP method.
For a high doping efficiency, dopant SSPs with high reactivity,
reflected in a similar or lower T, value in comparison to that of
the host precursor, are required.

Luminescence Properties and the Effect of Ce3*
Concentration. To investigate the dependence of the optical
properties on the doping concentration, a series of SrS:Ce*
and CaS:Ce’* NCs was synthesized by the growth doping
method for different ratios of Ce to Sr/Ca precursors. For low
doping concentrations the characteristic emission spectra for
Ce®* and Eu®" in Ca$S and SrS are observed, providing strong
evidence for the incorporation of these ions in the CaS$ and SrS
nanocrystals. The emission spectra are observed to significantly
red shift and broaden with increasing Ce®" concentration in the
reaction mixture for both SrS:Ce®" and CaS:Ce** NCs (Figure
4ab). The effect of doping concentration on the emission
spectrum is quite pronounced, leading to a change of
luminescent color for CaS:Ce** NCs from green to yellow,
when the Ce*" concentration (in the reaction mixture)
increases from 1 to 10 mol % (Figure 4c). The relative
intensity of two emission bands (viz., Sd(tzg) — ’F;,(4f) and
Sd(t,y) — °F;/,(4f)) changes dramatically. Similar concen-
tration effects have been reported for bulk SrS:Ce** or
CaS:Ce** phosphors and were ascribed to radiative (self-
absorption) and nonradiative energy transfer from Ce®" ions
emitting at higher energy (donors) to slightly perturbed Ce®"
ions emitting at lower energies.*”** Reabsorption of the short

wavelength emission is possible due to spectral overlap of the
emission and absorption spectrum in the region of the short-
wavelength emission (see also Figure S4 in the Supporting
Information). Figure 4a also presents the excitation spectra of
the SrS:Ce* NCs recorded at emission maxima. The peak at
430 nm is assigned to the direct excitation of the Ce** ions, and
the continuous band (1 <320 nm) is from the excitation on the
SrS host lattice and the subsequent energy transfer to the
activator Ce’".

Luminescence decay measurements on SrS:Ce** NCs while
the 486 and 540 nm emission peaks were monitored gave
nearly single-exponential decay curves, with fitted lifetimes of
56 and 65 ns, respectively (Figure 4d). The nonexponential
faster decay observed in the initial part for the 486 nm emission
is explained by energy transfer to perturbed Ce*" ions emitting
at longer wavelengths. A comparison of the lifetimes with
values reported for bulk SrS:Ce* (27—36 ns)*'* show a
slower decay of the Ce®" emission in SrS nanocrystals. This can
be ascribed to the lower density of optical states in NCs leading
to slower radiative rates in comparison to bulk crystals, based
on the theory of local-field effects in nanocrystals (see the
Supporting Information for details).***” However, on the basis
of the same theory, we estimate that the radiative lifetime of
SrS:Ce** NCs dispersed in hexane should be 90—120 ns, about
1.5—2 times longer than the experimental lifetime. Hence, we
calculate that the quantum efficiency of the emitting Ce®" ions
in our NCs is 50%—67%. In contrast, with an integrating sphere
measurement we measured an ensemble quantum yield of 9%.
This leads to the conclusion that, while the bright Ce* ions
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have a quantum efficiency of as high as 50—67%, a considerable
fraction (82—87%) of the ions is dark. This phenomenon, of an
ensemble of luminescent species consisting of a bright fraction
(with high quantum efficiency) and a dark fraction, is well-
known for luminescent semiconductor nanocrystals.*** The
fraction of dark Ce®" ions is relatively large, probably because a
single quenching site in a nanocrystal can quench several
nearby Ce’* centers. The presence of a single imperfection
(e.g., a Ce* ion on a perturbed surface site, a Ce** ion, or a
defect) may thus render a nanocrystal completely dark. For
application of the luminescent nanocrystals a higher quantum
yield is required. Additional shell growth (e.g, ZnS) or
postsynthesis annealing are strategies for improving the optical
properties.

Balancing the Reactivity of SSPs by Tuning Their
Decomposition Temperature. Above it was shown that
doping of Ce®" into Ca$S and SrS NCs was successful through
SSP decomposition, while for Eu*" no successful incorporation
in CaS or SrS could be achieved. As an explanation a high
decomposition temperature (low reactivity) of the Eu(DDTC),
precursor was suggested. To examine this hypothesis and to
systematically investigate the relation between the SSP
reactivity and the doping efficiency, a series of Ce and Eu
precursors with varying Ty, values were synthesized and were
applied to the doping of SrS NCs (see Table 1 for the
structures and the Supporting Information, Figure SS, for the
corresponding IR spectra of different precursors). O’Brien et al.
have reported that the Ty, values of metal dithiocarbamate
complexes are related to the structures of the ligands.>' Ligands
with a monoalkyl group have lower T, values in comparison to
those with a dialkyl group, and the longer the chain length of
alkyl groups, the lower the Ty value. Our findings here are
consistent with these trends.

It is worth noting that, for NC doping through SSPs, the
reaction temperature also plays a significant role, since it not
only affects the reactivity of the SSPs but also influences other
kinetic factors of the doping chemistry, including the surface
and interior related processes (as discussed later).>*>* To
simplify the discussion, in this section we fix the reaction
temperature at 250 °C.

First, we investigated the effect of the decomposition
temperature of the dopant SSP by synthesizing SrS:Ce’**
under identical conditions with two different SSPs: Ce-
(DDTC), (Tp = 150 °C) and cerium octyldithiocarbamate
(Ce(ODTC),; Tp = 115 °C). After coinjection of the host and
dopant precursor (with 1.6, 8.3, and 16 mol % of dopant
precursor) into oleylamine, the reaction proceeded for 3 min
before samples were taken and washed. The total Ce
concentration in the SrS:Ce*" NCs (both lattice incorporated
or surface attached) was determined by ICP-AES (see the
Supporting Information, Table S1 and Figure S6). An
approximately linear relation was found between the total Ce
concentration in the NCs and the Ce precursor concentration.
The steeper slope observed for the synthesis using Ce-
(ODTC), implies more efficient decomposition of precursors
with lower Tp. To quantify the real amount of Ce®*
incorporated inside the SrS lattice, the characteristic Ced f—d
absorption was measured. Figure S5a shows the absorption
spectra of SrS:Ce** NCs obtained using Ce(DDTC), (Figure
Sa, left) and Ce(ODTC), (Figure Sa, right) for varying Ce
precursor concentrations. The Ce** incorporation ratios were
estimated from the absorbance of Ce* ions in SrS (at 430 nm)
normalized to the interband absorbance of the SrS host

material (at 300 nm). An absorption shoulder around 350 nm
is also observed and is assigned to Ce* ions at the NC surface.
The only partial S*~ coordination can explain the higher energy
position of the 5d state for surface-bound Ce** in comparison
to full S coordination. Although scattering introduces
uncertainties in the measured absorption intensity and causes
the nonzero interception of the linear fit in Figure Sb, the
results show that, for both precursors, increasing the dopant
precursor content leads to a stronger absorption and thus a
higher concentration of incorporated Ce** ions. Moreover, the
steeper slope of the linear trend reveals that more efficient
dopant incorporation is obtained for Ce(ODTC),, the
precursor with a lower T}, value.

To investigate the Eu SSPs for doping efficiency in SrS§,
europium butyldithiocarbamate (Eu(BDTC),, Tp = 131 °C)
and europium dodecyldithiocarbamate (Eu(DoDTC),, Tp =
115 °C) were compared. Figure Sc shows the absorption
spectra obtained for the resulting SrS:Eu** nanoparticles. The
broad absorption band around 435 nm is ascribed to the
characteristic 4f 7 — 4f °Sd'(t,,) transition of Eu’* in SrS,
which is well-known from bulk SrS:Eu** phosphors.**>> The
observation of these absorption bands indicates the successful
incorporation of Eu** ions in SrS NCs by using Eu(BDTC),
and Eu(DoDTC),, and XRD analysis confirms the formation of
SrS nanocrystals (see XRD patterns in the Supporting
Information, Figure S2). In Figure Sd the Eu incorporation
efficiency, again quantified as the intensity ratio between the
Eu’" absorption (at 445 nm) and the SrS interband absorption
(at 300 nm), is plotted against the relative dopant precursor
concentration in the reaction mixture. Similar to the results for
Ce’" doping, the slope is steeper for the SSP with lower Tj,
(here, Eu(DoDTC),). These results on Eu doping confirm that
using a dopant SSP with a higher reactivity leads to a higher
doping efficiency.

To understand the results, a simple kinetic model can be
applied. As depicted in Figure 6, after injection, the dopant and
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L Yoy _ compatition ofdopantions
& e, CL - aLCL
% & ™% decompose . /'
v ——— ° ——— // ———— o
¢ X .
5 e
i‘% I—
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;
C a,C
C = precursor conc. C’= effective conc. C o b _~ZDb¥D
n
C,=incorporated dopant conc. ' CL ’ aLCL

a=reactivity D:dopant L: lattice

Figure 6. Schematic illustration of the doping mechanism for the
single-source precursor method and the kinetic model proposed.

lattice SSPs (with concentrations Cp, and C;, respectively) start
to decompose into reactive species. In the reaction solution, the
effective concentrations (Cp’ and C.') of the reactive species
are related to the reactivity of the dopant and lattice SSPs, ap,
and gy, respectively. During the growth of the NC, dopant and
lattice reactive species compete to bind on the NC surface.
Therefore, despite the possible difference in their surface
binding energies (or their corresponding lattice solubility
products), the final dopant incorporation, C, is affected not
only by the ratio of precursor concentrations (Cp/C,) but also
by the ratio of SSP reactivities, ap. The concentration of dopant
incorporated, C,,, is then
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This equation explains why in Figure Sb,d the dopant SSPs
with lower Ty, values have a steeper slope in comparison to the
less reactive dopant SSPs and suggests that, by adjusting the
ligand structure of SSP, the doping efficiency can be improved.
For a low-reactivity dopant SSP, a poor doping efficiency is
expected. This explains that using Eu(DDTC),, as mentioned
at the beginning of this section, does not lead to Eu? doping
because of its very high decomposition temperature of 260 °C.
Note that in this model it is assumed the reaction does not
proceed to complete incorporation of all precursors in
nanocrystals, as in that case the dopant concentration will
always be the same as the initially added concentration. For
various doping methods it is generally observed that the dopant
concentration in NCs is lower than that in the reaction mixture,
indicating a preference for incorporation of the host cations.””’

The use of more reactive Eu SSPs with monoalkyl groups
(Eu(ODTC), or Eu(DoDTC),) leads to successful doping, but
simple coinjection of the Eu and lattice SSPs results in low
doping levels, just as observed for Ce®". The growth doping
method enhances the Eu incorporation. Upon shell growth, a
gradual change of the solution color was observed from light
orange to red. Absorption spectra reveal that the Eu®* band
gradually increases in intensity and red shifts as the shell grows
(Figure 7a). The increase in intensity of this absorption is a
good indicator for the incorporation of Eu*" into the NC.
Accordingly, the characteristic Eu** emission in SrS at 610 nm
also gradually increases in intensity and red shifts with
additional SrS shell growth (Figure 7b). The excitation
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Figure 7. (a) Absorption and (b) emission spectra of SrS:Eu** NCs
obtained during synthesis by the growth doping method. The inset
shows the energy levels of Eu** ions (4f). The energy of the 4f °5d*
emission is influenced by the same effects as the Ce>* d—f emission.
Depending on the host, the lowest 4£°5d level can be below or above
the °P,, level of the 4f" configuration.

spectrum and luminescence decay curve of SrS:Eu** NCs are
shown in the Supporting Information, Figure S7. It should be
noted that Eu** emission could only be observed when the shell
growth was carried out at relatively low temperatures (200 °C).
Shell growth at higher temperatures (e.g,, 250 °C, which was
successful for SrS:Ce** doping), does lead to incorporation of
Eu*, as evidenced by the increase of Eu** absorption (data not
shown), but the Eu** emission is still weak or absent. This
observation can be explained by considering that, at higher shell
growth temperatures, Eu®* ions will be able to diffuse into and
through the SrS shell, thereby reaching the surface vicinity,
where they will suffer from quenching by surface defect states.
These results are summarized schematically in Figure 8.

Shell overgrowth

Nucleation, 250°C and E*" ion 2
S'S "% growthand diffusion fésefqr‘s SESS
precursor weor  Eu” surface
¥or ¢ binding /
e
EuS ‘& ‘ﬁ
precursor \ SrS:Eu* NCs

2+ N .
Shell overgrowth Eu” emission

200°C
Figure 8. Schematic illustration of the synthesis of SrS:Eu** NCs using
the single-source precursor method and the growth doping strategy.
Eu** emission is observed only when the shell growth temperature is
lower than 250 °C.

The results presented above demonstrate successful incor-
poration of lanthanide ions inside CaS and SrS NCs. For II°—
VI type NCs attempts to dope with lanthanides result in surface
absorption rather than incorporation. The successful inclusion
in Ca$S and SrS NCs can be understood from the similarity in
ionic radii of the lanthanide dopants (1.17 A for Eu** and 1.01
A for Ce* in VI coordination)** and host cations (1.18 A for
S”* and 1.00 A for Ca** in VI coordination).”* More
importantly, in II°-VI chalcogenide nanocrystals the host
(zinc blende or wurtzite structure) offers only a IV-coordinated
cation site. Lanthanide ions have a strong preference for VI
coordination (or higher).>* This hampers incorporation in II°—
VI type NCs and leads to lanthanide ions located on the
surface. In the rock salt structure of II*~VI chalcogenides the
availability of a VI-coordinated cation site helps incorporation
of lanthanide ions.

Nucleation Doping Method for SrS:Eu?* NCs. The
results discussed above demonstrate successful Eu** doping of
SrS NCs and suggest that at sufficiently high temperatures Eu**
is able to diffuse through the SrS lattice. This is not unexpected,
since Eu** and Sr** have the same charge and very similar ionic
radii (1.17 and 1.18 A, respectively, in VI coordination).>* On
the basis of this observation, we applied an alternative doping
method relying on dopant ion diffusion. The nucleation doping
strategy was first introduced by Peng et al. for the synthesis of
Mn?*-doped ZnSe nanoparticles.>> Here we show that this
approach, schematically depicted in Figure 9, can be
successfully extended to lanthanide ion doped wide band gap
NCs.

First, small (3—4 nm) Eu$ cores were synthesized through
rapid decomposition of Eu(DDTC), in oleylamine at 320 °C.
The formation of small EuS nuclei was confirmed by TEM
imaging (Figure 10a) and optical absorption spectroscopy
(Figure 11a). The EuS NCs have a characteristic absorption
band centered at 504 nm, originating from the 4f — 4{°5d"
(tzg) transition of Eu**.>”*® Note that we used the Eu(DDTC),
precursor with high decomposition temperature for the
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Figure 9. Schematic illustration of the synthesis of SrS:Eu** NCs using
single-source precursors and the nucleation doping strategy.

Figure 10. TEM images of NC samples taken from the synthesis of
SrS:Eu** NCs through the nucleation doping strategy: (a) EuS core
NCs; (b) EuS/SrS core/shell NCs after SrS shell growth.
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Figure 11. (a) Absorption spectra of SrS:Eu** NC samples taken
during synthesis through the nucleation doping method. The inset
shows a magnification of the peak area. (b) Emission spectra of
SrS:Eu** NCs. The samples were excited at 430 nm. The peaks at
around 490 nm are due to Raman scattering.

synthesis of the EuS core to achieve small particle sizes.
Decomposition of Eu(BDTC), leads to larger core sizes and
wider size distribution (Supporting Information, Figure S8).
Subsequently, in the same reaction volume, the synthesized EuS
NCs were used as “seeds” for heterogeneous nucleation and
growth of a SrS shell through slow addition of the Sr(DPTC),
precursor at 250 °C. The final EuS/SrS core/shell NCs have
sizes ranging from 12 to 20 nm (Figure 10b). Figure 11
presents absorption and emission spectra of purified NC

samples isolated during the SrS shell growth over the EuS
cores. We find that the lowest energy absorption peak shifts
from 504 to 480 nm upon addition of SrS precursors. This blue
shift continues with the thickening of the SrS shell. This
indicates that a significant fraction of the Eu®* ions have
diffused into the SrS shell, leading to a shift of the 4f 7 — 4£%5d!
absorption peak of EuS at 504 nm toward the position where
Eu®" absorbs when doped into SrS (Figure 7a). Correspond-
ingly, an emission band at 610 nm (Figure 11b), characteristic
for SrS:Eu*’, appears and becomes stronger upon further shell
growth, while the EuS core NC is nonfluorescent.

The results presented above show that the nucleation doping
strategy not only is an alternative way to achieve doping but is
also complementary to the growth doping strategy. We have
shown that the growth doping strategy works best for a
combination of dopant and lattice SSPs with similar
decomposition temperatures. The nucleation doping method,
on the other hand, can be used with combinations of SSPs
strongly differing in decomposition temperature, since the
decomposition of dopant and lattice SSPs can be performed
separately. This flexibility in design of synthesis strategies allows
the SSP approach to be applied with a broader range of
precursor types.

Although only Eu** and Ce** doping has been discussed in
this report, the SSP approach for doping developed here and
the relation between doping efliciency and reactivity of
precursors are expected to be universal. This method has the
potential to be widely applicable to the doping of other types of
ions, including lanthanides and transition metals, into nano-
crystals.

B CONCLUSIONS

Through a single-source precursor approach, we have
successfully synthesized monodisperse and colloidally stable
Ce®- and Eu**-doped SrS and CaS luminescent NCs with
diameters of ~10 nm. The luminescence properties of Ce*" and
Eu®" in the nanocrystalline host are similar to those of the bulk
analogues. The absorption and emission bands are due to f—d
transitions which are sensitive to the local coordination of the
Ce® or Eu*" ion. We have used the dopant absorption spectra
as probes to semiquantitatively evaluate the doping level. The
results reveal that NC doping is kinetically controlled and the
doping efficiency is related to the balance of dopant and lattice
precursors reactivity. When the chemical structure of the
dopant precursors is varied and hence their reactivity is tuned,
the doping efficiency can be improved. Moreover, the SSP
approach for doping allows for a flexible design of synthesis
strategies, as we show with a comparison of growth doping and
nucleation doping methods. The successful synthesis of Ce*'-
and Eu*"-doped SrS and Ca$ luminescent NCs is promising for
application as Cd-free luminescent probes. Furthermore, we
envision that the SSP doping methods reported here will be
widely applicable to the successful doping of other chalcogenide
colloidal NCs with luminescent and magnetic dopants.

B EXPERIMENTAL SECTION

Preparation of Single-Source Precursors. Calcium diisopro-
pyldithiocarbamate, Ca(DPTC),, was prepared following the
procedures reported by Purdy and George.*® A similar method was
applied for the synthesis of strontium diisopropyldithiocarbamate,
St(DPTC),.*” The dopant precursor europium diethyldithiocarbamate
diethylammonium salt, Eu(DDTC),, was prepared according to the
literature.>”
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Cerium diethyldithiocarbamate diethylammonium salt, Ce-
(DDTC),, was prepared under an N, atmosphere. A 10 mL portion
of a 0.1 M Ce(NOs;),;-6H,0(99.99%, Aldrich) solution in anhydrous
2-propanol was mixed with 10 mL of a 0.3 M solution of
diethylammonium diethylditholcarbamate (98%, Alfa) in 2-propanol.
A bright yellow crystalline precipitate was obtained and isolated by
centrifugation. The powder obtained was washed with anhydrous 2-
propanol, dried under vacuum, and stored under N, to prevent
oxidation. IR (ATR, cm™): v¢_y(stretch) 2927 (w), vc_n(bend) 1469
(s), vc_g(bend) 996 (s).

Europium butyldithiocarbamate butylammonium salt, Eu(BDTC),,
was synthesized as follows. Under an N, atmosphere, n-butylamine
(>99%, Aldrich, 1 mL, 10 mmol) and carbon disulfide (>99.9%,
Aldrich, 0.3 mL, 5 mmol) were added to S mL of anhydrous 2-
propanol, and the mixture was stirred under N, for 10 min. Then, 0.32
g of anhydrous europium(III) chloride (99.9%, Strem Chemicals, 1.25
mmol) dissolved in S mL of anhydrous 2-propanol was added
dropwise. The initially colorless solution turned orange-red and
eventually produced an orange-red precipitate, which was collected
through centrifugation, washed with anhydrous 2-propanol, and dried
under vacuum. IR (ATR, cm™): vy_g(stretch) 3318, 3240, 3175 (m),
ve_y(stretch) 2927 (m), vy_g(bend) 1505 (s), vc_n(bend) 1461 (s),
ve_p(bend) 1302 (s), vc_g(bend) 996 (m).

Europium octyldithiocarbamate octylammonium salt, Eu(ODTC),,
and europium dodecyldithiocarbamate dodecylammonium salt, Eu-
(DoDTC),, were synthesized using the same method as Eu(BDTC),,
but using octylamine (99%, Aldrich) and dodecylamine (98%, Aldrich)
instead of n-butylamine, respectively. IR (ATR, cm™'): Eu(ODTC),,
Un_p(stretch) 3318, 3240, 3175 (m), vc_g(stretch) 2923 (s),
vn_p(bend) 1510 (s), vc_n(bend) 1461(s), vc_y(bend) 1298 (s),
vc_g(bend) 996 (m); Eu(DoDTC),, vy_y(stretch) 3318, 3240, 3175
(w), ve_u(stretch) 2919 (s), vx_y(bend) 1510 (s), vc_n(bend) 1461
(s), vc_y(bend) 1298 (s), vc_g(bend) 996 (m).

Cerium butyldithiocarbamate butylammonium salt, Ce(BDTC),,
and cerium octyldithiocarbamate octylamonium salt, Ce(ODTC),,
were synthesized using the same method as for their europium
counterparts but using Ce(NO,); instead of EuCl,. The IR spectra are
similar to those of their europium counterparts.

Determination of the Amine-Assisted Decomposition
Temperature of Precursors. The amine-assisted decomposition
temperatures of dopant SSPs were determined by observing the
change in the solution color with heating in oleylamine. Since
Ca(DPTC), and Sr(DPTC), do not change color while decomposing
in oleylamine, their decomposition temperatures were determined by
leading the generated H,S gas into an aqueous solution of lead acetate
and observing the precipitation of black PbS.

Synthesis of Ce3*-Doped SrS and CaS NCs through the
Growth Doping Method. The syntheses were carried out in a
nitrogen-filled glovebox. Oleylamine (70%, Aldrich) was dried under
vacuum at 180 °C for 3 h before use to remove moisture and oxygen.
For a typical synthesis, a 0.1 M (0.2 M for larger or 0.025 M for
smaller particle sizes) solution of Sr(DPTC), (Ca(DPTC), for Ca$S
synthesis) in oleylamine and a solution of Ce(DDTC), in oleylamine
(variable concentration) were freshly prepared before use. Then 2 mL
of St(DPTC), and 1 mL Ce(DDTC), precursor solution were mixed
and quickly injected into a three-necked round-bottom flask
containing 6 mL of oleylamine at 250 °C. After the injection, the
temperature dropped to about 220 °C and was brought back to 250
°C. At this temperature, an SrS shell was grown by the addition of 1
mL of a 0.05 M solution of Sr(DPTC), in oleylamine at a rate of 0.2
mL/min. During the shell growth, the solution turned from light
yellow to deep yellow. Subsequently, the reaction temperature was
increased to 270 °C for 1 h. Aliquots were taken at different steps of
the reaction. The as-synthesized SrS or CaS NCs are capped by
oleylamine, which does not provide sufficient colloidal stability at
temperatures below 120 °C, leading to partial NC aggregation and
turbidity. Therefore, the aliquots and the final product were taken out
at temperatures above 120 °C and immediately added to 10 mL of a
solution containing 0.6 mL of oleic acid and 20 mg of
tetradecylphosphonic acid (TDPA, 97% Aldrich) in toluene. After

recapping with oleic acid and TDPA, which binds more strongly to the
StS or CaS surface, the NCs were washed several times by
precipitation with methanol followed by centrifugation. The nano-
particles can be redispersed in common nonpolar solvents, such as
toluene and hexane, yielding optically transparent and stable
dispersions.

Synthesis of Eu**-Doped SrS and CaS NCs through the
Growth Doping Method. The method used to synthesize Eu®*-
doped SrS (or CaS) NCs was similar to that used for Ce-doped SrS
(CaS) NCs, using Eu(BDTC), as the dopant precursor. The only
difference is that the shell growth and annealing temperatures were
decreased to 200 °C. The annealing was carried out for 15 min.

Synthesis of Eu**-Doped SrS NCs through the Nucleation
Doping Method. First, EuS cores were synthesized by injecting 1 mL
of freshly prepared 0.05 M Eu(DDTC), solution in oleylamine into a
three-necked round-bottom flask containing 6 mL of oleylamine at 320
°C. The reaction solution turned purple immediately after injection.
The subsequent growth of a SrS shell was performed in the same
reaction flask at 250 °C by slowly adding 2 mL of 0.1 M St(DPTC), in
oleylamine. Aliquots were taken at different steps of the reaction for
analysis. The NCs were recapped and washed using the same
procedure described above for the growth doping method.

Characterization of NCs. For optical measurements, washed NCs
were redispersed in hexane and loaded in quartz cuvets sealed under a
nitrogen atmosphere. Absorption spectra were recorded on a
PerkinElmer Lambda 950 UV/vis/IR spectrophotometer. Emission
and excitation spectra were measured on Edinburgh Instruments
FLS920 spectrofluorometer equipped with a 450 W Xe lamp with a
double monochromator for excitation (gratings blazed at 300 nm (exc)
or 500 nm (em)). The emitted light was detected with a Hamamatsu
R928 PMT detector. The spectra were corrected for the instrument
response. Photoluminecence decay curves were measured by using a
PicoQuant time-correlated single-photon counting setup, using either
a picosecond 277 nm UV diode or a picosecond 455 nm diode laser.
The emission was collected through an optical fiber and dispersed by a
0.1 m monochromator (1350 lines/mm blazed at 500 nm). A fast
Hamamatsu photomultiplier tube (HS738P-01) and a Time Harp 200
time-correlated photon counting card were used to record the
luminescence decay curves. Absolute quantum yields of NC samples
dispersed in hexane were measured on a spectrofluorometer mounted
with an integrating sphere.

Elemental analysis of doped NC samples was carried out by
inductively coupled plasma atomic emission spectroscopy (ICP-AES).
NC samples were washed to remove unreacted precursors, and
solvents were evaporated under vacuum. The dry NCs were then
dissolved in a mixture of nitric and hydrochloric acid, after which the
relative concentrations of different elements were quantified. TEM
imaging and electron diffraction measurements were performed on a
Tecnai 20F (FEI) microscope. The size distribution of the
nanocrystals was estimated through statistical analysis on the TEM
images. For each sample, over 100 particles per sample from multiple
images were analyzed.
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Figures and a table giving TEM images, XRD patterns,
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