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Abstract

This work explores the sensitization of luminescent lanthanide Tb3+ and Eu3+ cations by the

electronic structure of zinc sulfide (ZnS) semiconductor nanoparticles. Excitation spectra

collected, while monitoring the lanthanide emission bands, reveals that the ZnS nanoparticles act

as an antenna for the sensitization of Tb3+ and Eu3+. The mechanism of lanthanide ion

luminescence sensitization is rationalized in terms of an energy and charge transfer between trap

sites and is based on a semi-empirical model, proposed by Dorenbos and coworkers, 1–6 to

describe the energy level scheme. This model implies that the mechanisms of luminescence

sensitization of Tb3+ and Eu3+ in ZnS nanoparticles are different; namely Tb3+ acts as a hole trap,

while Eu3+ acts as an electron trap. Further testing of this model is made by extending the studies

from ZnS nanoparticles to other II–VI semiconductor materials; namely, CdSe, CdS, and ZnSe.

Introduction

Historically, luminescent lanthanides have been extensively used as phosphors, and more

recently they have attracted interest as a new class of luminescent probes and sensors for

biological applications. 7–13 Lanthanides have a number of luminescence properties that

make them an attractive alternative to organic fluorophores in bioanalytical applications and

biological imaging. Whereas typical organic fluorophores are prone to photobleaching

mechanisms, lanthanide luminescence is highly resistant to photobleaching and hence allows

longer experiment times or their repetition. The sharp atom-like lanthanide emission bands

and the negligible overlap between the bands of different lanthanide ions makes them

promising candidates for multiplex biological assays through spectral discrimination or for

barcode types of applications. 14 Moreover, the long lanthanide luminescence lifetimes (~

ms time domain for lanthanide emitting in the visible) allows their signal to be distinguished

from the background autofluorescence of biological media (~ ns time domain) through

temporal discrimination for improved detection sensitivity.

A major requirement for the use of lanthanides as biological imaging agents is the detection

sensitivity they can provide which includes the emission of a sufficient number of photons

in order to obtain good detection sensitivity. The direct excitation of lanthanides is

inefficient because most of the interesting f–f transitions are Laporte forbidden. 15,16 As a
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consequence, the molar extinction coefficients of lanthanide ions are very low 17 (≤ 10

M−1cm−1 as opposed to 104–105 M−1cm−1 for typical organic fluorophores). The low

number of absorbed photons will result in the low number of emitted photons. To overcome

this limitation, the concept of sensitization through an antenna effect has been established.

8,18–28 In this process, photons from the excitation light are absorbed by a chromophore

with high extinction coefficient that transfers the energy to the accepting levels of the

lanthanide ions, thus creating a high population of electronically excited lanthanide ions and

enhancing the amount of luminescent photons. In addition to efficient energy pumping by

this antenna effect, it is also important to prevent the quenching of lanthanide ion excited

states by nonradiative energy transfer to the overtones of high frequency vibrational modes

such as −OH, −NH and −CH. 29 For applications under biological conditions, it is

especially important to protect the lanthanide ions from the water molecules.

Semiconductor nanoparticles that contain lanthanide ions are advantageous for biological

applications over the undoped nanoparticles because the sharp emission signal

corresponding to each lanthanide ion has a unique spectroscopic signature for spectral

identification and unambiguous identification. Depending on the lanthanide cations, there is

a broad choice of emission wavelength throughout the entire visible and near IR spectral

regions. The near IR luminescence of lanthanide cations is of special benefit for biological

applications because i) the absence of native autofluorescence of tissues in the near IR

region, a good signal to noise ratio is obtained for more sensitive detection and ii) near IR

photons can cross significant depths of tissues for potential non-invasive investigation.

Recently Chengelis et. al. reported on the incorporation of terbium ions (Tb3+) in CdSe

nanoparticles. 30 Although Tb3+ luminescence sensitization was observed for the CdSe/

Tb3+ system, its emission was obscured by the more intense CdSe bandgap emission in

steady-state mode and a time-gated method was required to specifically identify the Tb3+

luminescence. From the excitation spectrum, collected upon monitoring the 545 nm centered

Tb3+ emission signal, it is evident that part of the excitation energy is transferred from the

CdSe nanoparticle states to the accepting energy levels of Tb3+ ions demonstrating that the

electronic structure of the nanoparticle can act as an antenna. While the CdSe/Tb3+ system

demonstrates the use of the nanoparticles as an antenna, it has intrinsic limitations, namely,

the efficiency of CdSe in sensitizing Tb3+ luminescence was low, and the Cd and Se

components of the nanoparticles are toxic, thus limiting their applicability for studying

biological systems and for diagnostic purposes. To overcome these two drawbacks, we have

created a ZnS/Tb3+ nanoparticle system, in which the individual constituents are non-toxic

or less toxic and more environmentally friendly. Moreover, as the bulk band gap of ZnS is

larger than that of CdSe (3.6 eV as opposed to 1.7 eV), 31 the electronic structure of ZnS is

expected to sensitize lanthanides more efficiently than CdSe because it ensures a more

favorable match of lanthanide acceptor energy levels with respect to the nanoparticle

donating energy levels. 5 This work reports results on ZnS nanoparticles containing three

different lanthanides: two visible-emitting lanthanides, Tb3+ and Eu3+ in ZnS nanoparticles,

and corresponding control experiments with Gd3+ (which does not have accepting electronic

levels in the relevant energy range) incorporated. ZnS nanoparticle systems without

lanthanides were also studied for comparison. Both steady-state and time-resolved

luminescence measurements demonstrate that ZnS acts as an efficient antenna to sensitize

Tb3+ and Eu3+ luminescence. A comparison with other II–VI materials; (namely, Tb3+

incorporated in CdSe, CdS and ZnSe), is made in order to elucidate the energy transfer

mechanism between the lanthanide and the nanoparticle host.

Understanding the mechanism of lanthanide luminescence sensitization is of main

importance for controlling the performance and properties of novel optical materials.

Because lanthanide ions behave as hard acids, they bind strongly to hard bases, following

the preference order O>N>S. Various researchers have devoted considerable effort to
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understanding and exploiting the mechanisms for the luminescence sensitization of

lanthanide in semiconductor materials. Some of the discussed mechanisms are based on a

defect related Auger transition model, 32–34 a resonant energy transfer model, 35 bound

exciton models 27,36 and shallow donor (or acceptor) models. 37 It is generally believed

that exciton recombination plays a key role in the luminescence sensitization of rare earth

ions. Although a number of researchers have discussed lanthanide luminescence in bulk

semiconductors 38–48 and semiconductor nanoparticles, 49–61 the mechanism of

lanthanide luminescence sensitization is still not fully elucidated and does not allow the

synthesis of lanthanide-based nanomaterials with predictable properties. The mechanism of

Tb3+ luminescence sensitization in bulk ZnS has attracted considerable attention. For

example, Anderson 26 finds that the process includes (a) a donor level related to Tb3+

[6s25d1] that lies 0.4 eV below the conduction band; the 4f8 levels were assumed to be

located somewhere below the valence band, (b) a hole trap that lies 1.02 eV above the

valence band (assumed to be a copper-related site), 62,63 and (c) that the excitation of the

4f8 electronic system occurs during recombination of the electron-hole pair in these traps.

While these efforts provide a useful framework for the current studies, the luminescence

sensitization of Tb3+ and Eu3+ in ZnS nanoparticles is not well understood. Previous studies

have been limited by an inability to identify the location of lanthanide ground and excited

states with respect to the valence and conduction bands of the semiconductor materials. In

this work, the nature of sensitization in the ZnS nanoparticles is discussed in light of the

model proposed by Dorenbos, 1–6 for the relative energetics of the lanthanide ions in the

host semiconductor.

Materials and Methods

Chemicals

Trioctylphosphine [TOP] (90%), zinc stearate (tech.), octadecene (90% tech.), and

tetracosane (99%) were purchased from Sigma-Aldrich-Fluka. Chloroform was purchased

from J. T. Baker. Sulfur, toluene, and methanol were purchased from Fisher Scientific.

Terbium (III) nitrate (99.9%) was purchased from Strem, europium (III) nitrate (99.99%)

was purchased from Aldrich, and gadolinium (III) nitrate (99.99%) was purchased from Alfa

Aesar. In all cases, hydrated lanthanide salts were used. n-Hexane and 1-octanol were

purchased from Acros, and ethyl acetate was purchased from EMD. Argon gas was

purchased from Valley National. All chemicals were used as purchased without purification,

except toluene, which was distilled over sodium under nitrogen.

Nanoparticle Synthesis

All ZnS nanoparticle systems were synthesized using a non-coordinating solvent system

consisting of octadecene and tetracosane. Zinc stearate and lanthanide nitrate salts were used

as cation precursors and elemental sulfur served as the anion precursor. Tetracosane (4.0 g),

octadecene (3.0 mL), and 0.68 mmol of zinc stearate were loaded into a three neck round

bottom flask and heated to 350 °C while stirring under nitrogen. The lanthanide stock

solution (0.12 mmol lanthanide nitrate dissolved in a combination of octadecene and

trioctylphosphine oxide) was injected after approximately two hours of heating and allowed

to stir within the reaction mixture for at least 30 minutes. The sulfur stock solution (sulfur

powder dissolved in octadecene) was injected approximately 1 hour after the lanthanide

stock solution. The reaction temperature was then decreased to a value between 270 °C and

300 °C for the duration of nanocrystal growth. Aliquots of sample were removed at varying

growth times. The resulting nanoparticles were then redispersed in an appropriate solvent for

spectroscopic analysis.
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ZnS nanoparticles without lanthanides incorporated were prepared using the methods

described above, however the zinc stearate precursor was increased to 0.80 mmol and the

lanthanide stock solution preparation was omitted.

Steady-state Optical Measurements

Steady-state absorption spectra were obtained on an Agilent 8453 UV-visible

spectrophotometer with 1-nm resolution. Steady-state excitation and emission spectra were

recorded using a Jobin Yvon Horiba Fluorolog-322 with a 5-nm bandpass; spectra were

corrected for excitation and emission (lamp, detector and monochromator). A 1-cm

pathlength quartz cuvette was used for the measurements. All measurements were

performed at room temperature.

Quantum Yields

Absorption spectra were recorded on either a Perkin-Elmer Lambda 9 Spectrometer coupled

to a personal computer using software supplied by Perkin-Elmer or on an Agilent 8453 UV-

visible spectrophotometer. Quantum yields were recorded by the relative method using

references. Steady-state luminescence quantum yields were measured using quinine sulfate

reference solution (solvent H2SO4 1N, Φ=0.546). 64 Time-gated luminescence quantum

yields were measured using [Tb(H22IAM)] reference solution (solvent water, Φ=0.59). 65

Spectra were corrected for the instrumental response.

The quantum yields were calculated using the following (equation 1):

(1)

where subscript r stands for the reference and×for the sample; A is the absorbance at the

excitation wavelength, I is the intensity of the excitation light at the same wavelength, η is

the refractive index (η = 1.333 in water, η = 1.496 in toluene, η = 1.446 in chloroform) and

D is the measured integrated luminescence intensity. ZnS systems (λex = 315, 320 and 325

nm) were measured in chloroform whereas ZnSe (λex = 315, 320 and 325 nm) and CdSe (λex

= 300, 305 and 310 nm) systems were measured in toluene.

Lanthanide-centered quantum yields for ZnSe/Ln3+ and CdSe/Ln3+ were collected with the

fluorimeter in time-gated mode whereas the contribution from lanthanide-centered emission

was discriminated spectrally from the overall quantum yield. For the ZnS/Ln3+ systems

calculations were performed by integrating the narrow emission bands arising from the

lanthanide cations in steady-state mode.

Time-gated Measurements

Time-gated excitation and emission spectra were collected with a Varian Cary Eclipse

fluorescence spectrophotometer with 10 nm and 20 nm bandpass for Tb and Eu samples

respectively. The spectra were acquired with a delay time and a gate time of 0.2 ms and 5

ms, respectively. Using such a delay time, only lanthanide sharp bands are expected to

appear in the spectra without any contribution from shorter lived nanoparticle bandgap

emission. Both excitation and emission filters were set in auto mode in the software. All

measurements were performed at room temperature.
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Time-resolved Measurements

The time-resolved luminescence decay kinetics was measured using the time-correlated

single-photon counting (TCSPC) technique. Samples were excited with the frequency

doubled output (centered at ~300 nm) of a synchronously pumped cavity dumped dye laser

(Coherent Model 599) using rhodamine 6G as the gain medium; emission from the sample

was collected at different wavelengths using a monochromator. The instrument response

function had a full-width–at-half-maximum (FWHM) of ~40 ps. A 1-cm pathlength quartz

cuvette was used for all the time-resolved measurements. All measurements were performed

at room temperature. Experiments were done with a 1 MHz laser repetition rate. Lifetime

values were found to be similar with 125 kHz (for ZnS/Tb) and 300 kHz (for ZnS/Gd and

ZnS) repetition rate; these measurements were done at selected wavelengths. Lifetime decay

traces were fitted by iterative reconvolution method with IBH DAS 6 decay analysis

software.

The Tb3+ and Eu3+ luminescence lifetime measurements were performed by excitation of

solutions in 1 mm quartz cells (NSG Precision Cells, Inc.) using either a xenon flash lamp or

a Nd-YAG Continuum Powerlite 8100 laser (354 nm, third harmonic) as the excitation

source. Emission was collected at a right angle to the excitation beam, and wavelengths

were selected by means of the Spex FL1005 double monochromator or a Spectral Products

CM 110 1/8 meter monochromator. The signal was monitored by a Hamamatsu R928

photomultiplier tube coupled to a 500 MHz bandpass digital oscilloscope (Tektronix TDS

620B). Signals from > 500 flashes were collected and averaged. Luminescence lifetimes

were averaged using samples from several different batches. Luminescence decay curves

were imported into Origin 7.0, and analyzed using the Advanced Fitting Tool.

Results and Discussion

HRTEM Imaging

High resolution Transmission Electron Microscopy (HRTEM) images were obtained using a

JEOL-2100 CF instrument operating between 120 kV and 200 kV. A representative TEM

image is shown in figure 1. The size distribution of ZnS:Tb nanoparticles was calculated

using Image J software and found to be 3.3 ± 0.4 nm in average diameter. Both the
stoichiometry (lanthanide to zinc ratio) and the location of the lanthanides in the
nanoparticles are not yet fully quantified. These data will be reported in a more
comprehensive future study that will address the stoichiometry and the relative importance
of the lanthanide locations – on the surface or in the bulk of the nanoparticles.

Absorption Spectra

Representative absorption spectra of ZnS nanoparticles dissolved in chloroform are shown
in figure 2 for two different growth times. The absorption spectra reveal characteristic bands
centered at ~290 nm and ~360 nm. The band with an apparent maximum at ~290 nm shows
a small dependence on growth time and is attributed to the lowest energy exciton band of the
nanoparticle. The ~360 nm band is probably associated with a transition involving a trap
state. The assignment of the ~290 nm band is corroborated by a simple estimation of the
nanoparticle band gap, using a method proposed by Brus 66 (equation 2), and found to be
~4.2 eV, corresponding to a ~290 nm band gap transition. In this model the change in
bandgap with nanoparticle size is given by

(2)
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Assuming Eg(bulk) = 3.6 eV, R = 1.65 nm (see above), me = 0.25m0, mh = 0.59m0, ε = 8.3,
Eg(nano) = 4.2 eV. The effective mass and dielectric constant values were adopted from the
work by Murphy and coworkers. 67 We assign the long wavelength tail to the contribution
from various surface states of the nanoparticles (vide infra).

Luminescence Spectra

Figure 3 shows steady-state luminescence excitation and emission spectra for the lanthanide
incorporated ZnS nanoparticles and for undoped ZnS nanoparticles (NP) without lanthanide
ions, in CHCl3. The spectra correspond to ~20 minutes NP growth time; the spectra
corresponding to the analysis of the samples obtained after 1 minute growth times are
similar.

ZnS/Tb Spectra—Figure 3B shows emission spectra for ZnS/Tb. For λex = 300 nm, λem
bands were identified at ~ 410 nm (ZnS band), 490 nm, 545 nm, 585 nm, and 620 nm (Tb3+

sharp bands); for λex = 375 nm, λem bands were assigned at ~ 455 nm (ZnS band), 490 nm
(weak Tb3+ band), and 545 nm (Tb3+ band); and for λex = 440 nm, a λem band was assigned
at ~ 510 nm (ZnS band). An excitation wavelength dependence (red edge effect) is observed,
i.e., with increase in λex the emission band position shifts towards the red.

The excitation spectra (Figure 3A) also depend on λem. For λem = 410 nm (ZnS emission),
the λex bands were identified at ~ 260 nm and 350 nm; for λem = 450 nm (ZnS emission), the
λex bands were assigned at ~ 270 nm and 375 nm; and for λem = 545 nm (Tb3+ emission), a
broad λex feature appeared. To examine whether this wavelength dependence reflects size
heterogeneity of the sample, efforts were made to improve the sample’s size distribution.
Thus centrifugation was performed at 20,000 rpm for 2 hours, a chemical purification by
solvent precipitation method (see supporting information) was used, and the nanoparticle
samples were dialyzed. None of these three methods yielded any noticeable change in the
excitation wavelength dependent behavior. Based on these studies, the excitation
wavelength dependent emission spectra are taken to reflect the energy distribution of surface
states on the nanoparticles.

Sensitization of the lanthanide emission is evident in the steady-state emission spectra.
Interestingly, the lanthanide emission intensity displays a wavelength dependence; when
exciting the sample at 300 nm, terbium (Tb3+) bands at ~490 nm and ~545 nm are clearly
identifiable; whereas a 375 nm excitation results only in a weak Tb3+ emission. Excitation
with 440 nm light results in no observable Tb3+ sensitization in the steady-state mode,
however a weak Tb3+ sensitization can be observed in time-gated mode. This dependence on
excitation energy correlates with the energy level mismatch between the donating excited
states of ZnS nanoparticles and the accepting levels of Tb3+ ions (vide infra).

The broad excitation spectrum, with an absence of any atom-like band upon monitoring the
Tb3+ emission, clearly indicates that the electronic structure of ZnS nanoparticles act as an
antenna for the Tb3+ sensitization (and not from direct excitation of the lanthanide cations).
Additional evidence for this interpretation has been obtained from the time-gated spectrum
(vide infra).

The broad nature of the nanoparticle emission band indicates that the spectrum consists
primarily of surface states or results from the combined emission of core states of variously
sized nanoparticles. Peng and coworkers 68 have reported that the bandgap
photoluminescence of ZnS nanoparticles is often mixed with a deep trap tail; namely a
bandgap photoluminescence at ~310 nm (FWHM of 10–12 nm) and a broad band ~380 nm
deep trap emission. A similar broad emission from ZnS nanoparticle surface states was also
reported by Chen and coworkers. 69 Also Murphy and coworkers 67 reported a broad

Mukherjee et al. Page 6

J Phys Chem A. Author manuscript; available in PMC 2012 April 28.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



emission band centered at ~435 nm upon excitation of 5 nm ZnS nanoparticles at 270 nm,
and have attributed that emission to sulfur vacancies, more generally to shallow electron
traps. Although the band maximum is somewhat shifted, this reported blue emission is
qualitatively similar to that observed in this study while exciting the sample at ~300 nm.
While the chemical nature of the surface states remains unclear, it seems evident that they
play a significant role in broadening the emission spectrum. The observation that 1 minute
and 20 minutes growth time samples have identical emission spectra indicates that the
surface state distribution does not change with growth time for the synthetic parameters that
were utilized here.

ZnS/Eu Spectra—Figure 3D shows the steady-state emission spectra for ZnS/Eu3+. For
λex = 300 nm, a λem band was assigned at ~ 460 nm (ZnS band); for λex = 375 nm, a λem
band was found at ~ 455 nm (ZnS band); and for λex = 440 nm, a λem band was found at ~
510 nm (ZnS band). These materials also display a red edge effect. Although this
observation is qualitatively similar to the spectral change observed for the ZnS/Tb samples,
some differences are evident; in particular, the emission spectrum for λex = 300 nm has a
similar emission band maximum as that for the spectrum with λex = 375 nm. The absence of
broad emission with band maximum centered at ~520 nm upon exciting the sample at ~300
nm indicates that the samples under investigation in the present work do not have significant
emission from Eu2+ (See reference 70 for more detail).

Figure 3C shows the excitation spectra for ZnS/Eu3+. For λem = 410 nm (ZnS emission), λex
bands were identified at approximately 255 nm, 270 nm, and 350 nm; for λem = 450 nm
(ZnS emission), λex bands were assigned at approximately 260 nm, and 370 nm; and for λem
= 620 nm (attributed to Eu3+ emission), a λex band appeared at approximately 360 nm, with
a broad excitation band centered at approximately 510 nm (assigned to a charge transfer
transition from anion valence band to Eu3+ ions, vide infra).

The luminescence signal from the Eu3+ is not clearly evident in the steady-state spectra;
however, it becomes prominent in time-gated mode (vide infra). Qualitatively, the less
intense Eu3+ emission indicates that the ZnS nanoparticles are less efficient in sensitizing
Eu3+, as compared to the corresponding Tb3+ system. The broad band located on the
emission spectrum probably reflects the contribution from surface states, as was discussed
previously for ZnS/Tb samples. Similar to the observation found in ZnS/Tb system, no shift
in band positions was observed in the emission spectra for 1 minute and 24 minutes growth
time samples, suggesting that the surface states play an important role.

ZnS/Gd Spectra—Figures 3E and 3F show the excitation and emission spectra of ZnS/
Gd. Other than the lack of Tb3+ emission bands, the nanoparticle spectra recorded on ZnS/
Gd samples (exclusive of the ions 4f emission bands) were found to be very similar to those
recorded for the ZnS/Tb samples in terms of band positions, excitation wavelength
dependence and broadness of the spectra, indicating that luminescence sensitization of Tb3+

has a negligible impact on the nanoparticle emission in ZnS/Tb samples.

ZnS Spectra—Figures 3G and 3H show the excitation and emission spectra if ZnS. These
spectra show an excitation wavelength dependence (red edge effect) that is similar to that
observed for the ZnS/Tb and ZnS/Gd samples, indicating that the red edge effect arises from
an intrinsic property of the ZnS nanoparticles and is not caused by the lanthanide ion. The
broad nature of nanoparticle emission indicates that the spectrum is strongly influenced by
the surface states, as are the samples where lanthanide ions are incorporated in the
nanoparticle.
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Time-gated Excitation and Emission Spectra

Representative time-gated excitation and emission spectra of ZnS/Tb (1 minute growth time)
and ZnS/Eu (24 minutes growth time) nanoparticle samples in CHCl3 are shown in figure 4.
The attempt to collect spectra for the ZnS/Gd and the ZnS nanoparticles under the same
conditions only showed the background signal.

These spectra reveal that the electronic levels of ZnS nanoparticles can be used to sensitize
the Tb3+ and Eu3+ emission. Sharp lanthanide emission bands were clearly visible for both
the ZnS/Tb and the ZnS/Eu samples. For the ZnS/Tb sample, the bands with apparent
maxima at 490 nm, 545 nm, 585 nm, and 620 nm were assigned to transitions from 5D4
to 7F6, 7F5, 7F4, 7F3 respectively. For the ZnS/Eu sample, the bands at 590 nm, 616 nm, and
696 nm were assigned to transitions from 5D0 to 7F1, 7F2, 7F4 respectively.

The excitation spectra, recorded upon monitoring the lanthanide emission, reveal a broad
excitation spectrum that is similar to the one recorded for the ZnS nanoparticles, upon
monitoring their emission at either 410 nm or 450 nm. These results imply that the same
energy route is used to sensitize emission of the ZnS and lanthanide emission, proceeding by
energy transfer from the electronic states of the ZnS to the accepting levels of Tb3+ or Eu3+.
This conclusion is confirmed by the absence of sharp intra-configurational f–f bands in the
excitation spectra, which would indicate direct excitation of lanthanide ions. It is important
to note that the energy transfer from the 4f-5d excitation band of Tb3+, and the charge
transfer band of Eu3+, are broad excitation bands and may contribute to the excitation
spectrum. The 4f-5d excitation band in Tb3+ arises at ~4.8 eV, 2 and for Eu3+ (in sulfide
compounds) the charge transfer band from the anion valence band to Eu3+ occurs at ~2.2
eV. 4 Although excitation at higher energies cannot rule out the possibility of some partial
energy transfer from Tb3+ 4f-5d excitation band, the strongest Tb3+ and Eu3+ luminescence
arises from exciting the sample in the 280 nm to 350 nm window and argues in favor of the
ZnS bandgap excitation being the dominant excitation pathway. However, the luminescence
of Tb3+ decreases more sharply with increasing wavelength than does that of Eu3+ (vide

infra, see figure 7 and table 4S), suggesting that the charge transfer excitation from the anion
valence band to Eu3+ can also play a role in the Eu3+ sensitization. It is important to
appreciate that the charge transfer band in Eu3+ is weak and its contribution alone cannot
account for the sensitization; in particular, that arising from exciting the sample at higher
energies.

ZnS Luminescence Lifetime Measurements

Luminescence lifetime parameters for the different systems studied are summarized in table
1S (see supporting information). Table 1S shows values for all parameters in a sum of three
exponentials varied in the fitting procedure. To see any obvious trend in the individual
lifetime components, the decay data were also fit to a sum of exponentials with lifetime
components fixed and varying only the amplitudes (table 2S, see supporting information).
This procedure gives rise to somewhat lesser quality fits, as judged by the relative χ2 value
being higher; however they are adequate and reveal a clear relationship between lifetime
components in the different systems. Note that the average lifetime remains relatively
unchanged while varying all parameters versus fixing the lifetime components in the fitting
procedure. Some representative luminescence decays for 1 minute growth time samples are
shown in figure 5.

ZnS/Tb Samples—The samples obtained with 1 minute and 20 minutes growth time
behave similarly in terms of the decay kinetics. The experimental lifetime decays were
typically fitted with the sum of three decaying exponentials, with a subnanosecond
component which comprises ~60% of the emission, a 2–3 ns component with ~30%
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contribution, and the longest time component (~10 ns) with an amplitude of ≤~10%. The
average lifetime increases continuously with increasing λem, which indicates that the
emission band shifts with time. Attempts were made to monitor the Tb3+ emission by
lowering the repetition rate to ~100 kHz and increasing the full time window to 5
microseconds; in all cases only the ZnS emission was significant and no longer time
component, which might be related to the Tb3+ emission, was observed. At all wavelengths,
only the ZnS emission is important. Long lived Tb3+ emission appears as a baseline as
shown in upper left panel in figure 5 at 545 nm.

ZnS/Eu Samples—ZnS/Eu behaves differently compared to all other systems. Namely,
the longer lifetimes are more dominant in this sample and the amplitude of the
subnanosecond component is much lower. This result suggests that a different energy
transfer mechanism may take place. Balandin and coworkers 71 used a theoretical
investigation of ZnO quantum dots to predict an increase in radiative lifetime for surface
bound ionized acceptor-exciton complex, as compared to the lifetimes of confined excitons
and surface bound ionized donor-exciton complexes. Such a type of complex would give
rise to an increase in quantum yield. A comparison of the overall quantum yield of ZnS/Eu3+

(0.27 ± 0.02) to that of ZnS/Tb3+ (0.12 ± 0.03) corroborate this conclusion. The lack of a
long-lived baseline in the ZnS/Eu sample, as compared to the ZnS/Tb sample, reflects the
decreased luminescence of the Eu bands in the steady-state spectra (Figure 3D).

ZnS/Gd Samples—Because of an energy level mismatch between the donating energy
levels of the nanoparticles and the Gd3+ accepting levels no Gd3+ luminescence is observed.
The fact that the ZnS/Gd3+ sample’s nanoparticle emission is very similar to the ZnS
emission of the ZnS/Tb3+ shows that the ZnS properties are not sensitive to the presence and
nature of the lanthanide cations.

ZnS Samples—The average lifetime of the ZnS sample is comparable to that of the
corresponding value in the presence of Tb3+ and Gd3+. The ZnS sample’s emission lifetime
depends on λem in a fashion which is similar to that found for the lanthanide containing
nanoparticles. Thus the emission wavelength dependence appears to be an intrinsic property
of the nanoparticles and is not associated with the presence of lanthanide ions (Tb3+, Eu3+

and Gd3+) in the system. The origin of the shift might be caused by decays from different
donor-acceptor pairs that vary in distance, that is, close pairs emit with faster lifetime at
higher energy and the distant pairs emit at lower energy. 72

Lanthanide Ion Luminescence Lifetime Measurements

The luminescence lifetimes of the lanthanide cations were recorded using a low repetition
rate Nd-YAG laser based setup. Experimental luminescence signals were fitted best by a
biexponential decay for Tb3+ and Eu3+. For ZnS/Tb3+, the luminescence lifetime values
were found to be 0.92 ± 0.01 ms and 2.50 ± 0.06 ms, whereas, for ZnS/Eu3+, the
corresponding values were 2.0 ± 0.01 ms and 3.6 ± 0.2 ms. The lifetimes for the Tb3+

emission band are similar to those observed for CdSe/Tb3+ in a previous study. 30 Two
components could arise from different locations of the lanthanide ions in the nanoparticles;
e.g. Tb3+ in the core of the ZnS nanoparticles may be better protected and have a longer
luminescence lifetime, whereas the shorter lifetime component may originate from the
surface located Tb3+ which experiences more solvent quenching. Examples of lifetime
values for molecular complexes with well protected Tb3+ and Eu3+ cation coordination sites
are 1.3 ms and 0.78 ms respectively. 73 The longer lifetime values recorded in the
nanoparticle samples suggest that the lanthanide ions are better protected from quenching
through vibrations located in solvent (and in the organic sensitizer for molecular complexes)
when in the nanoparticles, as was reported previously by Chengelis et. al. for CdSe/Tb3+. 30
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A Mechanism for Sensitization of Lanthanide Luminescence

This section considers the possibility of Förster (dipole-dipole interaction) and Dexter
(exchange interaction) electronic energy transfer mechanisms in the studied systems, but
argues that a different mechanism operates.

The rate of energy transfer under the Förster formulation depends on (a) the spectral overlap
of donor and acceptor (JF), (b) the donor luminescence quantum yield, (c) the donor
luminescence lifetime, (d) the relative orientation of donor and acceptor transition dipoles,
and (e) the distance between donor and acceptor. Most of the lanthanide transitions (dipolar
electric) are formally forbidden and thus have a low oscillator strength and a low energy
transfer rate by the Förster mechanism. The Förster overlap integral is JF ~ 10−19–10−20

M−1cm3 for the systems studied here, whereas the typical value of JF for organic
fluorophores is on the order of 10−13–10−15 M−1cm3. 74 Assuming a ΦD = 0.2, one
calculates an R0 of ~ 2.5 Å for a lanthanide, which should be compared to a value of R0 = 25
Å for a typical organic fluorophore. The ratio of the rate of energy transfer for organic
fluoropohores in comparison to the ZnS/Tb3+ nanoparticle samples is ~ 106. Based on this
estimate, we conclude that the Förster mechanism is less likely to play a significant role in
the energy transfer process for the systems investigated in the present study. More
straightforward evidence against the operation of the Förster energy transfer mechanism can
be established from a comparison of JF and R0 values in the different systems studied (see
Table 3S in supporting information). The Förster model predicts that the Eu3+ sensitization
should be larger than Tb3+ in ZnS nanoparticles for a given distance, by ~ 3 times; in
contrast, the experiments show that Tb3+ is at least two-fold more luminescent than Eu3+

(vide infra). In addition, a comparison of the host nanoparticles (ZnS, ZnSe, CdS, CdSe)
indicates that the rate of energy transfer to Tb3+ should be very similar in ZnS and CdS;
however, experiments demonstrate that ZnS is more efficient than CdS in sensitizing Tb3+

luminescence (figure 6). 75

The rate of energy transfer for the Dexter formulation depends on (a) the spectral overlap of
donor emission and acceptor absorption (JD) and (b) the electronic coupling factor. The
Dexter mechanism can account for energy transfer involving forbidden transitions. The fact
that the calculated JD values are very similar in the different systems indicates that the
experimental trend in energy transfer rates among the different nanoparticles can only be
explained by a concomitant change in the electronic coupling parameter. While this
possibility cannot be excluded, it seems unlikely. Thus, it seems that both the Förster and
Dexter energy transfer mechanisms play a negligible role in the energy transfer mechanism
of the studied systems.

A number of other plausible mechanisms for luminescence sensitization in rare earth ions in
semiconductors have been proposed. For example, Klik et al., in the context of InP/Yb3+, 28
rationalized Yb3+ sensitization in InP by the mechanism: (a) excitation of the semiconductor
from the valence band to conduction band, (b) capturing of a free electron at a Yb3+ related
trap located at 0.03 eV below the conduction band, (c) generation of an electron-hole pair on
the trap, and (d) non-radiative recombination of electron-hole pair being the excitation
source of the Yb3+, thus generating the Yb3+ emission. This model was based on earlier
studies by Palm et al., 27 Takahei and coworkers, 76,77 Thonke et. al. 78 and Needels et. al.
79 In molecular systems, Lazarides has discussed a redox-based energy transfer mechanism
in the context of molecular d–f complexes. 80 Mechanisms of this type require a detailed
knowledge of the dopant energy levels in the host semiconductor.

Although much has been discussed about the lanthanide sensitization in semiconductor
materials, considerably less is known about the energy level positions of lanthanide ions in
the host material. 81–85 The location of dopant ion energy levels with respect to the valence
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and conduction bands of the host lattice is of extreme importance, because it is useful for
predicting the luminescence properties, and the charge trapping and de-trapping kinetics.
Recently, Dorenbos 1–6 has addressed the problem of locating lanthanide impurity levels in
a host crystal semi-empirically and developed a model that relies on three host dependent
parameters: (a) the charge transfer energy from the anion valence band to Eu3+, (b) the
redshift of the first 4f to 5d transition in appropriate lanthanide ions, and (c) the band gap of
the semiconductor material. The fundamental assumptions in this method are that the
binding energies of the 4f electrons follow a universal trend and that the charge transfer
energy between the anion valence band and Eu3+ is equal to the energy gap between the
valence band of the host material and the ground state of Eu2+. Once the Eu2+ ground state
energy level is assigned, all other energy levels can be predicted according to the trend in
binding energies. The energy diagram in Figure 7 uses this method to predict the energy
levels of lanthanide ions in bulk II–VI semiconductor materials. In this diagram the charge
transfer energy was obtained by using Jörgensen’s relationship between the charge transfer
energy and the Pauling electronegativity of the anions. 86 For sulfides, selenides and
tellurides, we have assumed the charge transfer energy values of 2.17, 2.06 and 0.34 eV
respectively. The value (2.17 eV) for sulfide compounds is in good agreement with the
assignment of the charge transfer band (~2.43 eV) in the ZnS/Eu system (vide infra). The
parameter values in this scheme were obtained from the work of Dorenbos and coworkers 6
and the ground state energies of lanthanides were placed in accordance to the systematic
trend of 4f electron binding energies of trivalent lanthanide ions in narrower band gap
materials. The energy difference between the 4f ground states of Eu3+ and Eu2+ was
assumed to be 5.70 eV. 4 The higher lying energy levels of Tb3+ and Eu3+ were placed from
the tabulation of Carnall and coworkers for trivalent lanthanide aquo ions. 87,88 The values
of the energy levels estimated with this calculation approach compare well to existing data.
Wen-lian and coworkers 50 have shown that the Tb3+ ground and excited energy levels in
ZnS nanoparticles are located at 0.9 eV above the valence band and 0.5 eV below the
conduction band, respectively. In a separate study, Chen and coworkers 89 have placed the
ground state of Eu2+ at 1.6 eV above the valence band of bulk ZnS. Although these values
do not match exactly with the values reported in this work, they show sufficiently good
qualitative agreement. Considering the typical error of ± 0.5 eV, estimated by Dorenbos, the
agreement with the available literature is reasonable. It has to be noted that as long as any
systematic error in assigning these energy level values is relatively constant, it should not
change the conclusions discussed here.

To determine the charge transfer energy from the anion valence band to Eu3+, the excitation
spectra of ZnS/Tb and ZnS/Eu were compared (see figure 8). The band at ~510 nm is
assigned to a charge transfer band for Eu3+ in the ZnS/Eu system. Note that the red shifted
emission spectrum for ZnS/Eu systems with λex = 300 nm could arise from its charge
transfer nature. Circumstantial evidence for this assignment in the ZnS/Eu system comes
from a comparison of Tb3+ and Eu3+ emission intensities with different excitation
wavelengths (see table 4S in supporting information). While the intensity of the Tb3+

luminescence decreases sharply when exciting the sample with lower energy than the
bandgap of the ZnS nanoparticles, the situation is different for the ZnS/Eu system.
Considerable luminescence intensity was observed from Eu3+ in ZnS nanoparticles even
while exciting the sample at longer wavelength values. Although this observation does not
directly prove the existence of a charge transfer band in the ZnS/Eu system, it strongly
suggests that some energy level located lower than the bandgap of ZnS nanoparticles exists,
and it is involved in the sensitization of Eu3+ in the ZnS doped nanoaparticles.

Several features of the energy level diagram in figure 7 are noteworthy.
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1. Both the ground and excited states of Tb3+ lie within the band gap of bulk ZnS, an
effect which should be more pronounced in nanoparticles because of the quantum
confinement and hence a higher band gap (~ 4.2 eV as opposed to 3.6 eV for bulk
material). This indicates that the Tb3+ can potentially act as a hole trap in ZnS.
Moreover, it suggests that the excited electron in the 5D4 level of Tb3+ does not
undergo ready autoionization. These two conditions result in the enhancement of
the Tb3+ luminescence in ZnS. It is generally believed that the luminescence
efficiency of lanthanide ions is increased when their 3+ levels act as trap states. 77

2. The 5D4 level of Tb3+ lies above the conduction band of CdSe so that
autoionization of the Tb3+* should be efficient, thereby decreasing its luminescence
efficiency. Experimentally, the ZnS/Tb3+ emission is much stronger than the CdSe/
Tb3+ emission, for which the overall quantum yields of ZnS/Tb3+ and CdSe/Tb3+

are 0.12 ± 0.03 and 0.025 ± 0.001 respectively, whereas the Tb3+ contribution to
the overall quantum yield were found to be 0.05 ± 0.01 and 0.000015 ± 0.000003.
It should also be noted that the time-gated mode is required to observe the Tb3+

emission in CdSe/Tb3+, 30 whereas they were readily observable in steady-state
mode for ZnS/Tb3+ luminescence.

3. The energy level locations of Eu3+ are qualitatively different from Tb3+ in ZnS, as
both the ground and excited states of Eu3+ lie below the valence band of ZnS. It is
important to note that the ground state of Eu2+ lies within the band gap of ZnS,
which makes the system a potential electron trap. Based on these considerations,
Eu3+ can be brought to the excited state by two possible pathways: (1) a bandgap
transition of the ZnS host and (2) a ZnS valence band to Eu2+ ground state
transition. Our observations are consistent with either of these mechanisms.

4. ZnS should be more efficient than ZnSe in sensitizing Tb3+ luminescence, because
as the excited energy level of Tb3+ lies close to the conduction band of ZnSe, the
excited electrons face a competitive nonradiative path of autoionization. To test this
hypothesis ZnSe/Tb nanoparticles were prepared. The measured Tb3+ lanthanide-
centered quantum yield value for ZnSe/Tb is 0.00018 ± 0.00007 as compared to
0.05 ± 0.01 for ZnS/Tb system, validating this prediction.

5. Based on the energy level diagrams, CdS should be more efficient in sensitizing
Tb3+ luminescence than is CdSe, but similar or less efficient than ZnS. To check
this prediction, experiments with the CdS/Tb system were undertaken. Results from
these experiments are shown in figure 9. Sharp Tb3+ bands are clearly visible at
490 nm and 545 nm. Interestingly, a band shift in the time-gated excitation spectra
with the growth time of nanoparticles is evident and attributed to the effect of
quantum confinement. This shift unequivocally points toward the presence of an
antennae effect for the Tb3+ sensitization. Moreover, based on the ratio of bandgaps
and Tb3+ emission intensities, it is apparent that the ZnS is more efficient than CdS
in sensitizing Tb3+ luminescence, which is consistent with the prediction based on
the energy level diagrams. The ratio of ZnS bandgap emission to the Tb3+

luminescence at ~545 nm in ZnS and CdS was found to be 1:10:1.4.

Conclusion

An efficient and less toxic luminescent lanthanide system, comprised of ZnS nanoparticles
with incorporated lanthanide ions, has been established. Efficient sensitization was observed
for both the ZnS/Tb3+ and the ZnS/Eu3+ systems. The ZnS/Tb3+ nanoparticles appear to be
more efficient lanthanide-based emitters, with lanthanide-centered quantum yield values for
ZnS/Tb3+ and ZnS/Eu3+ being 0.05 ± 0.01 and 0.00013 ± 0.00004 respectively. Excitation
spectra, while monitoring the lanthanide emission, clearly reveal that ZnS nanoparticles act
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as an antenna to sensitize the lanthanide luminescence in these systems. Moreover, the
absence of observable sharp bands in the excitation spectra indicate that direct excitation of
lanthanides has a negligible contribution to the overall sensitization mechanism. These
systems represent a significant improvement over the originally proposed system CdSe/
Tb3+, in their efficiency for lanthanide luminescence sensitization.

The mechanism of lanthanide luminescence sensitization in II–VI semiconductor materials
can be rationalized by a semi-empirical method proposed by Dorenbos and coworkers. 1–6
Energy level diagrams indicate that in ZnS, Tb3+ can act as a potential hole trap and provide
a dramatic increase in sensitization efficiency because its energy levels lie between the
nanoparticle band edges. The mechanism of Eu3+ luminescence sensitization, on the other
hand, follows a different type of mechanism. In ZnS, Eu3+ can act as a potential electron
trap; hence the sensitization can be achieved either by direct bandgap excitation or by a
valence band to Eu2+ transition. Either mechanism can explain the experimental
observations in the ZnS/Eu system. A comparison of lanthanide efficiency in ZnS
nanoparticles is made with respect to other II–VI materials. Emphasis is given to Tb3+

doped ZnSe and CdS nanoparticles; both being less efficient than the ZnS nanoparticles in
sensitizing the Tb3+ luminescence, which is consistent with the predictions based on the
energy level positions.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Representative HRTEM image of synthesized ZnS/Tb nanoparticles. A 2 nm scale bar is
shown on the bottom left of the image.
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Figure 2.

Representative normalized absorption spectra of a ZnS nanoparticle sample dissolved in
chloroform obtained with growth times of 1 minute and 20 minutes. Spectra were
normalized arbitrarily at 295 nm. The band at ~290 nm is associated with the band gap
transition (see text).
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Figure 3.

Left Panel: Normalized excitation spectra for λem = 410 nm (black), 450 nm (red), and 545
nm (blue) (only for ZnS/Tb); and 620 nm (blue) (only for ZnS/Eu). Right Panel: Normalized
emission spectra for λex = 300 nm (black), 375 nm (red), and 440 nm (blue). All of the
spectra are taken in chloroform.
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Figure 4.

Normalized time-gated excitation and emission spectra of ZnS/Tb [λex = 300 nm (black),
λem = 490 nm (red), λem = 545 nm (blue)] (upper panel) and ZnS/Eu [λex = 300 nm (black),
λem = 616 nm (red), λem = 696 nm (blue)] (lower panel) nanoparticle samples in chloroform.
Inset shows the electronic transitions associated with the 490 nm and 545 nm bands for ZnS/
Tb, 616 nm and 696 nm bands for ZnS/Eu.
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Figure 5.

Representative luminescence decay plots are shown for different nanoparticle systems
studied in chloroform. For ZnS/Tb the black curve is at λem = 400 nm (no Tb3+ emission)
and the red curve is at λem = 545 nm. For ZnS/Eu the black curve is λem = 500 nm (no Eu3+

emission) and the red curve is λem = 618 nm. Luminescence decay parameters are
summarized in tables 1S and 2S. The traces that have been recorded with a time windows
that can only give information on nanoparticle electronic structure decay kinetics as they
have shorter emission lifetimes.
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Figure 6.

Emission spectra of different systems studied with λex ≈ 300 nm. The ZnS/Tb (black), CdS/
Tb (red) and ZnSe/Tb (green) spectra are normalized to unity at 410 nm and the CdSe/Tb
spectrum (blue) is normalized to unity at the band position. These spectra clearly put in
evidence the difference in Tb3+ luminescence sensitization efficiency by different types of
nanoparticles.
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Figure 7.

Energy level diagram of lanthanide (III) ions in different II–VI semiconductor materials
based on the method proposed by Dorenbos. 1–6 At each abscissa value, the lower and
higher solid circles are the ground state energy of lanthanide (III) and lanthanide (II) ions
respectively. The blue solid horizontal lines at×= 6 and 8 represents the ground and excited
states of Eu3+ and Tb3+ ions. The red dashed lines represent the bulk band gap values; the
valence band energy is arbitrarily set at zero. It is worth noting that Tb3+ is a potential hole
trap in II–VI sulfide and selenide compounds and Eu3+ can potentially act as an electron trap
in these compounds.
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Figure 8.

Normalized steady-state excitation spectra of ZnS/Tb nanoparticles with λem = 545 nm
(black) and 620 nm (red). The green and blue curves are the corresponding spectra for ZnS/
Eu nanoparticles. Spectra are normalized arbitrarily to the maximum intensity.
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Figure 9.

Normalized (a) steady-state emission with λex = 300 nm, (b) time-gated excitation with λem
= 545 nm and (c) time-gated emission with λex = 300 nm of CdS nanoparticles in
chloroform with 1 minute (black), 2 minutes (red), 5 minutes (green), 10 minutes (blue) and
20 minutes (cyan) growth times. Intensities of the excitation and emission spectra are
normalized to the highest intensity of the respective spectra. Sharp Tb3+ bands are clearly
visible in the steady-state mode. We observe a band shift in the excitation spectra
monitoring the Tb3+ emission band, which undoubtedly confirms the presence of the
antennae effect between the electronic structure of the nanoparticle and Tb3+.
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