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ABSTRACT: Trivalent lanthanide (Ln3+) doped semiconductor
nanoparticles (NPs) provide an avenue for developing unique
luminophores, which combine the properties of Ln3+ and NPs.
Realizing their promise requires a thorough understanding of their
underlying photophysical processes. This article summarizes
experimental ﬁndings and uses them to sketch a framework for
understanding the important NP core and surface properties that
aﬀect Ln3+ luminescence. A charge trapping mediated Ln3+ emission
sensitization mechanism is shown to operate in both the
synthetically doped and postsynthetically modiﬁed NPs, and it is
strongly aﬀected by the energy oﬀsets between the lanthanide and
NP electronic states. While both the host (semiconductor NP) and
guest (Ln3+) properties must be considered in designing and
controlling the photophysical outcome, the predictable trends in Ln3+ energetics make it possible to predict trends and behaviors
semiempirically. The role of spectral overlap mediated energy transfer mechanisms are shown to contribute negligibly to the
sensitization. Proof of principle experiments to uncover the roles of surface localized dopants and surface capping ligands in
governing the dopant emission, and the realization of emission from distinct Ln3+ in a codoped assembly, are discussed.
Generally represented by an electronic conﬁguration [Xe]4fn
(n = 0−14), the lanthanides possess a large number, 14!/(n!
(14−n)!), of valence electron energy levels and microstates
(e.g., up to 3432 for f = 7), however the energy levels here are
shown according to the Russell−Saunders coupling scheme
following the term symbols 2S+1LJ; see Figure 1b. Typical Ln3+
transitions include sharp 4f−4f intraconﬁgurational transitions,
as well as broader 4f−5d transitions, ligand-to-metal charge
transfer (LMCT), or metal-to-ligand charge transfer (MLCT)
transitions. Electronic states having the same parity are
forbidden to undergo electric dipole transitions by the Laporte
selection rule. Hence, f−f transitions of Ln3+ have weak
oscillator strengths (molar absorptivities <10 M−1cm−1 as
compared to 104−105 M−1cm−1 for typical organic ﬂuorophores). Magnetic dipole transitions in Ln3+ ions are allowed,
but they too are weak.2,13
1.2. Ln3+ Luminescence Sensitization. The weak
oscillator strengths for Ln3+ and the quenching of their
emission by −OH, −NH, and −CH vibrational modes22 has

INTRODUCTION
1.1. Lanthanide Photophysics. During the past decade,
research into the spectroscopy and materials chemistry of
lanthanide luminescence has surged. With a propensity to exist
primarily in a trivalent (+3) oxidation state, lanthanides (Ln3+)
comprise the f-block elements in the periodic table, ranging
from lanthanum (La, atomic number 57) to lutetium (Lu,
atomic number 71). By virtue of their 4f−4f transitions, Ln3+
ions possess unusual photophysical properties and display
sharp emission bands that span the ultraviolet (UV) (Gd3+),
entire visible (Pr3+, Sm3+, Eu3+, Tb3+, Dy3+, Ho3+, Er3+), and
near-infrared (NIR) (Nd3+, Ho3+, Er3+, Tm3+, Yb3+) spectral
regions, in stark contrast to the broad emission bands of
organic ﬂuorophores (see Figure 1a). As Ln3+ luminescence
transitions often occur with a change of spin and are Laporte
forbidden, they can exhibit long (microseconds to milliseconds) luminescence lifetimes. Because the Ln3+ transitions
involve f-electron orbital populations, they are resistant to
photobleaching, and their spectral positions are relatively
insensitive to changes in the local microenvironment, pH, or
temperature. These properties make Ln3+-based luminophores
potent alternatives to organic dyes and d-block element-based
luminophores, in ﬁelds ranging from their historical use as red
phosphors (e.g., Y2O3:Eu) to probes for bioanalytical
applications (sensing and imaging), and to optoelectronic
materials (lasers (e.g., Nd:YAG) and telecommunications (e.g.,
erbium doped ﬁber optics)).1−12
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Figure 1. (a) Normalized emission spectra of the diﬀerent Ln3+ as compared to a few typical organic ﬂuorophores, namely TPB
(tetraphenylbutadiene) in cyclohexane and three dyes (C153-coumarin 153, DCM, and LDS750) in methanol are shown. The spectra for TPB,
DCM, and LDS750 are adapted from the report by Maroncelli and coworkers.14 The Ln3+ (Ln = Nd, Sm, Er, Tm, Yb) emission bands have been
compiled from our works on Ti(Ln)O2 nanoparticles,15 while the Eu3+ and Tb3+ bands are obtained from Zn(Eu)S and Zn(Tb)S
nanoparticles.16,17 (b) An energy diagram is shown for the diﬀerent Ln3+ (Ln = Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, and Yb) with the values
placed according to the reports of Rajnak and coworkers for Ln-aqua complexes.18−21 The arrows highlight the generally most prominent emission
transitions.

Figure 2. (a) A Jablonski diagram of the photophysical processes leading to Ln3+ luminescence sensitization in Ln3+-based molecular complexes is
shown. (S or S* = singlet state, T or T* = triplet state, LMCT = ligand-to-metal charge transfer, A = absorption, F = ﬂuorescence, P =
phosphorescence, L = photoluminescence, ET = energy transfer, IC = internal conversion, ISC = intersystem crossing, Rnr = nonradiative
relaxation.) The schematic in (b) shows a charge trapping mediated mechanism, and that in (c) shows a spectral overlap mediated mechanism for
Ln3+ luminescence sensitization in Ln3+-doped semiconductor NPs. VB labels the valence band (HOMO) levels of the NP, and CB labels the
conduction band (LUMO) level of the NP.
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led to a search for coordination environments in the form of
molecular complexes,23−25 dendrimers,26 micelles,1,27 metal−
organic frameworks (MOFs),28,29 and nanoparticles,30−36 with
properties that enhance their emission strength. The development of host-sensitization strategies, whereby Ln3+ is colocated
with a high extinction coeﬃcient chromophore that acts as an
optical antenna, has emerged as an important strategy. In this
approach, the host chromophore(s) absorbs the optical
excitation energy and transfers it to populate the Ln3+ excited
states, which then emit Ln3+ luminescence. A rich literature
exists on molecular complexes for Ln 3+ luminescence
sensitization, and a number of excellent review articles
showcase their synthesis, design, and applications.1−3,7,8,23,37
Semiconductor nanoparticles (NPs), with their high molar
extinction coeﬃcients,38 are emerging as a new class of hosts
for Ln3+ sensitization. In addition to its optical antenna eﬀect,
an NP host provides a protective matrix with low frequency
vibrational modes, the opportunity of incorporating multiple
Ln3+ ions to increase brightness, the possibility for multiplexing
by incorporating distinct Ln3+ ions, and the ability of surface
functionalization for applications in sensing, targeted therapy,
and other applications.
While some reviews on the synthesis and applications of
Ln3+-doped semiconductor NPs12,39−41 are available, a need
exists to document the important progress made in understanding the energy transfer mechanism and photophysical
processes underlying the sensitization of Ln3+ in Ln doped
NPs. Energy migration pathways involved in the optical
antenna eﬀect in Ln-based molecular complexes and semiconductor NPs are shown in panels (a) and (b, c), respectively,
of Figure 2. In molecular complexes, an initial photoexcitation
on a ligand chromophore populates a singlet electronically
excited energy level, which can transfer its energy to other
excited electronic energy levels, can radiate, or can internally
convert back to its ground electronic state. If the energy
transfer pathway is rapid enough, then the initially excited
chromophore can populate other electronic states in the
complex, including triplet energy levels via intersystem
crossing. In this way, the ligand chromophore acts as an
antenna which captures the incident light energy and transfers
it to create an excited electronic state that has a smaller
radiative rate (absorption cross section). Often, the energy
transfer process can be described through a dipole−dipole
coupling (Förster) mechanism42,43 or an electron exchange
coupling (Dexter) mechanism.44 For both of these mechanisms, the energy migration scales with the spectral overlap
between donor emission and acceptor absorption. In addition
to these traditional mechanisms, a charge trapping mediated
process can be of importance in Ln3+ doped semiconductor
NPs. In this case, initial excitation of one of the NP’s electronic
transitions is followed by charge trapping at the Ln3+ sites and
subsequent electron−hole pair recombination at these sites to
populate the luminescent energy levels of Ln3+. Section 3
describes recent work by ourselves and others that provides a
framework for predicting whether this latter mechanism will
operate eﬃciently in a semiconductor NP.
Figure 3 shows a graphic that visualizes the considerations
for designing eﬃcient and tunable Ln3+ photophysical
properties in doped semiconductor NPs. The goal of this
framework is to evoke a physical understanding that enables
the chemist to control the Ln3+ photophysics in doped
semiconductor NPs for a goal-oriented use or application.

Feature Article

Figure 3. Schematic representation highlighting the major aspects of
the core and surface that can be modulated to control Ln3+
photophysics in doped semiconductor NPs is shown.

2. Synthetic Strategies. Existing synthetic protocols for
semiconductor NPs can be modiﬁed to incorporate Ln3+ as
dopants. Common synthetic protocols for a typical bottom-up
approach involve what is known as a “hot-injection”
method45,46 where the cationic precursors are reﬂuxed to
high temperatures in the presence of suitable amphiphilic
ligands and solvents. The anionic precursor is then injected
rapidly into the hot reaction mixture, leading to “burst
nucleation”, which is then followed by a growth time to
generate NPs of desired size.47 This approach derives from the
pioneering works of LaMer,48 who showed that separating the
“nucleation” and “growth” phases allows for particles to have
identical growth histories, thereby generating a more
monodisperse population of NPs. According to this model,
the rate of nucleation depends on supersaturation, temperature, and surface free energy, with the growth of the particles
depending on the number of nuclei subjected to growth, total
amount of diﬀusing particles, and the diﬀusion coeﬃcient.
A second approach to homogeneous nucleation involves a
“heating-up” (noninjection) method in which both the cationic
and anionic precursors, along with their surface capping ligands
and solvents, are heated together at a certain temperature to
generate NPs of the required size.47,49 With a ramping of
temperature the precursors (stable at room temperature) form
monomers which then become nuclei that ﬁnally grow into
NPs. The advantage of this method lies in the ability to
synthesize NPs on a large scale, which is often a limitation for
hot-injection methods. In this synthetic approach, the
nucleation and growth steps are overlapping. Hence, obtaining
monodisperse NPs by this synthetic approach is oftentimes
challenging. Optimizing the heating rate and the choice of
precursors are important to achieve this goal. Precursors with
moderate reactivity generally oﬀer balanced nucleation and
inhibited growth, thereby resulting in a narrow particle size
distribution.
A third approach to generate Ln3+-doped semiconductor
nanoparticles is the sol−gel solvothermal method, which relies
on hydrolysis and condensation to produce nanoparticles
which are then annealed to improve their crystallinity. In this
method, the crystallization of amorphous nanoaggregates at a
suitable temperature is a key step to successfully incorporate
the dopant in the NPs.34,35 The strategy employed in our work
for synthetic doping to generate Ln3+ doped NPs relies on
tuning the ligand−metal bond strength by a judicious choice of
precursors having desirable reactivity, which in turn relates to
the thermodynamic stability and kinetic reactivity of the
ligand−metal bonds. For both doped and undoped NPs, the
size is controlled intrinsically by supersaturation, nucleation,
and growth; e.g., the size distribution of ZnS (2.2 ± 0.4 nm)
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Figure 4. Schematic representation of the strategies to incorporate/modulate Ln3+ in semiconductor NPs are shown. In fact, the experimental
observations suggest a distribution of dopant sites in the core and surface sites of semiconductor NPs (see text for discussion). The importance of
surface atoms increases as the nanoparticle size decreases. Although not explicitly shown, both substitutional and interstitial doping of Ln3+ are
likely to operate for core sites.

synthesis of doped NPs from cation C, Ln3+ dopant, and anion
A precursors on the left, and the diagram on the right
emphasizes the importance of the relative metal−ligand bond
strengths for aliovalent doping. The bottom panel shows two
variations of the postsynthetic strategy, one in which CA NPs
are exposed to an Ln3+ solution, and a variation in which
C(Ln)A NPs are exposed to Mn+ solutions to yield C(Ln)A/M
NPs. The right side of the bottom panel illustrates the cation
displacement reactions that occur for the incorporation of Ln3+
in the NPs, generating CA/Ln NPs from CA NPs or C(Ln)A/
M NPs from C(Ln)A NPs. These reactions are believed to
involve an initial dopant cation absorption (desorption) on the
host NP surface that is followed by lattice incorporation
(ejection) via diﬀusion.
Postsynthetic modiﬁcation of undoped CA NPs by Ln3+
cation exchange to create CA/Ln NPs enables a new sensing
modality using cation exchange reactions. In 2013, we showed
how to sensitize Eu3+ and Tb3+ emission by exposure of their
solutions to undoped ZnS and CdS NPs at room temperature,64 and this was followed later by a comprehensive study
of CdSe and ZnS NPs that were postsynthetically doped by
Ln3+ (Ln = Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm, Yb).65 The
remarkable observation of host sensitized Ln3+ emission by
semiconductor NPs at room temperature provides a unique
avenue to develop luminophores in a less synthetically
demanding fashion.
The Ln3+ incorporation (in both synthetic and postsynthetic
cases) has been demonstrated through observation of energy
dispersive X-ray spectroscopic signatures for Ln3+ in puriﬁed
NPs,64−75 and the increase in Ln3+ photoluminescence in the
NPs as compared to that found for free salts in bulk solvent.
For postsynthetically modiﬁed II−VI NPs energy dispersive Xray spectroscopy (EDS) showed (a) incorporation of Ln in the
NPs, (b) signiﬁcant changes in anion content of the NPs, and

and Zn(Tb)S (2.0 ± 0.3 nm) falls within the standard
deviation when synthesized under identical reaction conditions.
Introducing a dopant element into a semiconductor NP
provides an opportunity to alter the chemical, optical,
electronic, electrical, and magnetic properties of the NP as
compared to its undoped counterpart.50−54 Eﬀorts have been
made to dope both d- and f-block elements into NPs to
generate useful luminophores.40,55 In contrast to d-block
elements, which often form strong donor−acceptor defects, fblock (Ln3+) dopants often generate localized trap states that
display discrete spectral features. This attribute has allowed
systematic studies of the sensitization as a function of the
individual NP and Ln3+ properties. While aliovalent doping,
with its consequent size and charge mismatch,56 presents
challenges, optimizing the synthetic conditions to achieve hostsensitized Ln3+ luminescence has been broadly realized.39 For
example, Chen and coworkers have shown how Eu3+ doping
generates local site symmetry changes in TiO2 NPs from D2d
to D2 and C2v for the NP interior, as well as C1 symmetry for a
surface site.34 Aliovalent doping has also been demonstrated by
Banin and coworkers with the incorporation of Cu2+ and Ag+
in InAs NPs.57
Besides incorporating Ln3+ directly into a semiconductor NP
during its synthesis, an attractive alternate strategy is to treat
the undoped NPs with Ln3+ solutions and incorporate the Ln3+
dopant postsynthetically. The postsynthetic approach relies on
cation exchange reactions that can operate under ambient
conditions and produce NPs that are oftentimes not directly
achievable through standard synthetic techniques.57−63 For an
NP comprising a cation C and an anion A, we denote a
postsynthetically Ln-doped NP as CA/Ln and a synthetically
Ln-doped NP as C(Ln)A. These two synthetic strategies are
illustrated in Figure 4. The top panel in Figure 4 shows the
26498
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Figure 5. (a) Steady-state and time-gated spectra of the Cd(Tb)Se NPs (adapted with permission from ref 31, Copyright 2005 American Chemical
Society) and (b) schematic illustration representing the concept of time-gating.

Figure 6. Left panel (top and bottom) shows normalized time-gated excitation [Tb (λem = 545/490 nm, blue/red) and Eu (λem = 696/616 nm
(blue/red)] and emission spectra (λex = 300 nm, black) of the Zn(Ln)S (Ln = Eu, Tb) NPs (adapted with permission from ref 36, Copyright 2011
American Chemical Society). (Middle) Normalized steady-state emission spectra of ZnS and Zn(Ln)S (Ln = Eu, Tb) NPs are shown at the top
(adapted with permission from ref 67, Copyright 2016 Royal Society of Chemistry and ref 65, Copyright 2019 Elsevier) and normalized steadystate emission spectra depicting the diﬀerence in Tb3+ sensitization eﬃciency with diﬀerent host semiconductor NPs is shown at the bottom.
(Adapted with permission from ref 36, Copyright 2011 American Chemical Society). (Right) Normalized steady-state excitation spectra of ZnS and
Zn(Ln)S (Ln = Eu, Tb) NPs are shown at the top (adapted with permission from ref 67, Copyright 2016 Royal Society of Chemistry and ref 65,
Copyright 2019 Elsevier), and normalized steady-state excitation spectra of free Ln3+ in water are shown at the bottom (adapted with permission
from ref 64, Copyright 2013 American Chemical Society).

spectrum by Ln3+16,66,67 further substantiate the incorporation
of the Ln3+ in the NP lattice.

(c) an absence of complete cation exchange which is consistent
with thermodynamic expectations.59 While Ln3+ emission is
appreciable in semiconductor NPs with a concentration in the
range of tens of micromolar, the same can only be realized with
a millimolar concentration for their free salts.15,68,70 Dramatically altered excitation proﬁles upon monitoring Ln 3+
emissions in NPs, which overlap with NPs electronic
absorption spectra,15,36,64−66,69,71−73 demonstrate the sensitization of the Ln3+ emission by the NP. The signiﬁcant
lengthening of Ln3+ emission lifetime in the NPs, as opposed
to their corresponding free Ln3+ salts in bulk solvent,64,68 and
the spectral changes of the NP capping ligand’s IR absorption

■

RESULTS AND DISCUSSION

3. The Role of Energetics. 3.1. A Case Study. An early
contribution by Petoud and coworkers31 provides a useful
illustration for the successful incorporation of a lanthanide
(terbium in this case) in a semiconductor NP (CdSe NPs) to
sensitize the lanthanide (Tb3+) emission. Figure 5 shows the
essential spectroscopic observations that they reported for
Cd(Tb)Se. Figure 5a shows two emission spectra that were
collected under 285 nm excitation; however, one of the spectra
26499
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Figure 7. (a−f) Diagram of Ln3+ in diﬀerent II−VI semiconductor materials with the black and green circles representing the ground state energy
of Ln3+ and Ln2+, respectively, and the blue solid horizontal lines at x = 6 and 8 representing the ground and luminescent energy levels of Eu3+ (x =
6) and Tb3+ (x = 8). The red dashed lines represent the bulk band gap values with the valence band energy set at zero (adapted with permission
from ref 36, Copyright 2011 American Chemical Society).

Tb3+ and Eu3+ emission so eﬃciently that the lanthanide
transitions are evident in the steady-state photoluminescence
spectra (see Figure 6).36 The left panel of Figure 6 shows the
time-gated spectra for Zn(Eu)S and Zn(Tb)S emission, along
with their spectral assignments. The emission spectra clearly
reveal sharp intraconﬁgurational emission bands of Tb3+ (at
490, 545, 585, and 620 nm) and Eu3+ (at 590, 616, and 700
nm) that originate from the 5D4 → 7FJ (J = 6−3) and 5D0 →
7
FJ (J = 1, 2, 4) transitions, respectively. The middle panel
(top) shows the steady-state emission spectra for ZnS and
compares it to that of Zn(Eu)S and Zn(Tb)S emissions,
revealing the strong sensitization of Tb3+ and the weaker
sensitization of Eu3+. The middle panel (bottom) shows the
change in the Tb3+ emission for diﬀerent II−VI NPs and is
discussed later.
The right panel of Figure 6 shows the photoluminescence
(PL) excitation spectra for ZnS, Zn(Eu)S, and Zn(Tb)S at
three diﬀerent emission wavelengths. The 400 nm emission
corresponds to the peak of the ZnS NP (see Figure S1)
emission, whereas 545 nm corresponds to the 5D4 → 7F5
transition of Tb3+ and the 616 nm corresponds to the 5D0 →
7
F2 transition of Eu3+. While these excitation spectra diﬀer on
the red edge of the absorption band, they all display a broad
proﬁle that overlaps with the absorption spectrum of ZnS NPs
(see Figure S1). These excitation spectra should be contrasted
to the corresponding excitation spectra for the Ln3+ ions in
bulk solvent (right bottom panel) for which direct 4f−4f
excitation bands are responsible for generating the Ln3+
emission.36,64 The clear diﬀerences in these excitation spectra
reveal that the optical antenna eﬀect is operating, with host
sensitization being the primary contributor for the Ln3+
emission in the Zn(Ln)S (Ln = Eu, Tb) NPs. Later works

is “time-gated”, and the other is not. While the steady-state
emission displays a broad emission proﬁle, which is dominated
by the NP exciton and surface state transitions, the time-gated
spectrum reveals the discrete spectral lines expected for Tb3+.
Figure 5b illustrates the concept of time-gating, which involves
an appropriate delay time that blocks the detection of emission
on the nanosecond time scale and collects the microsecond to
millisecond time scale emission. Thus, the time-gated
measurement blocks the prompt emission of the CdSe NPs
and collects the long-lived emission of the Tb3+ dopant ions.
While time-gating is used here to compensate for the weak
Tb3+ emission as compared to that of the brighter CdSe NP,
the time-gated approach is also useful in applications where
autoﬂuorescence and scattering are present. Figure 5a shows
excitation spectra, one taken at the peak of the emission band
(500 nm) and one taken at the strongest emission band of
Tb3+, 545 nm. Both spectra reveal broad excitation proﬁles
with that for the Tb3+ displaying less of a tail on the red edge.
These spectra imply that an optical antenna eﬀect is operating
and that an energy threshold likely exists for activating the
energy transfer to the Tb3+. Ford and coworkers have pointed
out the need for higher energy photons to sensitize Tb3+ and
Eu3+ emissions in the Cd(Ln)Se NPs and attribute it to hot
exciton excitation of the lanthanide luminophores at the
surface of NPs.76
While this early study of terbium doping in CdSe NPs
(Cd(Tb)Se) demonstrated the antenna eﬀect and the welldeﬁned emission spectra of Tb3+, the work made clear the need
to improve the signal strengths as well as use less toxic
materials for biological applications.
3.2. II−VI NPs. Later work showed that ZnS NPs, with a
bulk band gap of 3.6 eV versus 1.7 eV for CdSe, sensitize both
26500
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also identiﬁed similar host sensitized Eu3+ and Tb3+ emission
from hydrophilic 1-thioglycerol capped Zn(Ln)S (Ln = Eu,
Tb) NPs, but not for their corresponding Sm3+ or Dy3+ doped
counterparts.17
Charge Trapping Model. Figure 7 shows a photophysical
model for the II−VI materials that has been proposed to
rationalize the sensitization. In this model, the Ln3+ sites act as
charge traps in the NPs, and the electron−hole pair
recombination at these sites populates the Ln3+ luminescent
energy level, which then leads to Ln3+ luminescence. Charge
trap mediated sensitization of dopant emission in semiconductors has been examined;77−83 and a redox-based energy
transfer mechanism in the context of molecular d-f complexes
has been discussed by Lazarides et al.84 In such a mechanism
the relative energy level positions of the dopants with respect
to the band edges is important; for example, see the review by
Xu and Tanabe.85 For the lanthanides, Dorenbos and
coworkers86−89 proposed a method for predicting the energy
level alignments that relies on two fundamental assumptions:
(a) the binding energy trend of Ln3+ ion is universal and host
independent because of their core-like nature and (b) the
charge transfer (ECT) energy from the anion valence band to
the Eu3+ is equal to the energy diﬀerence between the valence
band and the Eu2+ ground energy level. With these two
assumptions and the known energy gap between the Eu3+ and
Eu2+ ground energy level being 5.7 eV (for lower band gap
materials), an entire relative energy scheme can be constructed
for the lanthanides in a material with known band gap. While
the charge transfer energy can be determined experimentally, it
is oftentimes diﬃcult because of its spectral window and/or it
is masked by stronger broad contributions from some other
electronic transition. Hence, the energy diagrams shown in
Figure 7 were generated by estimating the charge transfer
energy ECT according to the Pauling electronegativity (η) scale
and Jørgensen’s relationship,90
ECT = 3.72(η − 2) eV

(3) electron trapping, followed by hole trapping at the
dopant site and creation of the excited Tb3+

(d)

Tb3 +* → Tb3 + + hν

An e− (h+) placed outside square brackets indicates non-Ln
centered charge carriers. Note that charge trapping at an Ln3+
center does not necessarily indicate a change in its redox state.
The placement of the Tb3+ above the valence band in Figure
7a indicates that these sites can act as energy wells for hole
localization/trapping, reaction (2a). The localization of the
Tb3+ and an h+ should facilitate the Coulomb attraction of an
electron to the site, the intermediate step in reaction 2. The
colocalization of the electron and hole in the presence of the
Tb3+ dopant provides a sink for a large fraction of the excess
energy and facilitates the generation of Tb3+* by electron−hole
recombination. Similar arguments can be made to support
reaction 3 with the initial trapping by an electron as long as the
[Tb3+ + e−] level is stabilized relative to the conduction band
edge; the fact that the terbium dopant’s excited state lies within
the band gap suggests that the electron trapping will be
stabilized. In both reactions 2 and 3, the autoionization of the
trapped carriers can reduce the eﬃciency of the process;
however, the Tb3+ energetics in the ZnS matrix acts to slow
this process. Reaction 4 represents the direct capture and
conversion of the excited exciton, or the simultaneous capture
of an electron and hole, at the trap site. To summarize, the
Tb3+ dopant generates shallow traps for electrons and holes,
and when these traps are occupied recombination is facilitated
by the ability to deposit a large portion of the excess energy as
a single quantum to the Tb3+*, with the remainder being
deposited into phonons.
For other lanthanide dopants, the elementary photophysical
steps leading to sensitization will be similar. Because of
diﬀerences in the energy level alignments relative to the NP
band edges, the relative importance of the intermediate stages
and their back reactions will be diﬀerent and lead to changes in
the sensitization eﬃciency. As an example, the case for Eu3+
sensitization is outlined in the Supporting Information.
It is important to account for the various nonradiative
processes in these materials, especially those that directly
impact the sensitization mechanism. One can gauge their
importance by considering three energy oﬀset parameters:
ΔE1, ΔE2, and ΔE3. The parameter ΔE1 represents the oﬀset
between the valence band edge position and the ground state
of the lanthanide ion, ΔE1 = [E(VB) − E(Ln3+)]. If ΔE1 is
positive, the lanthanide level is embedded in the valence band
“quasi-continuum” and autoionization is likely rapid. If ΔE1 is
negative but small (on the order of kT), then hole transfer
from the dopant site back to the valence band can be an
important decay channel that decreases the yield of colocalized
electron−hole pairs. If ΔE1 is negative and signiﬁcantly larger
than kT, then the trapped hole can have a signiﬁcant lifetime

(2) hole trapping, followed by electron trapping at the
dopant site and creation of the excited Tb3+

(b)

[Tb3 + + e− V Tb2 +] + h+ → Tb3 +*

(5) luminescence from the Tb3+ excited level

Zn(Tb)S + hν → ZnS[h+ + e−]

[Tb3 + + h+ V Tb4 +] + e− → Tb3 +*

(c)

Tb3 + + [h+ + e−] → Tb3 +*

Consider the case of ZnS that is shown in Figure 7a. The red
dashed lines in the ﬁgure represent the bulk band gap values,
with the zero of the energy scale chosen to correspond to the
valence band edge, and quantum conﬁnement eﬀects will
increase the energy gap over that of these bulk values. The
placement of Tb3+ ground and excited energy levels by Wenlian and coworkers91 and Eu2+ ground state by Chen and
coworkers92 in ZnS NPs are in reasonable qualitative
agreement with our reports. For Tb3+ (x = 8, f electrons)
the dopant sites can act as traps for both photogenerated
carriers (electrons and holes), and the recombination of an
electron and hole to create the luminescent energy level Tb3+*
is eﬃcient because it lies within the band gap.
A sensitization mechanism for Tb3+ can be written in terms
of the following elementary steps:
(1) exciton generation in the NP

(a)

Tb3 + + e− → [Tb3 + + e− V Tb2 +]

(4) exciton recombination at the dopant site to create the
excited Tb3+

(1)

Tb3 + + h+ → [Tb3 + + h+ V Tb4 +]
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Cd(Tb)Se. In Cd(Tb)Se, the luminescent energy level of
Tb3+ is positioned well above the conduction band edge, which
leads to enhanced autoionization and a decrease in electron−
hole pair recombination at the Tb3+ site, quenching the Tb3+
emission. On the other hand, the luminescent level lies closer
to the band edge in Zn(Tb)Se or Cd(Tb)S NPs, which
reduces the electron detrapping/autoionization rate and leads
to a stronger luminescence than is found for the Cd(Tb)Se
case.
Other Sensitization Models. Alternate mechanisms for
rationalizing sensitized Ln3+ emission, especially for Ln
molecular complexes energy transfer,84,98,99 involves energy
transfer from a donor chromophore to an Ln3+ acceptor via
Förster or Dexter mechanisms.42−44,100,101 The rate constant
for nonradiative energy transfer, kET, in a Förster energy
transfer mechanism is given by

on the dopant site which increases the likelihood of subsequent
electron capture and Ln3+* generation. The parameter ΔE2
represents the oﬀset between the conduction band edge
position and the luminescent state of the lanthanide ion, ΔE2 =
[E(CB) − E(Ln3+*)]. For ΔE2, negative values indicate that
autoionization of trapped electrons to the conduction band can
be facile, and for small positive values the back electron
transfer from the shallow electron trap to the conduction band
can decrease the yield of colocalized electron−hole pairs at the
dopant site. When ΔE2 is signiﬁcantly larger than kT, then the
population lifetime of the electron trap will be prolonged and
enhance the yield of colocalized electron−hole pairs and their
recombination to form Ln3+*. Note that ΔE1 and ΔE2 should
not be so large that they lie midgap as this could make them
eﬃcient nonradiative recombination centers.
The ΔE3 parameter gauges the importance of phonon
emission processes for nonradiatively deactivating Ln3+*
emission, by the process

kET =

ΔE3[Ln 3 +* → Ln 3 +] + nhν(environment) → Ln 3 +(dark)

1
(R 0/R )6
τF

where

The nonradiative decay pathways in materials are commonly
described in terms of multiphonon emission and cascade
capture mechanisms.93 Multiphonon emission involves the
generation of lattice phonons during the relaxation process and
is very similar to internal conversion processes in large
molecules. In a cascade capture process, an electron loses
energy through interaction with a series of closely spaced
energy levels with emission of one phonon in each transition.
Egorov and Skinner94,95 developed a theory for multiphonon
relaxation in crystals and demonstrated its usefulness for
understanding Ln3+ electronic transitions in YAlO3. Ermolaev
and Sveshnikova96 discussed the nonradiative deactivation of
Ln3+ emissive states by the solvent vibrations based on dipole−
dipole interaction and a Förster mechanism, whereas Heber
and coworkers97 have discussed multiphonon relaxation of
excited rare earth ions and its relationship to the Förster−
Dexter energy transfer model. In each of these approaches, a
larger ΔE3 implies a decreased nonradiative decay rate.
Relevant energy parameters are reported in Table S1. Based
on the values presented, an eﬀective coupling of only the third
vibrational overtone of OH oscillators (νOH = 3500 cm−1) with
Eu3+ would be suﬃcient to quench its emission while a fourth
harmonic would be required to quench Tb3+.
Inspection of the energy level scheme for Zn(Ln)S and
application of the logic described above imply that the
sensitization mechanism of Yb3+ and Sm3+ luminescence
should be comparable to that found for Eu3+ in Zn(Eu)S. A
gradual decrease of ΔE3 [E(Ln3+*) − E(Ln3+ FS) (where FS =
ﬁnal state)] through the series Eu > Yb > Sm and Yb ∼ Eu >
Sm for ΔE [CB (NP) − Ln2+] implies a decreasing population
of colocalized electron−hole pairs and a decreasing Ln3+
luminescent yield in the order Eu > Yb > Sm. Partial
corroboration of this prediction is evident from host sensitized
Yb3+ emission in ZnS/Yb NPs (vide infra, see Figures 12 and
S4).
This mechanistic picture for the sensitization in ZnS can be
extended to other II−VI materials (see panels b−f in Figure 7),
and these predictions were tested by examining the relative
eﬃciency of sensitized Tb3+ emission for ZnS, ZnSe, CdS, and
CdSe (these data are shown in Figure 6, middle, bottom).
These ﬁndings reveal that ZnS is the most eﬃcient host to
sensitize Tb3+ emission, and the luminescence yields decrease
in the order of Zn(Tb)S > Zn(Tb)Se ≈ Cd(Tb)S >

R 06

9000(ln 10)ΦD 2
J;
=
128π 5n 4N 3 F

(2)

ÄÅ
ÉÑ
∞
ÅÅ
∫0 FD(ν ̅ )εA (ν ̅ )ν ̅ −4 dν ̅ ÑÑÑÑ
ÅÅ
ÅÅJ =
ÑÑ
∞
ÅÅ F
ÑÑ
ÑÑ
∫0 FD(ν ̅ )dν ̅
ÅÅÅÇ
ÑÖ
(3)

Here, τF is the average lifetime of the donor chromophore; R0
is the critical distance at which the rate of energy transfer
equals the reciprocal of donor emission lifetime; and R is the
distance between donor and acceptor. The critical distance R0
is given by eq 3 in which ΦD is the donor emission quantum
yield in absence of acceptor, n is the refractive index of the
medium, N is Avogadro’s number, FD(ν̅) is the donor
chromophore’s emission spectrum (in wavenumbers) in the
absence of acceptor Ln3+, and εA(ν)̅ is the molar extinction
coeﬃcient of Ln3+ acceptor on a wavenumber scale. The
Förster model has three components: (i) the electronic
coupling, (ii) solvent screening factor, and (iii) the spectral
overlap of donor emission and acceptor absorption with proper
normalization. Eq 2 works in the weak coupling regime with a
point dipole approximation; however, for short values of R, one
must account for the extended nature of the charge
distribution. Surprisingly the point dipole approximation
often seems to capture the energy transfer in quantum dots
successfully, but is known to deviate in extended nanoscale
systems for which a modiﬁed theory based on a multicentric
transition density approach has been proposed.102
The rate constant for energy transfer in a Dexter energy
transfer mechanism is given by
ÄÅ
ÅÅ
ÅÅ
2π
kET =
KJDexp( −2R /L); ÅÅÅJD
ÅÅ
ℏ
ÅÅÇ
ÉÑ
∞
∫0 FD(ν ̅ )εA (ν ̅ )dν ̅ ÑÑÑÑ
ÑÑÑ
= ∞
∞
∫0 FD(ν ̅ )dν ̅ ∫0 εA (ν ̅ )dν ̅ ÑÑÑÑ
(4)
Ö
Here, K is the electronic coupling parameter between the
donor and acceptor, and L is the average van der Waals radius
between the initial and ﬁnal molecular orbital of the donor and
acceptor. Importantly, both of these models predict that the
energy transfer rate should be proportional to a spectral
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3.3. Ti(Ln)O2: A Model Host System. While the lessons
learned from the Ln-doped II−VI NPs, in particular, the
Zn(Ln)S (Ln = Eu, Tb) NP system, provide a basis for
formulating a mechanistic picture for the optical antenna eﬀect
in sensitizing Ln3+ emission, they do not unequivocally
demonstrate the mechanism. For example, the UV excitation
has contributions from the 4f−5d excitation band in the
Zn(Tb)S NPs, and the visible excitation can involve some
degree of charge transfer from the chalcogenide to the
lanthanide, e.g., sulﬁde to Eu3+ in the Zn(Eu)S NPs. Recent
experiments with oxide-based NPs, namely Ti(Ln)O2 NPs
(with an average particle diameter of 3.5 ± 0.4 nm) have
addressed these limitations.15 For oxides, the direct excitation
contribution of the Ln3+ luminescent energy levels is always
ineﬃcient, because of the Laporte selection rule,103 and the
contributions from 4f−5d and/or LMCT excitation bands are
outside of the UV−visible-NIR spectral window, thus allowing
one to monitor the sole contribution of host sensitization
across the lanthanide series in the Ti(Ln)O2 (Ln = Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb) NPs through photoluminescence spectroscopy. This material choice also beneﬁts
from complementary structural characterization of Ti(Eu)O2
NPs by Chen and coworkers through site selective spectroscopy, where they identiﬁed simultaneous populations of core
and surface sites of NPs by Eu3+.34 In these experiments, La,
Ce and Lu were not included because of their intrinsic
electronic structure (absence of 4f−4f intraconﬁgurational
bands) and Pm due to its radioactive nature.
The experiments with the Ti(Ln)O2 NPs reveal a range of
sensitization behavior (see Figures 8−10) that corroborate the
photophysical mechanism described above. Note that the Ln3+
emitters can be divided into two subclasses, one with a single
major luminescent energy level (Nd, Sm, Eu, Gd, Tb, Dy, Yb)
and the other with two or more major luminescent energy
levels (Pr, Ho, Er, Tm). Interestingly, Ti(Ho)O2, Ti(Er)O2,
and Ti(Tm)O2 show a selective sensitization, in which some of

overlap integral between the donor emission band and the
acceptor absorption band.
Table 1 summarizes the spectral overlap integrals, under
both Förster (JF) and Dexter (JD) formulations, for Tb3+ and
Table 1. Spectral Overlap Integral of the Nanoparticle
Emission and Ln3+ Absorption in the C(Ln)A Nanoparticles
under the Förster (JF) and Dexter (JD) Energy Transfer
Mechanism
system

JF (M−1 cm3)

JD (cm)

Zn(Tb)S
Zn(Eu)Sa
Zn(Tb)Sea
Cd(Tb)Sa
Cd(Tb)Sea
Zn(Tb)S [d = 2.0 ± 0.3
nm]b
Zn(Tb)S (d = 3.0 ± 0.5
nm)b
Zn(Tb)S (d = 14 ± 3 nm)b

6.9 × 10−20
2.0 × 10−19
5.8 × 10−20
9.3 × 10−20
9.6 × 10−20
(6.3 ± 0.5) × 10−19

6.8 × 10−5
1.1 × 10−4
5.7 × 10−5
1.0 × 10−4
1.0 × 10−4
(6.2 ± 0.5) × 10−5

(7.7 ± 0.5) × 10−19

(7.9 ± 0.6) × 10−5

(9.2 ± 1.0) × 10−19

(9.9 ± 1.6) × 10−5

a

a

Feature Article

b

Values are from ref 36. Values are from ref 16.

Eu3+ in some diﬀerent II−VI NPs. Analysis of these parameter
values and their comparison with experimental facts reveal
important inconsistencies. For example, the spectral overlap
with the ZnS NPs predicts that the Eu3+ sensitized emission
should be stronger than that of Tb3+ emission. Also, they
predict that both CdS and CdSe should sensitize Tb3+
emission more eﬃciently than their ZnS and ZnSe counterparts. Lastly, the spectral overlaps predict that the Tb3+
luminescence in larger Zn(Tb)S NPs should be stronger
than in smaller Zn(Tb)S NPs. Experimentally, none of these
trends are observed. The spectral overlap between the donor
NP emission and acceptor Ln3+ absorption does not rationalize
the host-sensitized dopant emission in these materials.

Figure 8. (a) Steady-state photoluminescence emission spectra for the Ti(Ln)O2 and Sn(Eu)O2 NPs that display one dominant luminescent
energy level, Ln = Nd, Sm, Eu and Yb. (b) The relative energy levels of the Ln3+ ground and major luminescent energy levels (Ln = Nd, Sm, Eu,
Gd, Tb, Dy, and Yb) are shown with respect to the valence and conduction bands of the host NPs (black dashed lines for TiO2 and red dashed
lines for SnO2) (adapted with permission from ref 15, Copyright 2016 American Chemical Society and ref 69, Copyright 2018 American Chemical
Society).
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Figure 9. (a) Steady-state photoluminescence emission spectra of the Ti(Ln)O2 NPs and Sn(Ho)O2 NPs are shown for Ln = Ho, Er, Tm, which
have more than one dominant luminescent energy level. (b) The relative energy levels of the Ln3+ ground and major luminescent energy levels (Ln
= Pr, Ho, Er, Tm) are shown with respect to the valence and conduction bands of the host NP (black dashed lines for TiO2 and red dashed lines
for SnO2). (Adapted with permission from ref 15, Copyright 2016 American Chemical Society and ref 69, Copyright 2018 American Chemical
Society.)

luminescent states of the lanthanide well within the TiO2 band
gap. The Ti(Eu)O2 and Ti(Yb)O2 NPs, which have the ground
state lanthanide levels closer to the valence band edge, have a
weaker emission. The key energy oﬀset parameters that aﬀect
the sensitization are ΔE1 and ΔE2. A negative (positive) value
for ΔE1 (ΔE2) promotes trapping of photogenerated holes
(electrons) and generates luminescent electron−hole pairs at
the Ln3+ sites within a short time following excitation of the
NP center. Nd3+ and Sm3+ satisfy the optimum energy oﬀsets
and display the strongest luminescence−analogous to the
Zn(Tb)S case. An intermediate case manifests for Yb3+, with a
negative ΔE1 and positive ΔE2, and for Eu3+, with a small
positive ΔE1 making it an ineﬃcient hole trap. For Gd3+, Tb3+,
and Dy3+ cases, one of the Ln3+ energy levels is embedded in
either the NP valence band or conduction band. This feature
leads to facile autoionization of either holes (in Gd3+) or
electrons (in Tb3+, Dy3+); thereby resulting in an absence of
sensitized Ln3+ emission in the Ti(Ln)O2 (Ln = Gd, Tb, Dy)
NPs (see Table S2).
Figure 9 shows the emission spectra and energy level scheme
for Pr3+, Ho3+, Er3+, and Tm3+, which have two or more major
luminescent energy levels. For Pr3+, a largely negative ΔE2
value places the luminescent 3P0 and 1D2 energy levels within
the conduction band of the NP and results in the absence of
sensitized emission. Similarly, a negative ΔE2 for a subset of
Tm3+’s luminescent energy levels (1D2 and 1G4) explains its
selective display of sensitization, whereas a positive ΔE2 for
Ho3+ and Er3+ generates an observable sensitization of all the
transitions (see Table S2). Note that the placement of Sm3+
and Gd3+ energy levels in TiO2 NPs, which is shown here,
agrees well with the reports by Qiu et al.104 and Paik et al.,105
respectively.

Figure 10. (a) The steady-state photoluminescence excitation spectra
of the Ti(Ln)O2 NPs are shown for Ln = Sm, Er. (b) A comparison of
excitation spectra for Sn(Eu)O2 and Sn(Ho)O 2 with their
corresponding Ti(Ln)O2 counterparts is also shown (adapted with
permission from ref 15, Copyright 2016 American Chemical Society
and ref 69, Copyright 2018 American Chemical Society).

the lanthanide luminescent transitions manifest and others do
not (for details, see Table S2).
Figure 8 depicts the energy levels, with respect to the TiO2
band edges, and luminescence spectra for the various
lanthanides which display a single major luminescent energy
level. Clearly, host sensitized lanthanide emission is strongest
for Ti(Nd)O2 and Ti(Sm)O2 NPs, which have the ground and
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Figure 11. (a) Trend of Tb3+ emission yield as a function of Zn(Tb)S NP size (adapted with permission from ref 16, Copyright 2015 American
Chemical Society) and (b) host dependent Ln3+ emission (Ln = Sm, Tb) in near band gap matched Sn(Ln)O2 and Zn(Ln)S NPs as viewed
through a charge trapping sensitization mechanism (adapted with permission from ref 68, Copyright 2017 American Chemical Society).

Another interesting factor emerges from the shape of the
excitation proﬁles. In Ln3+ with one major luminescent energy
level, the excitation spectra are invariant with diﬀerent
emission wavelengths. For example, see the excitation spectra
for Ti(Sm)O2 NPs in Figure 10 and those for the other Nd3+
and Yb3+, which are shown in Figure S2. This fact stands in
remarkable contrast to the cases of Ho3+, Er3+, and Tm3+, in
which emission bands originate from diﬀerent excited
electronic energy levels (see Figures 9, 10). For example, in
the Ti(Er)O2 NPs, the ΔE2 values gradually increase from the
4
S3/2 to the 4F9/2 to the 4I13/2 luminescent energy levels, which
implies that the autoionization rates should decrease in the
same order. This trend results in a decreased eﬃciency of the
optical antenna eﬀect for the shorter wavelength transitions.
For the case of the excitation spectrum collected at 565 nm,
the direct excitation of the 4f−4f bands are clearly evident;
whereas these transitions become much weaker for the
excitation spectrum collected at 665 nm, and are not evident
at all for the excitation spectrum collected at 1550 nm (see
Figure 10a).
A comparison of the sensitization in Sn(Ln)O2 NPs with a
band gap of ∼4.4 eV to that of Ti(Ln)O2 NPs with its 3.5 eV
band gap supports this mechanistic picture for the sensitization.69 Signiﬁcant changes appear in the excitation proﬁles
because of the shift in energy level positions in the two hosts.
For example, excitation spectra in the Sn(Eu)O2 and Ti(Eu)O2

NPs, which are collected at emission wavelengths of 588 and
616 nm, reveal a dramatically reduced contribution of direct
excitation bands for the Sn(Eu)O2 NPs than in the Ti(Eu)O2.
Similarly, direct excitation bands make a decreased contribution to the Ho3+ luminescence in the Sn(Ho)O2 NPs, as
compared to its TiO2 analogue (see Figure 10b).
Collectively these experiments demonstrate the importance
of energy oﬀsets involving Ln3+ ground and luminescent
energy levels with respect to the band edges of the host lattice,
in order to achieve optimum host sensitized dopant emission.
In addition to this energy tuning, a larger value of energy
diﬀerence between the luminescent energy level and the
highest spin orbit level of the ﬁnal state is beneﬁcial, to
minimize the detrimental eﬀect of the environment induced
emission quenching.
3.4. Size Dependence in Zn(Tb)S NPs. The importance of
the energy band alignment on the sensitization has also been
tested by changing the size of the host NPs for ZnS.16 Figure
11a shows the strong decrease in Tb3+ emission upon
increasing the particle diameter from 2.0 ± 0.3 to 3.0 ± 0.5
nm, and then its shallower decrease as the particle diameter
increases from 3.0 ± 0.5 to 14 ± 3 nm. These experiments
underscore the importance of quantum conﬁnement in
dictating the Tb3+ emission strength in the Zn(Tb)S NPs,
and they are wholly consistent with the charge trapping
sensitization model. The smaller sized NP with its wider band
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Figure 12. (Left) Schematic identifying the host dependent emission sensitization in CdSe/Ln (Ln = Eu, Tb) and ZnS/Ln (Ln = Eu, Tb, Yb) NPs
on postsynthetic modiﬁcation of the NPs by Ln3+. (Right) An energy level schematic rationalizing the observed luminescence in ZnS/Yb when
compared to CdSe/Yb NPs. (Reproduced with permission from ref 65, Copyright 2019 Elsevier.)

Figure 13. Elemental composition and representative steady-state excitation and emission spectra of Zn(Tb)S NPs, Zn(Tb)S NPs with diﬀerent
[Zn(Tb)S]:[Cd2+] ratios, and Cd(Tb)S NPs are shown (adapted with permission from ref 72, Copyright 2019 American Chemical Society).

site is susceptible to autoionization and in Zn(Sm)S the hole
trapping site is susceptible to autoionization, which diminishes
the likelihood of electron−hole carrier recombination and
generation of the Ln3+ emissive state.
3.6. CA/Ln NPs. The postsynthetic modiﬁcation of undoped
CdSe NPs and ZnS NPs by Ln3+ cation exchange gives rise to
host-sensitized luminescence that can be explained by the
charge trapping (exciton localization) sensitization model.64,65
Host sensitized emission has been reported for CdSe/Eu,
CdSe/Tb, ZnS/Eu, ZnS/Tb, and ZnS/Yb NPs; see Figures 12
and S4. The ΔE [CB (NP) − Ln2+] for CdSe/Yb and ZnS/Yb
are 5240 and 13 710 cm−1, respectively. The preferential
sensitization of Yb3+ emission by ZnS NPs is accounted for by
the diﬀerence in ΔE between the CdSe and ZnS host. The
absence of host sensitization in Yb3+ doped CdSe NPs has
been discussed by Meijerink and coworkers.106 The sensitized
emission develops only after Se shell overgrowth on the CdSe/
Yb3+ NPs. Additionally, the diﬀerence in extent of Yb3+
absorption (desorption) and hence lattice incorporation
(ejection) in the CdSe and ZnS NPs can also be argued to
contribute to this preferential sensitization. The EDS results
shown in Figure S4 indicate such a possibility.

gap increases the band oﬀset from the dopant levels, which
decreases the role of autoionization of excited electrons and
thus increases the Tb3+ emission. (see Figures 11a and S3).
Traditional energy transfer models (Förster and Dexter),
which rely on spectral overlap between the donor (ZnS NPs)
emission and acceptor (Tb3+) absorption, predict a trend in
emission strength that is opposite to that observed
experimentally (see Table 1).
3.5. Band Gap Matched Sn(Ln)O2 and Zn(Ln)S NPs. In
another set of control experiments, we compared the
photoluminescence properties of Sn(Ln)O2 and Zn(Ln)S
(Ln = Sm, Tb) NPs in which the band gaps were matched (ca.
4.3 to 4.4 eV) by adjusting the NP diameters.68 Remarkably,
while host sensitization was found to be present in the
Sn(Sm)O2 and Zn(Tb)S NPs, it was absent in the Sn(Tb)O2
and Zn(Sm)S NPs (see Figure 11b). As with the size
dependence study with ZnS, spectral overlap considerations
are in conﬂict with the observed sensitization trends (see
Figure S3),68 whereas energy band considerations show that
only in the Sn(Sm)O2 and Zn(Tb)S NPs are the Ln3+ ground
and luminescent energy levels positioned to facilitate host
sensitized luminescence. For Sn(Tb)O2, the electron trapping
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Table 2. Emission Quantum Yield (Φ) and Asymmetry Ratio (AS) of Ln3+ in the Systems Studied.a,b
Ln

Φ [Sn(Ln)O2]

Nd
Sm
Eu
Ho
Er

(2.4 ± 0.2) × 10−5
(1.4 ± 0.4) × 10−5
(13.1 ± 0.3) × 10−4
(6.3 ± 0.5) × 10−6
(5.0 ± 0.9) × 10−6 (visible)
(1.4 ± 0.4) × 10−5 (NIR)
(1.8 ± 0.1) × 10−5
(5.8 ± 0.3) × 10−4

Tm
Yb

Φ [Ti(Ln)O2]
(9.1 ± 0.2) ×
(2.3 ± 0.5) ×
(3.0 ± 0.3) ×
(1.5 ± 1.2) ×
(1.9 ± 1.0) ×
(0.60 ± 0.14)
(8.4 ± 1.6) ×
(4.6 ± 0.1) ×

10−2
10−2
10−4
10−5
10−5 (visible)
× 10−6 (NIR)
10−5
10−4

AS [Sn(Ln)O2]

AS [Ti(Ln)O2]

0.96 ± 0.20
0.15 ± 0.01

1.6 ± 0.2
25.7 ± 2.4

0.20 ± 0.05

19.0 ± 2.7

a

The values are obtained from multiple independent experiments and are reported as the average and standard deviation. bAdapted from ref 69.
Copyright 2018 American Chemical Society.

Sn(Ln)O2 NPs.34,113 The lower symmetry of the Ln3+ sites in
TiO2 relax the symmetry constraints on the radiative rate and
lead to a higher emission quantum yield.
The site-selective spectroscopy measurements are consistent
with an analysis of the asymmetry of Ln3+ emission spectra.
The asymmetry ratio (AS) is deﬁned as the ratio of integrated
emission intensity for the electric dipole to magnetic dipole
transitions.2,115 Magnetic dipole transitions are generally
insensitive to the local symmetry of an ion’s environment,
whereas the intensity of the electric dipole transitions can be
strongly sensitive to the local environment. Thus, a change in
AS can be correlated with a symmetry breaking around the
Ln3+ coordination environment.
The Ln3+ emission quantum yields and asymmetry ratios of
some Ln3+ are summarized in Table 2, and they display some
important characteristic trends. First, the asymmetry ratio of
Eu3+ and Er3+ is drastically increased in the Ti(Ln)O2 NPs as
compared to that in the Sn(Ln)O2 NPs. Second, the emission
quantum yield of Ln3+ is ∼1000 times larger in the Ti(Nd)O2
and Ti(Sm)O2 NPs than in the corresponding Sn(Ln)O2 NPs.
These observations show that decreasing the local site
symmetry around the Ln3+ increases the emission, and goes
beyond the primary criterion of band gap engineering for
improving host sensitized dopant emission in semiconductor
NPs. More importantly, one can envision generating a
particular Ln3+ emission by judiciously choosing site symmetry.
For example, a near monochromatic 590 nm emission can be
obtained for Sn(Eu)O2 NPs.69
A number of researchers have examined coordination
environment eﬀects, including capping ligand dependent
changes, on the asymmetry of Eu3+ emission. van Veggel and
coworkers115 used surface ligand changes on LaF3:Eu NPs to
show that a more (less) symmetric coordinating environment
aﬀects the surface localized Eu3+ emission leading to a lower
(higher) value of asymmetry ratio. A size dependent change in
the Eu3+ asymmetry ratio in YBO3:Eu NPs has also been
discussed by Yan and coworkers116 who argue that a smaller
NP size and hence greater lattice distortion at Eu3+ sites is
responsible for a higher AS. Haase and coworkers identiﬁed
the existence of diﬀerent core and surface sites in Eu3+ doped
LaPO4 NPs based on site selective spectroscopy.117 Similarly,
Chen and coworkers discussed Eu3+ induced deviation of local
site symmetry from D2d to either D2 and C2v for core sites and
C1 for surface sites in Ti(Eu)O2 NPs34 and Er3+ occupying a
D2h and C2v site symmetries in Sn(Er)O2 and Ti(Er)O2 NPs,
respectively.113,118
Control over the dopant site symmetry is aﬀected by the
coordination environment of the Ln3+ dopant. The aliovalent
nature of the doping in II−VI semiconductors (and other

3.7. C(Ln)A/M NPs. In addition to the postsynthetic doping
of NPs with Ln3+, it is possible to modify the C(Ln)A NPs by
cation exchange with other metal cations, Mn+.57−63 This
approach was used to tune the host NP composition from
Zn(Tb)S NPs to Cd(Tb)S through a series of mixed
stoichiometry NPs and examine its impact on the luminescence yield of Tb3+. Dispersions of 1-thioglycerol (TG) capped
Zn(Tb)S NPs (average diameter = 3.0 ± 0.6 nm) were
exposed to Cd2+ solutions in concentration ratios of [Zn(Tb)S]: [Cd2+] = 1:10−4 − 1:50, and the alloy formation was
followed spectroscopically; however, the portions of the study
relevant to this discussion begin at the onset to allow formation
when [Zn(Tb)S]: [Cd2+] = 1:10−2.
The displacement of Zn2+ by Cd2+ tunes the band gap of the
NPs in the UV−visible spectral region, resulting in a trend of
broad host centered and sharp Tb3+ emissions as a function of
relative reactant ratio.72 In the range of [Zn(Tb)S]: [Cd2+] =
1:10−2 − 1:10, Zn1−xCdx(Tb)S alloys of varying compositions
form, and at higher reactant ratios of 1:50, Tb3+ replacement
from NPs becomes noticeable (see Figures 13 and S5). The
photophysical observations can be rationalized within a charge
trapping model in which alterations to the band gap as the
chemical composition evolves dictate the photophysics: for
Zn(Tb)S, Zn1−xCdx(Tb)S of varying compositions with
[Zn(Tb)S]:[Cd2+] = 1:10−2 − 1:10, and Zn(Cd)S emitters
with [Zn(Tb)S]:[Cd2+] = 1:50 (see Figure S5). The trends
observed in this study are also consistent with the energy band
alignment mechanism.
The experimental observations reported by various other
researchers in ZnS−Tb3+,91,107 ZnS−Eu3+,32 CdSe−Eu3+,30
CdS−Eu3+,33,108,109 CdS/ZnS−Tb3+,110 TiO2−Nd3+/Eu3+/
Er3+/Yb3+,111 TiO2−Eu3+,34 TiO2−Nd3+/Sm3+,35 TiO2−
Er3+,112 SnO2−Er3+,113 CdSe−Eu3+/Tb3+,76 CdSe−Yb3+,106
and PbIn2S4−Yb3+114 host−guest combinations are consistent
and can also be rationalized by the Ln3+ emission sensitization
mechanism discussed in this study.
4. The Role of Dopant Site Symmetry. The ﬁndings
described above establish the crucial importance of energy
oﬀsets between the host NPs and guest Ln3+ site energy levels
in determining the likelihood of Ln3+dopant emission
sensitization. Yet, the energy oﬀset is not the entire story. A
comparison of the luminescence eﬃciency in the Ti(Ln)O2
and Sn(Ln)O2 (Ln = Nd, Sm] NPs indicate that the Ln3+
emission yield for the Ti(Ln)O2 NPs are enhanced over those
of Sn(Ln)O2 by a factor of 1000, despite a somewhat more
favorable energy band alignment for the Sn(Ln)O2 NPs. This
paradox is resolved by recent reports from site selective
spectroscopy which demonstrate that Ln3+ resides in a lower
symmetry site in the Ti(Ln)O2 NPs, as compared to that in
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Figure 14. Panel (a) shows photoluminescence decay kinetics for ZnS and ZnS/Ln (Ln = Pr, Eu, Tb, Ho] NPs (adapted with permission from ref
65, Copyright 2019 Elsevier). Panel (b) shows Tb3+ emission decay in Zn(Tb)S NPs as a function of NP diameter (adapted with permission from
ref 16, Copyright 2015 American Chemical Society). Panel (c) compares the Ln3+ (Ln = Eu, Tb) decay kinetics in ZnS/Ln NPs [molar ratio of
Zn2+:Ln3+ ∼ 1:0.15] with their respective freely ﬂoating salts (adapted with permission from ref 64, Copyright 2013 American Chemical Society).
Panel (d) compares histograms for the distribution of lifetimes found for the emission of Zn(Eu)S and the postsynthetically doped Zn(Eu)S/Eu
NPs (adapted with permission from ref 64, Copyright 2013 American Chemical Society).

Table 3. Ln3+ Lifetime Parameters in the Diﬀerent Systems Studieda
system
Zn(Tb)S (d = 2.0 ± 0.3 nm)b
Zn(Tb)S (d = 3.0 ± 0.5 nm)b
Zn(Tb)S (d = 14 ± 3 nm)b
Zn(Eu)Sc
Zn(Eu)S/Euc
ZnS/Tbd
ZnS/Eud
CdSe/Tbd
CdSe/Eud
Ti(Sm)O2e
[TbR(+)BnMeH22IAM]f
[EuR(+)BnMeH22IAM]f
[SmR(+)BnMeH22IAM]f
Tb(III) nitrateg
Eu(III) nitrateg
Sm(III) acetateh

τ1 (ms)

a1
0.48
0.46
0.40
0.49
0.59
0.73
0.87
0.85
0.70
0.82

1.0

±
±
±
±
±
±
±
±
±
±

0.03
0.02
0.01
0.03
0.01
0.11
0.04
0.05
0.13
0.02

1.4 ± 0.1
1.4 ± 0.1
1.4 ± 0.1
0.5
0.5
1.04 ± 0.13
0.80 ± 0.04
1.39 ± 0.19
0.85 ± 0.21
0.42 ± 0.01

0.0048

a2
0.52
0.54
0.60
0.51
0.41
0.27
0.13
0.15
0.30
0.18

±
±
±
±
±
±
±
±
±
±

0.03
0.02
0.01
0.03
0.01
0.11
0.04
0.05
0.13
0.02

τ2 (ms)

⟨τ⟩ (ms)

3.4 ± 0.2
3.4 ± 0.1
3.4 ± 0.1
1.5
1.5
2.56 ± 0.37
2.50 ± 0.70
4.30 ± 0.28
2.90 ± 0.10
3.4 ± 0.3

2.44 ± 0.16
2.48 ± 0.10
2.60 ± 0.08
1.01
0.91
1.48 ± 0.30
1.05 ± 0.14
1.82 ± 0.28
1.47 ± 0.32
0.96 ± 0.11
1.271 ± 0.118
0.784 ± 0.099
0.017 ± 0.002
0.25
0.15
0.0048

a

⟨τ⟩ = a1τ1+ a2τ2 with τ1 and τ2 being the two lifetime components having relative amplitudes of a1 and a2, respectively. bValues are from ref 16.
c
Values are from ref 64. dValues are from ref 65. eValues are from ref 74. fValues are from ref 128. gValues are from ref 64. hValues are from ref 68.

5. Surface and Core Ln3+ Sites Aﬀect Luminescence
Yields Diﬀerently. 5.1. Nanoparticle and Ln3+ Emission
Lifetimes. As demonstrated by the data in Figures 5 and 6, the
NP emission and the Ln3+ emission occur on very diﬀerent
time scales. Figure 14a shows time decay proﬁles for the
luminescence of ZnS, Zn(Tb)S, and the ZnS/Ln (Ln = Pr, Eu,
Tb, Ho].36,65 The decay proﬁles can be ﬁt by triexponential
decay kinetics, and the kinetics are wavelength dependent. By
monitoring the 400 nm emission, the NP luminescence can be
isolated from that of the Ln3+ dopant, and the decay kinetics is
independent of the Ln3+ incorporated into the system (see
Figure 14a). These data show that the sensitization is not
limited by the exciton population of the NP; i.e., the exciton
generation rate far exceeds the rate for Ln3+* depopulation so

“traditional” semiconductors) makes it diﬃcult to predict the
dopant location and local site symmetry, however higher
coordination number semiconductors (perovskites with
coordination numbers of 6) and oxides (coordination numbers
of 6 to 8) may prove to be important model systems for
understanding the nuances of local site symmetry eﬀects. In
the past few years, research into Ln3+-doped metal halide
perovskite NPs where a higher coordination number for the
Ln3+ is possible, has become available.119 Signiﬁcant progress
in sensitizing visible to NIR Ln3+ luminescence, as well as
quantum cutting mechanisms which lead to greater than 100%
quantum yield, have been discussed in Ln3+ doped perovskite
NP systems.120−127 As more comprehensive studies become
available it may be possible to use such systems for better
understanding local site symmetry eﬀects.
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Figure 15. (a) −COO− stretching regions in the diﬀerent systems studied (adapted with permission from ref 66, Copyright 2015 Royal Society of
Chemistry). (b) Tb3+ induced tuning of the carboxylate symmetric stretching band and (c) emission quantum yields of surface and core localized
Tb3+ in the Zn(Tb)S NPs as a function of doping percentage is shown (adapted with permission from ref 67, Copyright 2016 Royal Society of
Chemistry).

surface aﬀects the emission yield. Contributions from the NP
surface are distinctly important considering the high surface-tovolume ratio of NPs. The importance of nanoparticle surfaces
in dictating crystal structure,129 alteration in the position of
electronic energy levels,130 emission eﬃciency,131,132 reaction
kinetics,131,133,134 and cytotoxicity135,136 have been discussed
by various researchers. For Ln3+ sensitization, the impact of
capping ligand properties on the quenching of excited Ln3+ and
the eﬀects of the surface state distribution on the localized Ln3+
emission yield must both be considered.
5.2. C(Ln)A NPs Surface Site Emission. Fourier transform
infrared (FTIR) spectroscopy can be used to probe the surface
localized Ln3+ in C(Ln)A NPs and to probe the NP capping
ligand identity. FTIR spectra of the stearate and trioctylphosphine oxide (TOPO) capped Zn(Ln)S (Ln = Sm, Eu, Tb, Dy)
NPs (with average particle diameter = 2.4 ± 0.4 nm) were
compared to the ZnS NPs and free capping ligand precursor
molecules [zinc stearate (ZnSt), TOPO] (see Figures 15a and
S7).66 IR absorption of methylene (CH2) and methyl (CH3)
asymmetric (νas) and symmetric (νs) stretching vibrations (ca.
2800−3000 cm−1) from the long alkyl chains of the capping
ligands suggest an ordered arrangement of the capping ligand
on the surface of NPs.137 Figure 15a shows the carboxylate
asymmetric (νasCOO−) and symmetric (νsCOO−) stretching
modes appearing at 1538 and 1398 cm−1, respectively, in the
NPs, which match the corresponding observed positions in
ZnSt. The incorporation of Ln3+ in the Zn(Ln)S NPs,
however, causes an attenuation of both (νasCOO−) and
(νsCOO−) when compared to ZnS NPs and ZnSt. The
decrease in signal strength for these modes, along with the
development of an additional band at 1372 cm−1, has been
assigned to an Ln3+ induced carboxylate symmetric stretching
vibration. The diﬀerence (Δ) in carboxylate stretching mode
frequencies [where Δ = (νasCOO−) − (νsCOO−)] indicates a
change in the carboxylate coordination environment, from
bridging bidentate in pure ZnSt toward a unidentate geometry
in the presence of Ln3+ in the Zn(Ln)S NPs.138 The possible
role of Ln3+ stearate formation in guiding the observed tuning
of the surface capping ligands in the Zn(Ln)S NPs was refuted
by comparing the FTIR spectra of the NPs and the synthesized
Ln3+ stearates (see Figure S7). Thus, surface localization shifts
the capping ligand’s IR absorption wavenumber in the
Zn(Ln)S NPs and the observed signature reﬂects a timeaveraged IR contribution.
By exploiting the surface selectivity of the Ln3+ induced shift
of the capping ligand’s infrared absorption, the relative
population of surface and core localized dopants can be

that the luminescence is limited by the charge trapping kinetics
and the Ln3+* luminescent decay rate.
When the luminescence kinetics is monitored in the spectral
region of a lanthanide dopant’s emission wavelength (with
appropriate delay time to eliminate shorter lived NP emission),
the luminescence decay laws display long-lived (microsecond
to millisecond) components. The long-lived emission is welldescribed by a double exponential decay law, with a short (τ1)
and a long (τ2) lifetime component which range from a few
hundreds of microseconds to a few milliseconds, respectively.
The shorter and longer lifetime components have been
correlated with the heterogeneity of Ln3+* sites in the NP;
i.e., changes in local site symmetries that modulate radiative
rates and changes (e.g., surface versus core sites) that expose
the Ln3+* to quenching by solvent vibrational modes
(vibrational overtones of −OH, −NH, −CH bonds) to
diﬀering degrees. Thus, luminescence lifetime measurements
provide a way to probe how well the NP protects the Ln3+ in
the semiconductor NPs16,64,65 from quenching by nearby
ligand and solvent molecules.22 For example, Figure 14b shows
how the Tb3+ emission lifetime lengthens with the increasing
size of the Zn(Tb)S NP, which is consistent with an increasing
proportion of core localized Tb3+ as compared to surfacelocalized Tb3+. In fact, the lifetimes of the Ln3+ emission in the
semiconductor NPs are much longer than that found in salt
solutions64 and molecular complex analogs128 (see Figure 14c
and Table 3).
While the Ln3+ emission kinetics are well-described by a
biexponential decay function, this does not necessarily imply a
population of Ln3+ in two discrete sites in the NPs. Rather, the
decay kinetics more likely result from a distribution of dopant
sites which display an inhomogeneous distribution of emission
lifetimes. Such a distribution analysis was performed for the
Zn(Eu)S and Zn(Eu)S/Eu NPs (Figure 14d), and it reveals an
enhanced proportion of short lifetime emitters for the
postsynthetically doped NPs which is consistent with a higher
proportion of surface populated dopant sites.64 This trend
correlates with the trend in the asymmetry ratio of Eu3+ in
these NPs, 4.8 ± 0.1 for Zn(Eu)S and 5.6 ± 0.1 for Zn(Eu)S/
Eu.64 A similar analysis was also performed for CdSe/Ln (Ln =
Eu, Tb) and ZnS/Ln (Ln = Eu, Tb) NPs;65 they identify the
importance of the host matrix in governing the emission
lifetimes (see Figure S6).
Whereas the band gap energy alignment15,16,36,64,65,68 and
the local dopant site symmetry 69 are key parameters
controlling the host sensitization of Ln3+ emission, the lifetime
data indicate that Ln3+ placement in the core versus near the
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Figure 16. (a) Comparison of Tb3+ emission lifetimes in Zn(Tb)S NPs with stearate (St)-TOPO and 1-thioglycerol (1-TG) as capping ligands
(reproduced from ref 17 with permission from the Royal Society of Chemistry). Panel (c) shows relative trends of ZnS and Tb3+ emission with
contribution of direct excitation over host sensitization, (d) trends of zeta potential, FTIR spectra, along with (b) relative changes in Tb3+ lifetimes
as a function of pH in 1-TG capped Zn(Tb)S NPs (adapted with permission from ref 73, Copyright 2020 American Chemical Society).

diameter. Figure 15c shows a plot of the relative emission
quantum yields (for core and for surface Tb3+) as a function of
the surface-to-core population of Tb3+ in the Zn(Tb)S NPs.
The data reveal that the core Tb3+ are signiﬁcantly brighter
(higher quantum yield) than the surface Tb3+. The progression
of the quantum yields for both the core and the surface
ultimately plateaus, i.e. the Tb3+ emission saturates beyond a
certain doping extent. This method of evaluating the role of
spatially related dopants in semiconductor NPs at room
temperature is simpler to implement than site selective
spectroscopic measurements34,117,118 and/or direct visualization of dopants by elemental mapping from transmission
electron microscopy.139,140
5.3. Capping Ligand Quenching Eﬀects. The surface
capping ligand and its linker unit has a strong impact on the
Ln3+ photoluminescence eﬃciency. For example, the Tb3+
emission lifetime diﬀers strongly in the Zn(Tb)S NPs for the
capping ligand stearate-TOPO as compared to 1-thioglycerol
(1-TG) as the capping ligand (see Figure 16a).17 This

correlated to the overall photoluminescence sensitization
performance of the NPs. Such an analysis was undertaken by
varying the nominal Tb3+ dopant extent (1, 5, 10, 15, 20, and
30%) in Zn(Tb)S NPs (with similar average particle
diameters) and monitoring how the increase in the Tb3+
induced IR absorption band at 1372 cm−1 increases relative
to the band at 1398 cm−1 (see Figures 15b and S7).67 The
ratio of integrated absorption of 1372 to 1398 cm−1 bands (R)
∞

R=

∫0 I(COO−)[str. ][1372cm−1]dν ̅
∞

∫0 I(COO−)[str. ][1398cm−1]dν ̅

(5)

was used to quantify the relative concentration of surface
localized Tb3+ ions, [Tb3+]S, in the Zn(Tb)S nanoparticles by
(RZn(Tb)S − RZnS) ∝ [Tb3 +]S ∝ N(Tb3 +)S

(6)
3+

The relative concentration of core localized Tb was
determined from a simple empirical estimation of the number
of core and surface localized Tb3+ [N(Tb3+)S/C] for a given NP
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Figure 17. Comparison of relative emissions in (a, b) synthetically codoped C(LnLn′)A NPs, (Reproduced from ref 74. with permission from
Royal Society of Chemistry) (c, d) physically mixed C(Ln)A-C(Ln′)A NPs (where Ln, Ln′ = Nd, Sm or Nd, Er) and their corresponding singly
and synthetically codoped counterparts is shown. (Reproduced from ref 75, Copyright 2018 with permission from Elsevier.)

illustrate the importance of surface engineering and capping
ligand functional groups to modulate dopant emission.
6. C(LnLn′)A NPs. Given the success in using semiconductor NPs to sensitize Ln3+* and the fact that the exciton
pumping rate is not rate limiting, the possibility of
incorporating more than one distinct Ln3+ in an NP becomes
a promising possibility. Indeed, experiments have demonstrated this phenomenon with the Ti(NdSm)O2 NPs (average
particle diameter = 2.6 ± 0.5 nm) and shown that the codoped
NPs can produce nonoverlapping sharp emission bands at
seven wavelengths spanning the orange-red to near-infrared
spectral region, using a single excitation wavelength of 350
nm.74 A comparison of emission performance with their singly
doped analogues indicates a decrease of Nd3+ intensity by ∼6
times and of Sm3+ intensity by ∼4.5 times (see Figure 17a). In
contrast, a physical mixing of the Ti(Nd)O2 and Ti(Sm)O2

diﬀerence has been explained as arising from a more eﬀective
emission quenching of Tb3+ by the OH oscillators in the 1thioglycerol. Corroboration of this interpretation comes from
pH studies which show a strong increase in Tb3+ emission with
increasing pH,73 see Figures 16c and S8, that is reversible. The
NP size and the asymmetry ratio of Tb3+ emission bands do
not change signiﬁcantly with pH, from 4 to 10, indicating that
energy band alignments and the Tb3+ co-ordination environment are not changing. On the other hand, zeta potential
measurements and IR absorption spectra indicate changes in
capping ligand structure, and time-resolved spectra indicate a
change of the depopulation kinetics (see Figure 16b, d).
Moreover, energy dispersive X-ray spectroscopy indicates a
decrease of Tb content at acidic pH range, most likely
reﬂecting enhanced surface population. These pH studies
26511
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NPs shows that there is no reduction of the relative Ln3+
luminescence yields (see Figure 17c).75 To rationalize this
reduction in luminescence yield for the codoped samples, a
spin dependent interdopant relaxation process within the
charge trapping model has been proposed (see Figure S9).
This hypothesis was validated by performing control experiments with the Ti(NdEr)O2. In this system, the Nd3+ nearinfrared and Er3+ visible emission decreases with respect to that
in the corresponding singly doped NPs, however the Er3+ nearinfrared emission increases by ∼3 times in the codoped NPs
(see Figure 17b, d).74 Thus, “cross-talk” among Ln dopants
will become an important new design constraint. Nevertheless,
multiplex assays with Ln doped NPs are attainable.

Feature Article

ultrafast time-resolved spectroscopy, as a range of time scales
from femtoseconds to many picoseconds are likely important
for trapping of the photogenerated charge carriers141 in the Ln
doped NP. More systematic investigations of surface localized
Ln3+ by capping ligand and the capping ligand induced tuning
of NP energetics are straightforward and promise to be
extremely useful for controlling Ln3+ emission by manipulation
of ligand functionality, ligand size, and ligand charge. Especially
intriguing and little explored, as yet, is the emission
sensitization and performance of multilanthanide doped NPs,
Ln/Ln′ centers in C(LnLn′)A NPs, and the promise of
codopant induced Ln3+ emission brightening.142
To conclude, this work outlines a holistic approach to
designing a NP-Ln3+ assembly with predictable and tunable
emission properties rather than one based on trial and error.

CONCLUSIONS
7. Current Understanding and Future Perspective.
Ln3+ doped semiconductor NPs have seen rapid growth as
imaging and sensing agents owing to the unique characteristics
of Ln3+ emission bands. Despite concerns about the feasibility
of aliovalent doping in semiconductor NPs, we and others have
demonstrated the incorporation of Ln3+ in semiconductor NPs
of diverse chemical identity by judiciously optimizing the
reaction conditions. Combinations of C(Ln)A NPs with
signiﬁcant, moderate-weak, and no host sensitization have
been identiﬁed. Our studies have mapped how the
sensitization of the Ln3+ emission depends on the electronic
properties of the NP host and the Ln3+, and the coordination
environment of the Ln3+.
We studied the sensitization in Ln3+ doped II−VI sulﬁde,
selenide, and oxide NPs by varying NP size, doping extent, and
near band gap matched NPs of diﬀerent identity. Ln3+
emission sensitization is argued to operate via colocalization
and recombination of electron−hole pairs in the Ln3+ trap
states which are positioned optimally relative to the NP band
gap. The Förster and Dexter models fail to explain the
sensitization. The colocalization of charge carriers as a
sensitization mechanism has been extended to explain Ln3+
emission in postsynthetically developed CA/Ln NPs through
associated nanoscale cation exchange reactions.
Having identiﬁed the importance of band edge engineering,
a correlation between the dopant local site symmetry and Ln3+
emission eﬃciency has also been drawn, which goes beyond
the primary criterion of energy state alignments to dictate
eﬃcient Ln3+ photoluminescence. The NP surface, in the form
of surface localized dopants and capping ligand properties, also
plays an important role in modulating the Ln3+ emission. Some
of the ﬁrst experiments that probe the impact of surface
localized Ln3+ were described above. Another important facet
to engineering NP-sensitized Ln3+ luminophores is the
inclusion of chemically distinct dopants in a NP. Proof of
principle experiments are now available and their development
will require a fuller understanding of the photophysical
mechanism of sensitization.
The mechanistic picture that has been presented here can be
used to guide the development of Ln-doped NPs for
applications and to design more incisive experiments that
will improve and deepen our understanding of the sensitization. The importance of site symmetry and location in the NP
should be evaluated through direct visualization of dopant
atoms in the nanocrystal lattice139,140 and correlated with the
spectral observables. The charge trapping mechanism and its
dependence on the host NP identity and relevant energy
oﬀsets should be examined quantitatively in detail using
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P.; Pellé, F.; Viana, B.; Sanchez, C. Lanthanide Doped ZnS Quantum
Dots Dispersed in Silica Glasses: An Easy One Pot Sol−Gel Synthesis

Feature Article

for Obtaining Novel Photonic Materials. J. Mater. Chem. 2008, 18,
5193−5199.
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