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Transfer of energy occurs endlessly in our universe by means of radiation. Compared to energy transfer (ET) in free space,
in solid state materials the transfer of energy occurs in a rather confined manner, which is usually mediated by real or
virtue particles, including not only photons, but also electrons, phonons, and excitons. In the present review, we discuss
the recent advance on optical ET by resonance mediated with photons in solid materials as well as their nanoscale
counterparts, with focus on the photoluminescence behavior pertaining to ET between optically active centers, such as
rare earth (RE) ions. This review begins with a brief discussion on the classification of optical ET together with an overview
of the theoretical formulations and experimental method for the examination of ET. We will then present a
comprehensive discussion on the ET in practical systems in which normal photoluminescence, upconversion and quantum
cutting are resulted from ET involving metal ions, QDs, organic species, 2D materials and plasmonic nanostructures.
Diverse ET systems are therefore simply categorized into cases of ion–ion interaction and non–ion interactions. Special
attention has been paid to the progress in the manipulation of spatially confined ET in nanostructured systems including
core–shell structures, as well as the ET in multiple exciton generation found in QDs and organic molecules, which behavior
quite similarly to resonance ET between metal ion centers. Afterwards, we will discuss the broad spectrum of applications
of ET in the aforementioned systems, including solid state lighting, solar energy utilization, bio–imaging and diagnosis, and
sensing. In the closing part, along with a short summary, we discuss further research focus regarding the remained
problems
and
possible
future
directions
of
optical
ET
in
solids.

On the other hand, optical ET also takes place by
resonance between pair of separated donor and acceptor
incorporated inside solids as well as their nanoscale
The delivery of energy is ubiquitous in our universe and it
counterpart. The donor or acceptor can be any optical active
occurs across vast length scales, from atomic to interstellar
species, including metal ions, quantum dots (QDs), molecules,
distances. By means of radiation, solar energy is endlessly
and organic complex and quasiparticle like exciton. Regardless
delivered and deposited onto the earth. A large part of the
of the radiative or non-radiative mechanism, this process can
solar radiation is captured by various plants, where the energy
be simply described in analogue to a chemical reaction by D* +
of the visible photons absorbed by antenna complexes in plant
A ↔ D + A*, where the asterisk indicates the ion or molecule
leaves is delivered to reaction centers which then perform the
at the excited state (Fig. 1). Energy resonance between the
photosynthesis.1,2,3 These radiative and non-radiative energy
donor-acceptor (D-A) pair is required by this reaction. This ET
transfer (ET) both can be regarded as optical process as they
mechanism by resonance has played a dominating role in the
have to be mediated by photons.
generation of upconversion (UC) and quantum cutting (QC)
Inside the solid state materials, spatial redistribution of
(also referred as downconversion, DC) in most rare-earth (RE)
energy occurs spontaneously to remove energy gradient after
doped systems, as well as multiple exciton generation in QDs
sudden injection of energy by a thermal or optical excitation.
and organic molecules. Despite that diverse systems can
Meanwhile, in a microscopic scale ET occurs across a
participate in ET, in the context of ET they share important
considerable distances that can far exceed atomic size range,
characteristics. It is the purpose of the present review to make
while the pathways accessible to such ET process becomes
clear the similarities as well as differences of ET in different
rather limited in solids compared to ET in free space. Generally,
systems, and discuss together their related applications.
ET in an optical fashion occurs in insulators or semiconductors
with bandgap in the optical frequency. After excitation by, e.g.,
photons, spatial redistribution of energy inside these solids can
be often mediated by the photon-generated excitons, which
act as the energy carrier and migrate to a distant site before
recombination. This is a very common case of energy
migration in bulk solid and conjugate polymers.

1. Introduction
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theoretical background and experimental
examining ET are also provided below.

method

for

D

2.1.1 Resonant ET

Emission

Excitation

2.1 Types of optical ET

A

Fig. 1 Schematic representation of ET from a donor (D) to an acceptor (A) center. D*
and A* stand for the donor and acceptor at their excited states, respectively. Usually,
the energy levels of D, D*, A and A* are located within the bandgap of the host
material for RE or TM doped materials.

In spite of the rapid advances in the past over 60 years,
resonant ET is among the one of the most active area of the
interdisciplinary research bridging physics, chemistry and
biological sciences. These investigations have led to the
discovery of more efficient phosphors, laser materials, optical
bio–probes, and etc.4-11 We will review optical ET in solid
state materials here, with special emphasis paid on the recent
advances in nanoscale systems. It is certainly not possible to
cover all the related issues of ET spanning from biology to
material sciences. ET related with solar light capture in plants
and other biological system will not be covered as it is
sufficiently described in many reviews.9,10,11 In addition, it is
not the intention of this review to give an in–depth discussion
about ET between organic molecules or bio–organic
substances and exciton mediated ET that occurs mostly in
semiconductors as well as conjugate polymers.12,13,14,15,16
The organization of the present review is as follows. In
the following section we will discuss different types of ET and
give a brief description of the theoretical formulations and the
experimental methods. We will then review typical ET systems
involving ions doped in bulk and nanomaterials, and non–ion
systems, such as QDs, molecules and two-dimensional (2D)
materials. In these systems, ET, as demonstrated by different
optical spectroscopy, can be used to modulate the emission
spectra and to generate UC and DC emission in diverse
materials. Application of optical in diverse areas from
photonics, energy to medicine will be discussed in the followed
section. Finally, we will summarize the current research
process and discuss possible future directions for ET in solid
state materials.

2. Classification, theory and experimental method
Optical ET has been divided into different types which
occur in a pair/group of D-A under different conditions. As
introduced below, ET may occur by resonance, semi–
resonance, or double resonance depending on characteristics
bearing by the D-A pair. Brief description regarding the

The most widely examined types of ET are based on
resonance. However, resonance does not mean that the donor
has the exact same energy levels as that of the acceptor, in
which forward and backward ET would have the same
chance.17 To enable directional ET from D to A, the donor
prefers acceptors bearing slightly lower energy levels
meanwhile with sufficient energy overlap. Backward ET (from
A to D) also occurs at the same time by theory, while under
this condition it is not energetically favoured. Therefore, this
directional ET process degrades the excitation energy due to
the small energy difference between donor and acceptor. The
“missing” energy is usually dissipated as heat. In solid state
materials, donor or acceptor includes different main group and
transition metal (TM) ions, metalate anions, and the host
lattice itself. They have different characteristics and emission
can be of both ordinary and anti–Stocks type, which will be
discussed in detail in section 3.
2.1.2 Non–Resonant ET
On the other hand, ET, in the absence of strict resonance
condition, still occurs in many systems and it has been
understood from both the experimental and the theoretical
level.18 The first type of non–resonant ET can be regarded as a
semi–resonance type, where the small energy mismatch
between the donor and the acceptor is bridged with several
phonons.19 In the second case, ET takes place completely
without resonance among three centers, in which one of the
centers has a high excited state at energy 2E and the other two
centers have energy levels at E, as can be expressed by D* + A
+ A ↔ D + A*+ A*.18,20 The occurrence of this three–center
process requires close proximity of the centers, and it has
been usually referred as double–resonance ET. If the center
with energy level at 2E servers as the donor, the process is
known as cooperative downconversion (DC), which is a typical
mechanism for QC; and the reverse process is known as
cooperative UC. Since cooperative process requires the close
proximity of the two centers of identical energy, a high
concentration of dopant is usually necessary in order to
maximize the rate of ET by high order interactions.
2.2 Theoretical formulations of ET
2.2.1 Förster–Dexter theory
Modern theoretical foundation of resonant ET that has
been widely accepted and introduced in literatures was laid by
Fröster in the 1940s using semi–quantum treatment for
dipole–dipole (d-d) interaction, and later in the 1950s it was
extended by Dexter to include the contribution of multipole
interactions as well as exchange effect based on quantum
mechanical method.21,22 This is why resonant ET has always
been referred as Föster–Dexter ET. In spite of enormous
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development in both experimental observations and
theoretical advances in the past 60+ years, this old theory
remains valid and useful. It is now extensively applied in
systems from the initial solutions containing dissolved
fluorescent molecules to solid materials activated with metal
ions and biological systems, in which certain conditions are not
considered in the early development.12
In the weak coupling limit when direct electronic coupling
between donor and acceptor is absent (see Fig. S1 in electronic
supplementary information), the ET rate can be derived using
Fermi’s golden rule based on time–dependant perturbation
theory.23,24 When the donor and acceptor are approximated
-6
as point dipole the well–known R scaling can be found:22
𝑘𝑑𝑑 (𝑅) =

3𝑐 4 ℏ4 𝜎𝐴
4𝜋𝑛4 τ𝐷 𝑅 6

∫

𝑓𝐷 (𝐸)𝑓𝐴 (𝐸)
𝐸4

𝑑𝐸

(1)

where R is the D–A seperation, n is the refractive index of the
host, 𝜏𝐷 is the radiative lifetime of the donor in the absence of
the acceptor, A is the absorption cross section of A, and fD(E)
，fA(E) are the normalized emission spectra of the donor and
the absorption spectrum of the acceptor. From the equation
–6
above it is clear that ET rate is proportional to R and the
magnitude of spectral overlap (integral in eq. 1), which affords
the resonance condition. By introducing the critical distance R0
(or sometimes referred as Förster distance), eq. 1 can be
simplified as:
𝑘𝑑𝑑 (𝑅) =

1
τ𝐷

𝑅

( 0)

6

𝑅0 =

∫

𝑓𝐷 (𝐸)𝑓𝐴 (𝐸)
𝐸4

𝑑𝐸

(3)

From the equations above the physical meaning of R0 is
evident: for donor and acceptor separated by R0 the ET rate
equals the decay rate (1/τ𝐷 ) of the donor.
With the decrease in D–A separation high order
interactions will become operative.22 In the case of dipole–
qudrapole (d–q) and qudrapole–qudrapole (q–q) interactions,
-8
-10
the ET rates scale with R , and R , respectively, suggesting
that these high order interactions operate in a much shorter
distance. When considering different types of interactions, we
have the following general form for ET rate:25,26
𝑘𝐷𝐴 (𝑅) =

𝛼𝑑𝑑
𝑅6

+

𝛼𝑑𝑞
𝑅8

+

𝛼𝑞𝑞
𝑅10

𝑃𝑒𝑥 (𝑅) = (2𝜋/ℏ)𝐾 2 exp(−2𝑅/𝐿) ∫ 𝑓𝐷 (𝐸)𝑓𝐴 (𝐸)𝑑𝐸

+ ⋯ = ∑𝑖=6,8,10

𝛼𝑖
𝑅𝑖

(4)

As the low order interactions dominate the ET process in most
cases, the magnitude of i should have the following
sequence: dd > dq > qq. In many early examples of molecular
systems only d–d interaction is considered, which however
already gives good agreement with the experimental results.
12 Nevertheless, multipole interactions should be taken into
account when d–d interaction is not allowed, for instance,
some f–f transitions of RE ions. Based on eq. 4, it is possible to
figure out the dominating ET mechanism by the examination
the dependence of radiative lifetime with the D–A separation
R.
In case that donor and acceptor stay very close such that
their electron wavefunction overlap (see Fig. S1), exchange

(5)

where K is a constant related with the overlap of the wave
function, L is the effective Bohr radius of the system. Here the
ET rate varied as exp(–2R/L) with R, which is used to describe
the radial distribution of the wave functions.
2.2.2 Phonon–assisted ET
The discussion above concerns different types of ET which
all rely on the resonance condition between donor and
acceptor, as reflected by the spectral overlap integral given in
eq. 1. The spectral overlap also includes the contribution of
line broadening of different origins, such as thermal effect.
Without strict resonance, this near–resonance ET occurs with
the help of lattice phonons; the rate therefore rise with the
increase of temperature due to increased phonon population.
The dependence of ET rate on temperature can be described
by the following equation:19
𝑘𝐸𝑇 ∝ (𝑘𝐵 T/ℏ𝜔
̅)𝑁

(6)

Here, ℏ𝜔
̅ is the average energy of lattice phonons, and N is the
number of phonons involved in the ET. For an energy
mismatch of Δ𝐸 between donor and acceptor, the ET rate is
described by the following expression:

(2)

𝑅

where the critical distance R0 can be expressed by:
3𝑐 4 ℏ4 𝜎𝐴
4𝜋𝑛4

interaction between them will dominate the ET process.
According to quantum mechanics the ET rate can be described
as:22,27

𝑘𝑝ℎ (Δ𝐸) = 𝑘0 exp(−𝛼Δ𝐸)

(7)

where, Δ𝐸 = 𝑁 ∙ ℏ𝜔
̅ , 𝛼 is given by (1⁄ℏ𝜔
̅ )|lnϵ| ( ϵ is a
constast), and 𝑘0 is the zero–phonon ET rate. This is the well–
known energy–gap law that governs radiative and non–
radiative phonon–assisted processes in solid state materials.
2.2.3 Cooperative process
Beside the two center ET common for optical materials,
the ET with the simultaneous participation of three centers
have been known as a second-order process, in which the
excitation ET between one donor and a pair of identical
acceptors, or the reverse. Cooperative ET can lead to both DC
and QC emission in several RE heavily doped
materials.28,29,30 The cooperation process has been
connected with high order interaction, such as d–q, q–q and
exchange interactions. Theoretical description of this process
has begun since the 1950s using quantum mechanical
method.31,32,32 In the recent developments by modern
quantum electrodynamics (QED), the matrix element in this
three center ET can be described explicitly by the
summarization of cooperative and accretive matrix element:
𝑎𝑐1
𝑎𝑐1
𝑐𝑜1
𝑀𝑓𝑖 = 𝑀𝑓𝑖
+ 𝑀𝑓𝑖
+ 𝑀𝑓𝑖

(8)

where the superscript ac and co represent the accretive and
cooperative process. The detailed mathematical expressions
have been given by Andrew et al. in ref. 20.
2.2.4 Beyond the point dipole approximation

This journal is © The Royal Society of Chemistry 20xx
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When the donor and acceptor cannot be approximate
-6
using point dipoles, for instance, 2D materials, the R
dependence of ET rate is no longer valid. Nevertheless, it is not
difficult to derive the mathematical expressions of ET involving
2D materials. To put it simply, the dependence of ET rate (kET)
on the D-A separation will have the following generalized
relation:33
𝑘𝐸𝑇 ∝ 𝑅−𝑛
(9)
where n=6 for 0D (zero dimensional) D-A pairs, and n=4, and 2
for 0D–2D and 2D–2D pairs, respectively (see Fig. 2). However,
-3
in the bulk limit a R dependence is found for the ET rate
between 0D and surface of bulk donor (acceptor), as shown in
Fig. 2c. Practically, small deviation from the relations
expressed by eq. 9 is always observed in different experiments,
which stimulated the development of more precise theories.34
In the case of ET in 0D–1D or 1D–2D donor–acceptor pairs, a
simple rate–distance relation is not found as the ET rate
depends on not only the distance but also the orientation of
the 1D donor (acceptor) with respect to the 0D or 2D acceptor
(donor). Mathematical treatment of ET in these cases becomes
rather complicated but still can be based on the Förster(–
Dexter) theory.
𝑘𝐸𝑇 ∝ 𝑅−6

a

𝑘 𝐸𝑇 ∝ 𝑅−4

b
R

R

𝑘 𝐸𝑇 ∝ 𝑅−3

c

Page 4 of 34

𝑘 𝐸𝑇 ∝ 𝑅−2

d

R
R

Fig. 2 ET in D–A pairs of different geometry. (a) 0D–0D, (b) 0D–2D, (c) 0D–3D (bulk
surface) and (d) 2D–2D. The ET rate scales with the inverse of the n–th power of D–A
distance with n=6, 4, 3 and 2 for cases shown in (a–d).

The point dipole approximation also fails when treating
ET involving large molecules, such as conjugated polymer and
bio-substances.12 For instance, in pairs of D–A each consisting
of multiple chromophores that are intimately coupled forming
excitonic state in a collective manner, changes to the original
Förster formation and generalized Förster resonance ET (FRET)
theory have to be used for a precise interpretation of the ET
efficiency in this systems.35 The generalized FRET theory is
also successful in the description of ET involving inorganic
nanomaterials such as semiconductor nanorods and also
conjugates polymers and biological structures without welldefined shape.35,36,37 The FRET theory however only valid in
the weak electronic coupling limit, that is, the separation

between donor and acceptor are large enough to prevent
delocalization of excitons. At higher coupling strength, Fermi’s
gold rule which describe ET based on perturbation is no longer
valid, and a more complex picture appears. In the intermediate
and strongly coupling region, the separations are comparable
to the size of the molecule itself, and the molecular excitons
are delocalized among the sites, forming coherent
superpositions. This type of ET exists in light photosynthetic
systems and it is believed to occur in the wavelike process
through
quantum
coherence.3
Detailed
theoretical
interpretations of this process and the examples can be found
in several recent publications and reviews.12,38,39,40,41
2.2.5 Unified theory on radiative and non-radiative ET
The Förster–Dexter theory presented above describes
radiationless ET and therefore it is applicable only under near
field condition (small D–A separation) which does not involve
the emission of real photons. Unifying far-field radiative ET and
the near-field ET has been continuously pursued by theorists
by using both classical electrodynamic theory and quantum
chemical methods. For the photosynthetic process in bacteria,
for instance, modern electrodynamic modelling has enabled
the capturing of both coherent and incoherent terms of
excitonic ET and energy flux within the structures covering
both near field and far field region.42,43 On the other hand,
helped by the development in QED, resonant ET theory has
been reframed such that short range and long range
interaction (by e.g., radiation) are unified in a single
mechanism. The formulation of ET using QED was pioneered
by Avery et al in 1960s, 44,45 and later developed by Andrew
et al.46,47 The detailed mathematical derivation has been
provided in many literatures. To put it simply here, the rate of
ET is divided into three terms as:48
ω = ω𝐹 + ω𝐼 +ω𝑟𝑎𝑑
(10)
The first term can be considered as the normal Förster term, in
–6
which ET rate has a R dependence and it operates only in
–4
near field (R<<). The second term is proportional to R ,
which refers to a correction when the condition R<< is no
–2
longer obeyed. The third term has a R dependence which
becomes dominate for R>>, and it is in fact the rate of the
acceptor captures a photon emitted from the donor (Fig. 3).
The last radiative term certainly requires the participation of
real photons, while photons are virtual in the first term for
near field interactions. With the increase of D–A separation,
the real character of photon involved in the ET increase, and
eventually the radiative ET dominates. In this case,
radiationless ET and radiative ET by reabsorption are unified in
the same theory that works for all distances.47,49 This is why
QED is regarded as a unified theory valid in both near field and
far field ET.
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temperature dependence of ET. As phonon emission strongly
depends on temperature, the phonon–assisted ET rate
increases with the rise in temperature. This process is
therefore ruled by the energy gap law as given by eqs. 6, and
7. Without the participation of phonons, low temperature
freezes the ET process regardless of the types of optical
centers.

log A
𝐴′ =

3 𝐾2 𝐾4
+
+
𝑅6 𝑅4 𝑅2

2.3.2 Decay kinetics and transient state spectra
Slope = -6

Real photon behavior
Slope = -2

Virtue photon behavior

log R

Fig. 3 Log–log plot of ET rate as a function of D-A distance (R). This relation is described
by rotationally averaged function A’; where K is the wavenumber of the ET. Virtue
photon behavior here is associated with the short–range non–radiative ET; while the
real photon behavior is connected with the long–range radiative ET (photon re–
absorption). Reprinted with permission from Ref. 49, copyright 2013, American
Chemical Society.

In comparison to steady state spectra, time resolved
spectroscopy provides a powerful tool for the examination of
ET and allows for a better understanding of the excited state
dynamics. With the technological advance of ultrafast photo–
detectors and lasers, the precise determination of the decay
kinetics in time scale down to picoseconds becomes rather
simple in recent years.51 Note has to be made here that the
following discussion cannot be applied to ET by reabsorption
(radiative process), in which the excited state lifetime of the
donor is not affected by the presence of acceptor. In the case
of resonant ET, the ET rate and efficiency can be directly
calculated from the decay curves. The decay rate from a donor
center contains the contribution of both intrinsic decay rate
and ET rate to acceptors.
𝑘𝐷𝐴 = 𝑘𝐷 +𝑘𝐸𝑇

2.3 Experimental methods
2.3.1 Steady state excitation and emission spectra
Steady state emission/excitation can provide a direct
evidence of ET in most of the systems. Due to resonance, the
excitation at the absorption band of donor normally leads to
the emission of both donor and acceptor, as schematically
represented in Fig. S2. It is important to note that in this
region the acceptor does not absorb light. In other words, the
excitation spectra for the emission of acceptor and donor must
be the same, or at least strongly overlapped. This spectral
character is an important fingerprint for ET in different types
of D–A systems, including resonant ET, phonon assisted ET and
cooperative process. Furthermore, from the change in the
integrated emission intensity of the donor in the presence and
absence of A, it is possible to determine qualitatively the
efficiency of ET.
As ET is strongly sensitive to D-A separation, the steady
state spectra evolves steadily with the changing of donor or
acceptor concentration. This change would normally result in
the notable increase/decrease in the acceptor/donor emission
intensity, which can be observed in different D–A codoped
systems, especially for RE activated materials.50 High doping
concentration of A is however detrimental due to
concentration quenching arise from increased cross–relaxation
(CR) and energy migration probabilities.
ET is also affected by temperature as phonons are always
involved because exact match in energy between donor and
acceptor is rare in practical systems. The temperature
sensitivity of ET enables remote optical thermal sensing using
luminescent materials, as discussed in section 4.4.1 The
phonon–assisted ET process can be accessed by the strong

(11)

The intrinsic decay rate of the donor contains the contribution
of radiative and non–radiative decay, i.e.,𝑘𝐷 = 𝑘𝑟 +𝑘𝑛𝑟 The
efficiency of ET is defined as the fraction of photons being
transferred to the acceptors by:
𝜂𝐸𝑇 = 𝑘𝐸𝑇 /(𝑘𝐷 + 𝑘𝐸𝑇 )

(12)

Recalling eq. 2, the ET efficiency can be reformulated by using
the D–A separation (R):
𝜂𝐸𝑇 = 𝑅06 /(𝑅06 + 𝑅6 )

(13)

In the above equation, it has to be noted that the point dipole
approximation is used and nonradiative rate is assumed to be
zero (𝑘𝐷 = 1/τ𝐷 ). According to this relation, half of the
absorbed photons is transferred to the acceptor at D–A
separation of R=R0, and the ET efficiency reaches 0.985 for
R=0.5R0, indicative of the near field nature of ET.
Experimentally, from the decay curves the fluorescence
lifetime can be directly measured, which can be used for the
calculation of the ET rate and efficiency (Fig. S2 in ESI).
Typically, the ET efficiency is determined using the
fluorescence decay curves of the donor in the absence (ID) and
presence (IDA) of acceptor by 51:
∞

𝜂𝐸𝑇 = 1 −

∫0 𝐼𝐷𝐴 (𝑡)𝑑𝑡
∞

∫0 𝐼𝐷 (𝑡)𝑑𝑡

(14)

In this equation the integrals are proportional to the steady
state intensity of the donor in the presence (IDA) and absence
(ID) of acceptor. In the case of single exponential decay, eq. 14
can be rewritten by using the lifetime values derived from the
decay curves:

This journal is © The Royal Society of Chemistry 20xx
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𝜂𝐸𝑇 = 1 −

𝜏𝐷𝐴

(15)

τ𝐷

Here 𝜏𝐷𝐴 is the fluorescence lifetime of the donor in the
presence of acceptor, respectively. However, ideal exponential
decay is rarely found in practical systems, such as molecules
and RE–doped materials. In terms of multi–exponential decay
the lifetimes used in eq. 15 𝜏𝐷𝐴 and𝜏𝐷 should be replaced by
the sum of decay times (∑ 𝛼𝑖 𝜏𝑖 ) which are derived by fitting
the decay curves using multi–exponential functions.
𝑡

I(t) = ∑𝑖 𝛼𝑖 exp (− )
𝜏𝑖

(16)

Practically, all the decay curves can be fitted using the
multi–exponential functional irrespective of the different
decay mechanisms. Although these expressions have been
widely used for the examination of ET in different systems, it is
important to note here that we have to assume that the donor
and acceptor have constant distances when using the above
equations. For the random distribution of donor and acceptors
as commonly found in solid materials, like phosphors, precise
description of the ET rate can be made by more complicated
expressions.52,53,54

tracing the evolution of intermediate state, it is possible to
locate the direction of energy flow and the time scale of ET.
This technique is especially useful for the examination of
photonic process in bio–systems. For instance, strong–coupled
wave–like ET through coherence is clarified in photosynthetic
systems by 2D spectra.60 More examples employing 2D
spectra for studying ET in molecular aggregates are described
in refs. 58,59 and 60.

3. ET in practical systems
In this section, we will discuss in detail the ET in different
ion pairs and materials as well as the resultant normal downshifted emission, UC and DC (or QC). Similarities as well as
differences are discussed and highlighted for ET in different
systems. These topics included in this section can be roughly
divided into two categories: ET between metal ion centers
(mostly RE ions), and ET involving non–ion centers, such as
molecules, QDs and plasmonic nanostructures. Special focus
has been placed on the recent advances in management of ET
in nanoscale materials, such as nanoparticles and 2D materials.

2.3.3 Ultrafast spectroscopy

3.1 Host-ion and ion-ion ET

In the recent decades, the development of ultrafast laser
systems, e.g., Ti–sapphire femtosecond laser, has led to the
rapid advance in the use of these lasers for the studying of the
ultrafast process down to femtosecond time scale. These
methods thus allows for the capturing of snapshot of short–
lived intermediate state in, e.g., chemical reactions and ET.
There are several different types of ultrafast spectroscopy, and
the technical details have been described in many text books
and reviews.51,55 For optical process, transient absorption
based on the pump–probe technique has been extensively
used to track the evolution of transient state following short
pulse laser excitation. These techniques are especially useful in
revealing the mechanisms of carrier multiplication (CM) in
semiconductor QDs as well as singlet fission (SF) in organic
molecules.56,57 In transient absorption measurement, a short
pump pulse excites the sample, and then the absorption
change is probed by another sequence of short pulses. From
the absorption change the formation of bi–excitons in QDs and
organic molecules can be examined. This technique is proven
to be particularly useful for revealing the exciton dynamics in
semiconductors.
2D electronic spectroscopy is another powerful ultrafast
technique for the studying of the ET and its microscopic
mechanisms.58,59,60 Here, 2D does not means spatial two–
dimensionality. In the 2D spectra, the emission is plotted as a
function of absorption, and electronic coupling or ET between
chromophores with different frequencies would lead to the
appearances of cross–peaks in the spectra. Technically, 2D
spectrum is based on a four–wave mixing set–up with phase–
matched box geometry. This technique allows for the mapping
of the energy landscape of intermediate state during an ET
process occurring in organic or bio–organic molecules. By

3.1.1 Typical host sensitized emission
Photoluminescence (PL) from a number of phosphors
relies on the sensitization by the host lattice, which efficiently
captures the excitation photons. In host sensitized
luminescence, UV excitation of the host first produces excitons,
which prefer to pass the excitation energy to the activators
ions rather than emitting by recombination.61, 62 Usually, the
excitons induced by excitation migrates across certain distance
before eventually being captured by emission centers, like RE
ions. Host sensitization can occur under sufficient high energy
excitation that induces band gap transition of the host for all
phosphors. In practical phosphors, host sensitization enables
more efficient excitation in the near ultraviolet (UV) region
where strong emission lines of dilute mercury gas and Xeon
gas are located. Typical hosts are built up of metalate anions of
3–
2–
6–
TM ions, such as VO4 , MoO4 , WO6 , which strongly absorbs
UC radiation of Hg and Xe gas.62 For instance, in the well–
3+
known red phosphor YVO4:Eu ,63,64 excitation in the UV
region from 300 nm to 400 nm is highly efficient for the
5
7
generation of red emission by the transition of D0 F2(see Fig.
S3).62,65,66 On the other hand, optical centers with 6s2
3+
2+
2+
electronic configuration such as Bi , Pb , and 5s2, Sn , and
3+
Ce , are naturally host–sensitized and are often used in
scintillator materials due to their short fluorescence lifetime
(<50 ns). 56 Because of the high lying energy levels, the
emission from these ions is usually generated by direction
excitation of the host and the emission is therefore mediated
by excitons. In Table S1, we list the typical host sensitized
phosphors developed in the past half–century.62
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Fig. 4 Sensitized NIR emission in YAG:Ce3+, RE3+ (RE=Nd, Er). (a) Excitation spectra (left) for the visible (550 nm from Ce 3+) and NIR (890 nm from Nd3+) emission of YAG:Ce3+,Nd3+,
and YAG:Nd, and emission spectra (right) of YAG:Ce 3+,Nd3+, and YAG:Nd3+ recorded at different excitation wavelengths. (b) Excitation spectra (left) for the visible (550 nm from Ce 3+)
and NIR (1550 nm from Er3+) emission of YAG:Ce3+,Er3+, and emission spectra (right) of YAG:Ce3+,Er3+, and YAG:Er recorded at different excitation wavelengths. The overlap in the
excitation spectra confirms the ET from Ce 3+ to Er3+ and Nd3+. Reprinted with permission from Refs. 79 and 82, copyright 2007, 2008, American Institute of Physics. (c) Energy level
diagrams for the illustration of ET from Ce3+ to RE3+ (RE = Nd, Er). In these ion pairs, the emission of RE from their 4f levels is sensitized by Ce3+, which has a broad and strong
absorption by f–d transition in near UV region depending on the nephelauxetic effect of the host. Excitation of the Ce 3+ leads to the visible and NIR emissions of Nd3+ and Er3+.

Typical ET in most luminescent materials occurs between
a pair of D–A without the participation of the host, which acts
only as the platform for ET. To be an efficient sensitizer, it
should have strong and broad absorption/emission that covers
the thin absorption lines of the donor ion. To this end, RE ions
3+
2+
with allowed d–f transitions, such as Ce and Eu , have been
frequently employed as sensitizers for other RE ions with thin
2+
f–f transition lines as well as TM ions, such as Mn (see Table
3+
S2 for examples). 62,67,68,69,70 On the other hand, Yb often
behaviours as an efficient donor center to sensitise near
2
infrared (NIR) emission because its f–f transition by F7/2 
2
F5/2 has relatively large absorption cross section near 980
nm.71,72,73 (see Table S2 for more examples). Similarly, due
to the rich f–f transitions there are also several other efficient
RE–RE ion pairs as long as suitable energy levels are present.
Especially, in the IR region the resonance condition required by
ET is help with the increased peak broadening due to thermal
effect.74,75,76,77
Besides being an efficient sensitizer for visible emission in
3+
phosphors, recently Ce has been employed as an efficient
broadband sensitizer also for ions emitting in the NIR region,
which are of particular interest for applications as photonic
materials.78,79,80,81 For instance, in the host of Y3Al5O12
(YAG), where the strong nephelauxetic effect shift the d–f
3+
3+
transition to blue region, the NIR emission of Nd , and Er
3+
can be produced by pumping Ce using blue light (Fig.
3+
4).79,82 In this case, Ce excited to 5d levels transfer energy
3+
3+
4
3+
to Nd , Er , promoting them to high lying levels of G7/2 (Nd )
4
3+
or F7/2(Er ). The NIR emission is produced after further
relaxation crossing lower 4f level by multi–phonon assisted

process. The excitation and emission spectra of YAG activated
3+
3+
3+
3+
with Ce –Nd , and Ce –Er is shown in Fig. 4. A particular
3+
3+
feature associated with ET between Ce and RE is that the
NIR emission in these materials can be produced by broadband
excitation in the visible, by for instance, Xe–lamp.
3T
1

Energy (1000 cm-1 )

3.1.2 Ion-ion ET

20

1E

10

2F
5/2

3T
2

5

3A
2

0

Ni 2+

2F
7/2

Yb3+

Bi center

Fig. 5 Energy level diagrams for the illustration of sensitization of the NIR emission from
Ni2+ and Bi–center by Yb3+, whose 2F5/2 level located at around 1000 nm is in resonance
(or near resonance) with the 3T2 level of Ni2+ and the first excitation state of Bi-center.
3+

In recent years, Yb was also used to sensitization the NIR
luminescence of ions other than RE ions.83-87 These NIR
2+
emitting ions include both TM ions, such as Ni
and
2+
Cu ,83,84,85 and main group emitting centers, such as
bismuth,86,87 which has only weak absorption at 980 nm. This
type of luminescence material has gained growing interest due
to the potential application in photonics. In a recent work
2+
demonstrated by Wu et al, 83,84 the emission of Ni (pumped
3
3
at 980 nm) by the transition T2 A2 centered at 1200 nm was
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notably enhanced in the glass–ceramic matrix containing
3+
LiGa5O8 nanocrystals (NCs) after doping of Yb (Fig. 5). The
results of calculation based on ET theory suggests that
3+
2+
forwards ET from Yb to Ni prevails over backward ET from
2+
3+
3+
Ni to Yb and homo–nuclear ET between Yb ions, and a
3+
critical distance of 1.5 nm is found. In a similar case, Yb was
used as the sensitizer for the NIR emission of Bi centers in
oxide glass, which absorb weakly near 1000 nm.86,87 In a
3+
phosphate glass host, the sensitization by Yb is again
confirmed by emission spectra and the concentration
dependence. Under excitation at 980 nm by a diode laser,
broadband NIR emission covering 1270–1350 nm is generated,
3+
which otherwise is not possible in the absence of Yb ions.

3.2 UC and UC enabled by ET between RE ions
UC combines two or more photons of lower energy into a
high energy photon, while QC “cuts” a high energy photon into
two low energy ones. Both of DC and UC do not violate law of
energy conservation and can be produced by making use of ET
between RE ions involving transitions between different 4f
levels. DC and UC are important optical processes in RE doped
materials, and they certainly cannot be simply regarded as the
opposite of each other. Reviews on either DC or UC have been
published, yet separately.88,89,90 In the following UC and DC
are discussed together with the aim to figuring out their
similarities as well as difference in both ET mechanisms and
related materials.
3.2.1 Ion-ion ET enabled UC
UC here refer to an anti–Stocks emission from activator
and this process can have different origins, such as multi–
photon absorption, cooperative interaction, ET process and
photon avalanche.88,89 ET enables the most efficient UC
emission in RE doped materials and that’s why these materials
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are extensively explored for diverse applications.5,88,89
Practically, the most bright UC emission has been observed in
3+
3+
3+
Yb –RE (RE=Er, Tm) activated materials, in which Yb again
acts as the donor due to its simple energy levels, large
absorption cross section and the relatively long lifetime of the
2
only excited state ( F5/2). To be an RE ion that can efficiently
3+
accept the energy from Yb , first, the activator must has an
2
3+
energy level close to or slightly lower than F5/2 of Yb at
–1
3+ 1
3+
around 10000 cm . In this regard, RE ions of Pr ( G4), Sm
6
3+ 6
3+ 5
3+ 4
3+ 3
( F9/2), Dy ( H5/2), Ho ( I6), Er ( I11/2) and Tm ( H5) all can
2
3+
accept the energy from F5/2 of Yb by resonance. Second, the
intermediate energy level of the activator should have
sufficiently long lifetime to avoid rapid depopulation by
radiative or non–radiative decay. This is to ensure high
probability of promotion to higher levels by a second ET or
3+
3+
excited state absorption. Sm and Dy are therefore excluded
–1
due to the presence of several energy levels below 10000 cm .
3+
3+
3+
3+
Indeed the UC emission of Yb –Nd , Sm , Dy has rarely
been reported as they show very low efficiency. Fig. 6 presents
3+
the energy level alignment for the typical Yb sensitized
systems, from which the ET process can be understood. For
3+
3+
instance, in the Yb –Er ion pair, after absorption of a 980 nm
3+
2
photon, Yb is promoted to the F5/2 state which transfers the
3+
excitation to a nearby Er ion, resulting in the population of
4
3+
I11/2 level. A second step ET or excited state absorption by Er
3+
promote Er to higher levels, from which, after series of
phonon assisted relaxation process, red and green UC emission
are produced. Moreover, it can be understood easily from the
4
energy level diagram that the red emission from the F9/2 level
4
2
and the green emission from S3/2 (and H11/2) involve the
absorption of two and three photons, respectively (Fig. 6).
3+
Besides the first order ET, cooperative ET in which two Yb
3+
ions transfer energy to one Tb cooperatively also results in
3+
UC from Tb ,91,92,93,94,95 while the efficiency is orders of
3+
3+
magnitude lower than that of the other Yb -RE ion pairs.88

Tm3+

4

7F
0

7F
6

6

Tb3+

Fig. 6 Energy level diagrams for the illustration of sensitized UC emission in ion pairs of Yb 3+–RE3+. The dotted red lines point the energy corresponding to Yb3+: 2F5/2 and 2*2F5/2.
Here, Yb3+ with a strong absorption near 1000 nm transfer the excitation energy to Pr 3+, Ho3+, Er3+ and Tm3+, Er3+, leading to the population of the levels of 1G4 (Pr3+), 5I6 (Ho3+), 4I11/2
(Er3+) and 3H5 (Tm3+). The visible emission of these systems are subsequently produced after a further ET process or excited state absorption involving sequential absorption of
more than two photons. While for Tb3+, no energy level is in resonance with 2F5/2 of Yb3+, the UC emission sensitized by Yb3+ is driven by a cooperative mechanism. From this
diagram the number of photons involved for different UC emission can be known. Emission and excitation processes in the ions are pointed by solid arrows. Dashed arrows
indicate the possible transitions that lead to the UC emission. Non-radiative transitions are not shown here.
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nanoparticles (UCNPs). For instance, an organic dye solution
with broad absorption band from red to NIR was employed to
3+
3+
3+
sensitize Yb doped in the UCNPs of NaYF4:Yb ,Er (see Fig.
3+
3+
7). Via a two–step ET, i. e., dyeYb Er , the emission of
3+
Er is successfully produced under excitation from 880 nm to
1000 nm.108 The IR–780 dye does not sensitize the UC
emission of NCs because the ET is only observed when the
emission spectrum of the dye molecule covers the absorption
3+
band of Yb (Fig. 7). As confirmed by the excitation spectra
shown in Fig. 7b, the excitation band corresponding to dye
molecules centered around 800 nm are much stronger than
3+
that of Yb , suggesting efficient ET from dye to the NCs.
b

a

3.2.2 Tuning UC spectra by ET

3.2.3 Broadband excited UC
For the RE sensitized UC the excitation band widths are
inherently narrow and therefore the use of coherent light as
excitation is necessary. There have been several attempts to
broaden the excitation band width for the UC of RE ions, which
may have important practical applications. In the first example,
bismuth centers, which has broad absorption at NIR, was
3+
employed to sensitize the f–f transition of Ho in a glass host.
The result shown by Xu et al, 100 clearly indicate the
expanding of excitable band widths, compared to that of the
3+
Ho single doped sample. Broadband excitable UC can be also
3+
3+
realized by direct sensitization of the Yb –RE codoped UC
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Management of UC spectra is often desirable to meet
special requirement of different applications. Since ET is
strongly distance–dependent, the ET enabled UC can be
modulated through adjusting the dopant concentration that
determines the ion separation. For instance, in a host of NaYF 4,
3+
3+
Yb –RE pairs (RE: Er, Tm) produce characteristic emission at
3+
green and red region from Er , and at blue, red region from
3+
Tm by 980 nm pumping. It is shown recently that the ratio of
3+
green to red emission for Er decreases notably with the rise
3+
of the concentration of Yb .105,106,107 Therefore, almost
pure green and red emission by UC is attainable in this system
by careful controlling the dopant concentration. This
concentration dependence can be rationalized by
concentration quenching of green emission due to increased
rate of CR via different pathways, which leads to the
degradation of excitation energy and the increased population
of lower energy levels in samples containing high
concentration of dopants.105,106 Similar CR process occurs
3+
also in oxide host and pure red UC emission from Er is
3+
3+
obtained. The spectral tuning of Yb –Tm pair is based on a
3+
similar principle and pure blue and red emission from Tm can
3+
be generated similarly by controlling the concentration of Yb
3+
and Tm .105,107

Abs.

PL intensity

In addition to the RE activated materials, UC has also
3+
2+
been demonstrated in RE –TM systems (TM: Ni, Mn, Cr) by
Güdel et al. and our group;96,97,98,99,100 while the emission
of the TM ions is usually generated in cryostat, implying again
the very low UC efficiency. The emissions of TM ions as well as
other metal ions normally feature broad band width, which is
much larger than that of emission from RE ions.
The UC emission of ion pairs shown in Fig. 6 occurs in
various inorganic hosts; yet strong emission often favors a host
of low phonon energy. This is because the direct decay from
the intermediate levels competes with UC process, and this
decay is usually accelerated in host with large phonon energy.
RE halides are therefore ideal host for UC, such as LaF 3, and
NaYF4.101,102,103,104Furthermore, the UC spectra of the
same ion pair in different host are also different due to not
only the phonon energy but also the crystal structure.
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Fig. 7 Dye sensitized broad band UC by NaYF4:Yb3+,Er3+ NPs. (a) Absorption spectra of
the IR–780 and IR–806 dye solutions. (b) PL spectrum of the IR–806 dye solution and
the absorption spectrum of the oleylamine–capped UCNPs dispersed in CHCl3. (c)
Emission spectra of the NPs solution, IR–806 dye solution, IR–780–NPs solution and the
IR–806–NPs solution, under excitation at 980 nm. (d) UC excitation spectra for the NPs
and the dye–NPs solution. Reprinted with permission from ref. 108, copyright 2012,
Macmillan Publishers Limited.

3.2.4 Ion-ion ET enabled QC
DC, also more widely referred as QC, is often regarded as
the opposite of UC process, and DC process is also associated
with two different types of ET: the first order ET and the
cooperative ET. However, ions pairs that generate efficient UC
do not necessarily produce DC emission, and efficient DC
materials usually do not guarantee the UC emission as well. In
DC process, the first order ET can be in fact considered as a CR
process, in which only part of the excitation energy of the
donor is used to pump a neighboring ion to its excited state,
and the donor ion relaxes to an intermediate excitation state
which finally gives the emission of a second photon, or relaxes
to the ground state after transferring energy to a second
acceptor.
Up to the present, DC based on CR has been observed in a
number of ion pairs as long as the energy levels of the donor
and acceptor have suitable configurations.90 Among them, the
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Gd –Eu pair is a well–known example which undergoes QC
3+
in several hosts.109 Under vacuum UV (VUV) excitation, Gd
servers as the donor, and it passes part of the excitation
3+
6
energy through the CR process to neighboring Eu ions by Gj
3+
7
3+
6
3+
5
3+
(Gd ) + F0 (Eu )  Pj (Gd ) + Dj (Eu ) (step 1, Fig. 8a).
3+
6
Afterwards, the Gd ion at P7/2 level can emit itself, or donate
3+
the energy to a second Eu ion (Step 2, Fig. 8a). In a fluoride
3+
3+
host LiGdF4:Eu , a QE of 170% was reported. Eu can be
3+
3+
replaced by Tb or Er , and in the same fluoride host DC
3+
3+
emission can be generated.110 Similar as Gd ion, Pr can
also serve as a donor ions in DC process, in which acceptor ion
3+
2+
3+
like Cr and Mn accept energy from Pr by a CR process, as
3+
shown in Fig. 8b,c.111,112,113 It is worth to note that Pr
itself has been known as an ion capable of QC by means of
1
3
3
sequential cascade emissions by S0  P0 and P0 
3+
3H4.112The only requirement to generate CR in Pr ions is
that the position of the 4f5d band should be higher than the
1
3+
3+
S0 level in the selected host. In the CR of Pr –TM (TM: Cr ,
2+
3
3+
Mn ) pair, the first ET step populates the P0 (Pr ) level, from
3
which either a second ET to TM ions or the emission by Pj 
3
H4 can occur. 111,113 In a similar fashion, DC emission in the
3+
NIR by Yb can be produced based on CR by selecting RE ion
pairs with suitable energy levels. Ion pairs with efficient UC
emission given in Fig. 8 are natural choice. In fact, the efficient
UC pairs shown in Fig. 8 all have shown experimentally to be
capable of QC by a CR process, regardless of the host.
90,114,115,116,117 However, to minimize the possibility of
3+
backward ET from Yb , the donor ions should have energy
2
levels located at positions slightly higher than that of F5/2
3+
3+
3+
(Yb ). This is why Pr and Nd can sensitize more efficiently
3+
Yb in the DC process based on the CR mechanism, similar to
3+
3+
3+
the case of Gd –Eu pair (Fig. 8d,e),116,117while Er and
3+
Tm are less efficient as donor for DC due to enhanced rate of
3+
3+
3+
backward ET (from Yb to Er or Tm as in the UC process).
NIR QC can also be generated based on homo–nuclear CR
3+
process. To the present, the only know example is the Tm ion,
which produced two 1800 nm photons out of each 800 nm
3
3+
3
3+
photon absorbed by a CR process: H4 (Tm –1) + H6 (Tm –2)
3
3+
3
3+
 F4 (Tm –1) + F6 (Tm –2).118,119,120

excitation/emission spectroscopy (Fig. 9). Due to the absence
2
3+
of intermediate energy levels matching that of F5/2 (Yb ), a
cooperative ET process is suggested and this mechanism is
supported by numerical modelling. Later, a variety of materials
3+
3+
doped with RE –Yb (RE= Ce, Pr, Er, Tm…) have been
3+
reported to show cooperative DC similar as that of the Tb –
3+
Yb case. 90,122,123,124,125,126,127 We list in Table S3 the
examples of cooperative DC reported in recent years for the
3+
Yb –M pairs, where M can be RE, TM ions and other types of
optical centers. In these reports, only few authors discuss the
unexpectedly low external quantum efficiency (EQE) for the
cooperative QC. 128

3.2.5 Cooperative QC and controversies
Similar to the cooperative UC process, the observation of
cooperative QC has been claimed by many researchers in
3+
3+
different Yb –RE codoped materials.90 Despite its early
theoretical prediction made by Dexter in 1950s,31,32 its
experimental observation was made by Meijerink et al until
3+
3+
2005 in Tb –Yb
codoped YPO4.121 In this report,
3+
3+
cooperative ET from Tb to Yb is confirmed by steady state
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produced in phosphors activated with the first three ion pairs (a–c), whereas NIR QC by the emission of Yb3+ and Tm3+ is produced by the other three ion pairs (d–f). In Tm3+ doped
materials, homo–nuclear ET between Tm3+ ions occurs, i.e., Tm3+ ions act as both donor and acceptor. For the pairs containing only RE ions (a, d–f), QC occurs almost independent
of the host. Solid arrows point the transitions in excitation and emission process, and dashed arrows are the transition involved in ET process. Non-radiative processes are not
shown.
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Fig. 9 Cooperative DC emission in YPO4:Tb3+,Yb3+. (a) emission spectra (top) recorded by
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emission of Tb3+ (515 nm) and Yb3+ (1000 nm) (b) Energy level diagram illustrating the
cooperative ET from Tb3+ to Yb3+. In the cooperative process, two Yb3+ ions are
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absorbed visible photon. Reprinted with permission from ref. 121, copyright 2005,
American Physical Society.

Controversies therefore arise regarding the mechanism of
3+
3+
cooperative ET from RE to Yb in the reported DC materials.
In addition to the observed low EQE values, there are
increased number of evidences against the cooperative ET and
3+
3+
the QC process. 128 Unlike the Tb –Yb pair, RE ions, such as
3+
3+
Tm and Pr , have several energy levels spanning from 0–
–1
11000 cm , thus a cooperative mechanism might be less
favoured. In fact, numerical modelling indicate that, at least
3+
3+
for the Pr –Yb pair, a first order ET by CR is more likely (see
3+
3+
2+
3+
Fig. 8). As for the Ce –Yb and Eu –Yb where d–f transition
of the donor enables a broadband excitation band for NIR
emission, the cooperative ET mechanism is also questionable
due to the low EQE and presence of different relaxation
3+
3+
pathways. In addition, for Ce –Yb a metal to metal charge
3+
3+
transfer could probably occur, by, for instance, Yb + Ce 
2+
4+
Yb
+ Ce .61,128,129 This process provides additional
3+
3+
2+
3+
quenching pathways for the Ce –Yb and Eu –Yb doped
3+
materials. On the other hand, excitation of Yb at its charge
transfer band located in the UV also leads to the NIR emission,
which, certainly, is a one–photon process with large Stocks
shift, and it cannot be ascribed to the cooperative
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mechanism.130,131 Therefore, the sensitization of the NIR
3+
emission of Yb in the visible remains to be elucidated in a
clearer manner from both experiment and theory.

3.3 Managing ion-ion ET in nanostructures
RE doped nanoparticles and nanoarchitectures have
gained growing interest in recent years due to their robust
emission and diverse applications.5,132-134 When the
dimension of the structure is reduced to the size comparable
to the critical distance of ET, the modulation of ET can be
possible by structural design at nanoscale, as demonstrated in
the different types of core–shell structures.
3.3.1 ET in nanoparticles
Similar to their bulk counterparts ET transfer has been
intensively examined at nanoscale in various RE and TM
activated systems. This is especially benefited by the
development of wet–chemistry synthesis in recent years that
offers unprecedentedly easy access to different single
crystalline nanoparticles as well as nanoscale systems with
controlled size and architecture. Since the critical distance for
ET is in the order of several nanometers, the size of the
nanostructure might be a new parameter for the control of ET
in confined space. As inorganic nanocrystals (NCs) doped with
RE ions are considered as robust fluorescence labels for bio–
imaging, they produced regular down-shifted emission and UC,
in which ET dominate the emission properties. A thorough
discussion of these systems is not needed here as the synthesis
and applications of these nanomaterials have been
summarized in several excellent recent reviews.132,133,134
3.3.2 Engineering ET in core–shell architectures
In nanoscale systems with engineered architectures
accessed by different synthetic process, ET in a confined
manner can be controlled between ions and between
heterostructures, which are not amenable to bulk materials.
This is often realized by a core–shell design where the core and
shell are doped with different ions to spatially confine the ET
between target ions.135 For instance, in a LaF 3 based core–
3+
3+
shell system, Eu and Tb ions located respectively in the core
and shell are separated by a shell of undoped LaF 3. It is
demonstrated that by varying the thickness of the LaF 3 layer,
3+
3+
the ET between Eu and Tb can be controlled to allow partial
3+
3+
or complete ET, such that the ratio of Tb and Eu emission
can be finely tuned.135,136,137The core–shell structure
therefore can be employed to manipulate spectral features for

multi–ion activated materials by modulation the interaction
between ions in the nanostructure.
This core-shell design is particularly useful for building
three or four–ion activated nanosystems, where ET has to be
properly controlled between targeted ions in the structure to
avoid undesirable ion-ion coupling. As demonstrated in a
3+
recent work by Liu et al, 138 in the matrix of NaGdF4, Yb –
3+
3+
Tm pair is incorporated in the core, and Eu is doped at the
shell of the same matrix. Under excitation by 980 nm, multi–
3+
step ET occurs from core to shell mediated by Gd in the
3+
3+
3+
direction of Yb (core) Tm (core) Gd (core and shell)
3+
3+
Eu (shell), resulting in the strong red emission from Eu .
3+
3+
3+
3+
Eu can be replaced by ions of Sm , Dy or Tb , which give
visible UC emissions based on a similar core to shell two–step
ET process. Without the core–shell design that separate
3+
different ions, the UC emission of Eu in the four–ion system
is definitely impossible because the unavoidable coupling
among the four ions could result in the quenching of all the
emissions.
The core–shell nano–architectures also facilitate the
modulation of UC emission spectra under continuous wave
(c.w.) and pulse laser pumping. In a recent report by Liu’s
group (Fig. 10), 139 the ET between the dopant ions was found
to be controllable by adjusting the pulse duration of the
excitation laser in a core–shell nanostructure. Using pulse
duration from 0.2 ms to 6 ms for the excitation (at 980 nm),
the intensity ratio of green to red emission from the shell of
3+
3+
3+
NaYF4:Yb , Ho , Ce can be continuously modulated (Fig.
10b). As shown in Fig. 10c, after excitation and sensitization by
3+
3+
3+
5
3+
2
Yb the ET from Ho to Ce (by a CR process: I6 (Ho ) + F5/2
3+
5
3+
2
3+
(Ce )  I7 (Ho ) + F7/2 (Ce )is only allowed under excitation
by long pulse. Under short pulse excitation, the transition from
5
3+
5
5
I6 (Ho ) to higher levels of F4, S2 prevails over the above CR
3+
process involving Ce . Furthermore, in addition to pure red
and green emission this judicious design also allows for the
generation of pure blue UC emission by pumping at 800 nm.
The blue emission is produced as a result of ET from the core
3+
3+
3+
to the first shell by Nd  Yb  Tm . Excitation at 980 nm
cannot produce blue emission from the core as the excitation
3+
3+
light cannot reach the shell doped with Yb and Tm ions due
3+
to adsorption by the Yb ions doped in the third shell
3+
3+
3+
NaYF4:Yb , Ho , Ce .
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Fig. 10 Controlling ET and UC spectra in core–multishell NPs by pulse laser excitation. (a) UC emission spectra of the NPs under excitation by long and short pulse at 808 nm and
980 nm. The corresponding photograph of the colloidal dispersion of NPs under excitation by different lasers is shown in the right. TEM image and the structure of the core–shell
NPs are shown in the left. (b) Emission spectra of the NPs under excitation by pulse 980 nm laser of different pulse duration. (c) Schematic illustration of the excitation and ET
mechanisms under C.W. and pulse excitation. The 808 nm c.w. laser only excites Nd3+ and triggers ET from Nd3+ to Yb3+, resulting in the blue emission from Tm3+. The 980 nm short
pulse only produce green UC emission (from 5F4, 5S2) because Ho3+ cannot be promoted to the 5F5 level due to short pulse duration. Reprinted with permission from Ref. 139,
Copyright 2015, Macmillan Publishers Limited.

3.4 QDs-ion ET
QDs, with the quantized exciton levels, become an
important class of luminescent materials due to their intriguing
optical properties. They can also serve as efficient donor
centers to sensitize the emission of RE and ions as long as
resonance condition is fulfilled. In general ET from QD to ions
can occur in two different fashions: host sensitized ET and
space separated ET.
3.4.1 ET in RE-doped QDs
Semiconductors such as metal sulphides and nitrides have
also been employed as luminescent host for the doping of
activators including both TM and RE ions in the recent decades.
The use of semiconductor host made possible the extension of
excitation band of most RE ions and TM ions to the near UV
and visible region, offering new possibilities for optoelectronic
devices. With the rapid advance in semiconductor QDs, the use
of QDs as hosts for TM or RE ions have also been exploited and
the ET from QD to TM or RE ions has been gaining interest in
recent years.140,141

Compound semiconductors provide tetrahedral cationic
2+
site that are suitable for doping with TM ions, such as Mn
+
2+
and Cu (see Table S1). For a long time Mn activated
materials have been used as green or red phosphors
2+
depending on the local coordination environments.62 Mn
with 3d5 electronic configuration has only weak absorption
bands from UV to the visible range, which therefore
necessitate the use of a suitable host to sensitize its
luminescence. Binary compounds containing TM metal ions
with d10 configuration are ideal candidate for isovalent doping
2+
with Mn . For instance, in the wide band gap semiconductor
4
6
ZnS (Eg = 3.6 eV), the T1 A1 transition that gives orange–red
emission is efficiently generated under excitation with UV light.
By down–size the particle to the nanoscale, it was found by
Bhargava et al that the emission rate is enhanced by a factor of
5 for nanosized ZnS:Mn without large loss of quantum
efficiency.142,143 This result was interpreted in terms of
enhanced interaction of the sp–d orbitals between the host
and the dopant in the nanoscale particles as compared to bulk
2+
materials. Ions of 3d TM other than Mn have also been
doped into the lattices of different compound semiconductors.
+
Monovalent Cu ion is another well–known luminescent ion,
which has a closed shell d10 configuration and gives blue–
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Fig. 11 Host sensitized emission of RE ions in CdSe:RE3+. (a) Schematic diagram for the
ET from QD excitonic levels to 4f levels of RE3+ ions. (b) Steady state and time resolved
spectra for CdSe:Tb3+. Due to the short lifetime, the excitonic emission of the CdSe is
not observed in the time–resolved spectrum (recorded after 200 μs interval). (c) NIR
emission from Yb3+ of CdSe:Yb3+ by excitation at 580 nm. (d) Absorption spectra of CdSe
QDS and the excitation spectra for the excitonic emission at 600 nm and NIR emission
from Yb3+. Reprinted from Refs. 152 and 154, copyright 2005, 2013, American Chemical
Society.
3+

Unlike bivalent 3d TM ions, aliovalent doping of RE ions
into semiconductors at their bivalent (or trivalent) cationic
sites of highly covalent nature is difficult at equilibrium state,
let along the large difference in electronegativity and ionic size.
3+
Successful doping of RE ions like Er , however has been
claimed in many recent reports for sulphide and nitride
semiconductors
in
both
bulk
and
nanoscale
form.148,149,150,151,152,153,154 In many of these reports,
discussion of possible ET from the host to the RE based on the
spectral overlap is not provided. Until recently, based on a
delicate wet-chemistry process, the incorporation of a RE ions
into a chalcogenide QDs at the particle surface was realized by
3+
Chengelis et al. for a CdSe:Tb system with a core–shell
3+
design.152The presence of ET from the QDs to Tb was
confirmed by both steady state and time resolved spectra (Fig.
3+
11). Likewise, in a recent report from Meijerink’s group, Yb
ions were incorporated onto surfaces of CdSe QDs using a
well–designed wet–chemistry procedure, and the NIR emission
3+
2
2
of Yb near 1000 nm (by F5/2  F7/2) is efficiently sensitized
by QDs (Fig. 11c,d).154 In order to avoid the difficulties faced
by incorporation of RE ions, chalcogenide semiconductors
containing cationic sites of RE or larger alkali earth ion that can
accommodate trivalent RE ions were examined. For instance,
by resorting to host of CaS (or SrS) RE ions can be easily
incorporated and emission of RE ions can be easily sensitized
by the host.155 In spite of the concern on hydroscopicity and

stability, these materials still gains much interest due to
potential applications in white–light LEDs and other areas.
3.4.2 Space separated ET and QC in QD–RE pairs
Besides the exciton–ion and ion–ion ET in a single host as
discussed above, the interactions between ion and QDs or
between two QDs also leads to similar optical ET as long as
energy resonance condition is fulfilled. QDs, for instance, have
been shown to transfer energy to neighboring RE ions or QD.
Obviously, this is different from the previous case of host
sensitized luminescence by semiconductors where RE ions are
believed to occupy the cationic site in QDs. For instance, this
3+
QD–ion ET happens in an Er –implanted SiO2 matrix with
dispersed Si QDs (Fig. 12). At a certain concentration when
3+
separation between Er ions and Si QDs is comparable to the
3+
critical distance ET, the NIR emission from Er near 1550 nm is
3+
efficiently sensitized by Si QDs, such that the Er can be
excited at a broad spectral range in the visible.155156,157 The
3+
ET from Si QDs to Er has been intensively examined by using
high–resolution PL, two–color spectroscopy, time–resolved
spectroscopy and analysed by simulation.158,159,160 It was
3+
found that Er emission can be produced by resonant
pumping into the bound exciton state of the donor (Si QDs).
According to the model proposed by Izeddin et al.,159,160 the
minimal energy required to produce the bound excitons
3+
(around 1.02 eV) equals the sum of Er excitation (0.8 eV) and
the ionization energy of the exciton (0.218 eV), which is in
3+
agreement with the excitation spectra for the Er emission.
159 Due to the presence of both forward and backward ET the
3+
emission of Er can be notably quenched by Si QDs, which
3+
might be explored further for modulation of Er emission in
the gigahertz region.160
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and chalcogenides hosts.144,145 In both the bulk and
+
nanocrystalline chalcogenide semiconductors, Cu taken the
divalent cationic site and its blue–green emission can be
sensitized by the host excitons under UV excitation.146,147
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Fig. 12 Space-separated ET from Si QDs to Er3+ ions in a SiO2 matrix. (a) Energy diagram
for the illustration of ET from Si QDs to Er3+ ions in amorphous SiO2 matrix. Under
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sufficiently high energy excitation, electrons being promoted to CB of Si donate part of
3+
its energy to neighboring Er ions, by an Auger–like process. The electrons at the
3+
bottom of the conduction band can pass the energy to another Er , or emit by
electron–hole recombination. (b) Quantum efficiency (Q. E.) as a function of excitation
3+
energy for (left) Er and (right) Si NCs. Reprinted with permission from Ref. 157,
copyright 2008, Macmillan Publishers Limited.
3+

Furthermore, it was found that the Er –Si QDs system
undergoes DC via ET based on a mechanism similar to that of
CR in RE ion pairs,157 which is connected with the CM process
in QDs, as described below. As shown in Fig. 12, electrons
being promoted to a high position in conduction band relax
first to the bottom of the CB by passing the excessive energy
3+
to a nearby Er . This can be considered as an Auger–like
process by intra–band relaxation in which hot electrons cool
3+
down by exciting nearby Er ions. Based on a detailed
3+
spectroscopic examination, nearly 50% of all Er ions are
within the effective range of this interaction. A second ET can
3+
3+
excite another Er , thus producing two NIR photons by Er
after absorption of one photon by Si QD. When the excitation
energy is higher than the threshold (around 2.5 eV, two times
of the band gap energy of Si), the QE increases abruptly with
the excitation photon energy (Fig. 12b,c). This threshold
energy matches the energy of CM in Si QDs, suggesting the
possibility of harvesting multiple excitons by RE ions. From a
recent report on the measurement of the external QE (EQE), a
15–fold enhancement of EQE was found at high excitation
photon energy around 4.2 eV (as compared to excitation
energy < 2.0 eV).161 This result again substantiates that
3+
efficient extract of hot carriers of Si QDs by nearby Er ions in
spite of low EQE due to fast Auger recombination. In a similar
fashion, the hot carriers can be also harvested by other RE ions
3+
emitting in the NIR (such as Nd ), resulting in the steep
growth in QE and broad band excited NIR emission.162
3.5 QC beyond RE ions: ET in CM and SF
As discussed above, ET between RE or TM ions in a CR
pathway doubles the photon yield. Analogously, a similar CR
process occurs in QDs as well as large number of organic
molecules, leading to multiple exciton generation known as
CM in QDs, and SF in organic molecules.
3.5.1 CM and SF: from perspective of ET
Similar as the QC process by ion–ion interaction in solids,
QDs undergo multiple exciton generation after being excited.
A process is known as CM which is mechanistically analogous
to CR between ions, as discussed in section 3.2.163 CM in a
variety of semiconductor QDs under high energy excitation
also features an internal quantum efficiency (IQE) for exciton
generation of greater than 1.163-169 The highly efficient
generation of photoelectron is associated with the Auger
process in semiconductors as shown in Fig. 13. When a “hot”
electron with high energy produced immediately after
excitation relaxes by intra–band transition to the bottom of
the conduction band, the energy released by the relaxation
meanwhile promotes another electron in the valence band to
the conduction band, leading to multiple carrier generation.
High order process that result in the generation of more than

two excitons by absorption of each UV photon has also been
observed by pump–probe experiment and it is considered to
be related with a similar mechanism, as illustrated in Fig. 13.
The threshold excitation energy for CM for different QDs are
typically slightly higher than 2Eg (Eg: bandgap) and the typical
QE for multiple exciton generation can be over 300% for lead
chalcogenide. Beside lead based QDs, CM has also been
observed a variety of other QDs, including selenide, arsenide,
Si, and Ge QDs.164,169
However, CM often does not finally lead to efficient
photon emission through recombination of excitons in most
QDs. Especially, in the lead based QDs with small band gaps
the recombination of excitons are very fast, preventing the
observation of PL in most experiment. Method for the
harvesting of these multiple exciton are therefore important
from viewpoint of practical application, which is to be
discussed in section 4.2.4. Direct experimental confirmation of
PL QE enhancement due to CM was made by Timmerman et al
in Si QDs,170,171 which exhibited a stepwise increase of QE
with the rise of excitation photon energy. For the excitation
photon energy of 4.5 eV, QE of around 2.5 was observed. This
character is especially attractive for the enhancement of
power conversion efficiency (PCE) in photovoltaic (PV) devices.
Along with the experimental advances, the multiple
exciton generation process has been examined theoretically
using ab initio method. Simulations showed that CM favours
QDs of smaller size as the CM lifetime is enhanced by size
reduction due to enhanced quantum confinement effect.
Furthermore, in the presence of neighbouring QDs, CM can
involve the simultaneous participation of two QDs due to
delocalization of the wavefunctions, resulting in the
generation of two excitons localized in two QDs that is similar
to the CR process occurring in RE ions. The two–site CM occurs
either by a SSQC (space separated QC) or CDCT (Coulomb–
driven charge transfer) mechanism. The lifetime of SSQC was
found to enhance notably with inter–particle separation,
which consists with the experimental observation on Si
QDs.172 In a more recent theoretical study, it is revealed that
the interaction between the QDs can result in the reduction in
the threshold for CM, again due to the delocalization of
wavefunctions. In particular, according to the exciton recycling
mechanism implemented in their model, Auger recombination
is consider to re–excite the carriers to above the CM threshold,
which is compatible with experimental results. In this case, the
generation of multiple excitons distributed in nearby QDs
becomes dominating when the rate of Auger cycling is higher
than that of exciton recombination.173
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Fig. 13 CM in semiconductor QDs. Under high energy (h>2Eg) excitation, an electron
being promoted to the higher level in the conduction band pass the “excessive” energy
to another electron in the valence band subsequently, meanwhile itself sinks to the
bottom of the conduction band. This Auger process finally results in the generation of
two electron–hole pairs (exciton) with the absorption of one photon. Multiple carrier
generation occurs by a similar mechanism.

As an analogue to the multiple exciton generation in
inorganic QDs, SF occurs in certain organic compound which
yields two excitons per photon (Fig. 14).57,174 Upon UV
excitation, the molecule is promoted to the spin singlet
excitation state (S=0) from the singlet ground state, generating
spin singlet excitons. The recombination of singlet excitons is
spin–allowed, resulting in the visible emission. This process is
in competition with the fission of the singlet exciton into two
triplet excitons, which is also spin allowed and occurs in time
scale of 100 pico–seconds, much faster than the emission
process. From the view point of ET, the SF process can be
understood based on a CR process involving two nearby
molecules by M1(S1) + M2(S0)  M1(T1) + M2(T1) (Fig.
14).175 For molecules with efficient SF, one generally finds
that 2E(T1) ≤ E(S1). The spin triplet excitons are however not
emissive because the transition to spin singlet ground state is
spin–forbidden. These triplet excitons therefore have relatively
long lifetime and gives only weak phosphorescence or no
emission. From the discussions above, the differences and
similarities by comparing CM and SF are quite obvious: CM
normally occurs within one QD while SF involved two
neighbouring interacting molecules.
Polyacenes, such as pentacene, have been known for a
long time to undergo SF. However, practical applications of
these molecules have been largely hindered due to their poor
stability, high cost and low absolute efficiency. There is
continuous theoretical and experimental effort devoted to the
searching of new SF molecules with better performance and

the understanding of the SF mechanisms.176,177 As pointed
out in the work of Nozik et al., 178 efficient SF not only relies
on the molecular structure but also on the inter–molecular
coupling. General theoretical consideration suggests that biradical molecules may also serves as the basis for SF molecules
in which the low–lying triplet state could satisfy the condition
2E(T1) ≤ E(S1). Besides having the right molecular structure,
to enable SF the two molecules have to be correctly coupled as
SF involves two molecules. Cofacial stacking commonly found
in molecular crystals is favorable for efficient SF. In addition,
the coupling of two molecules can be also mediated through a
virtual radical cation/anion state or a charge transfer state.
3.5.2 ET from spin triplet excitons to QDs
Recently, harvesting of these spin triplet dark excitons
becomes attractive as this offers a possibility to double the
PCE in organic PV devices.179,180 In order to harvest the
triplet excitons by ET resonance conditions should be met first.
QDs with proper band structure have been shown to be a very
effective energy harvester for the spin triplet excitons situated
in dark states. As demonstrated in two recent examples, the
emission of lead sulphide and selenide QDs were sensitized by
the triplet excitons from tetracene and pentacene,
respectively. 181,182 Based on both steady state and transient
state spectroscopy, the ET from the organic semiconductor to
QDs was confirmed and an overall quantum efficiency (QE)
greater than unity was found. This triplet to QD ET process
therefore offers another pathway to QC (Fig. 14), which is
totally different from the cooperative mechanism and the CR
process described in sections above.
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Fig. 14 Schematic representation of singlet exciton fission and triplet ET to QDs. (a) Generation of spin singlet exciton (consisting of electron and hole of opposite spins) by
photoexcitation (green arrow), and fission of singlet exciton into two spin triplet excitons (within period of < 100 Ps) with energy located in T1 (triplet energy state). (b) Electronic
ET from the organic to the inorganic QD layer mediated by spin triplet excitons. (c) Two possible ET mechanisms from spin triplet excitons to QDs: the direct electron transfer (ET)
and the triplet transfer (TT). CT denotes the charge transfer state, and G and E are the ground and excited states of the QD, respectively. Reprinted with permission from Ref. 181,
copyright 2014, Macmillan Publishers Limited.

3.6 ET involving 2D materials
3.6.1 ET between graphene and QDs
In recent years, there are growing interest in the
applications of graphene and other 2D materials in photonics
as well as photovoltaics areas due to their intriguing optical
and electric properties.183,184,185 Therefore, optical
interaction of these 2D materials with fluorescent centers,
such as molecules and QDs has been paid special attention.
Graphene, the single layer sp2 carbon, absorbs about ~2% of
the incoming light, almost independent of the wavelength of
light in the entire visible and NIR region.186 Similar to metal
surfaces, graphene quenches the fluorescence of molecules
placed nearby by resonance ET. However, as we discussed in
section 2, ET rate strongly depends on the geometry of the D–
A pair, and conventional Förster theory on ET is no longer valid
if ET cannot be treated by point dipole approximation.
ET from molecules to graphene was first theoretically
examined by Swathi et al employing a tight–binding model for
the pi–system and the Dirac cone approximation for
graphene.187,188,189,190 They derived an analytic expression
for the rate of ET from dye molecule to graphene, which is
–6
totally different from the R dependence as found for Förster
type ET. Their calculation suggests that the ET occurs within far
large molecule–graphene separations (up to 30 nm) than that
of conventional ET (less than 10 nm). Furthermore, at long
–4
separations the ET rate follows R dependence on the
separation, same as the ET between molecule and metal
surface (see section 2.2.5).188
The theories have found good agreement with the
experimental observations made in recent years. For dye
–4
molecules, the R dependence of ET rate is experimentally
confirmed by Gaudreau et al using TiO2 as the separation layer
between graphene and Rhodamine.191 At a distance of 5 nm,

the decay rate of Rhodamine is enhanced by 90 times due to
ET to graphene. Brus’s group made the first experimental
observation on ET from CdSe/ZnS core/shell QDs to
graphene.192 Their results demonstrate that single layer
graphene quenches the PL of QDs by a factor of 70 and an ET
–1
rate of 4 ns is found. With the increase in the number of
graphene layer the ET rate increases notably, approaching the
bulk limit. For ET between graphene–semiconductor
nanostructure, distance dependence of ET rate is correlated
with the geometry of the acceptor, because the point dipole
approximation valid only for QDs. For instance, Federspiel et al
–4
showed that the R scaling is only valid in the ET between
graphene–QDs.193 The distance dependence of ET from
CdSe/CdS/ZnS nanoplatelets (NPLs) to graphene deviates from
–4
the R especially for short distance d < 5 nm (see Fig. 15b).
When the semiconductor nanoplates is replaced with a 2D
quantum well, the distance dependence will be changed to a
–2
R scaling according to theory (see section 2.2.5).194 This
relation is indeed experimentally confirmed in the graphene–
InGaN using GaN as the separation layer, and this relation
prevails at a wide temperature range despite that the ET
efficiency changes.194,195
Graphene as a 2D material with zero density of states at
Femi level allows the tuning of its band structure around the
Dirac point by electric field. By applying an external bias the
electron filling can be electrically modulated, offering a new
pathway to control ET to graphene. Lee et al are the first to
demonstrate this strategy for the control of ET from QDs to
graphene using PMMA as the spacing layer.196 At a gate
voltage of higher than ~4V, the ET to graphene is suppressed
and the PL of QD is restored. It is reasonable that the effective
modulation voltage should be higher than the optical band gap
of the QDs. Furthermore, due to reduced ET efficiency the
modulation magnitude decreases notably with the increasing
in the thickness of the PMMA spacing layer.
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the voltage range from –2V to 2V, implying the change in the
ET rate at different voltages. At –2V, the PL of MoS2 reached
maximum value, while the PL of QDs is maximal at 2V, where
the ET rate is minimal. The change of ET rate is interpreted in
terms of the electric field modulation of excitonic absorption
of MoS2. The device gives a PL modulation efficiency of 75%
and the authors believe the method can be extendable to
other QD/2D semiconductor combinations.

b
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d
Counts

Fig. 15 ET between graphene and semiconductor nanoplates. (a) PL image of
CdSe/CdS/ZnS nanoplates covering a single layer graphene, showing that the PL of
nanoplates is effectively quenched by the graphene. (b) Dependence of decay rates on
the separation (the thickness of MgO layer) between graphene and nanoplates.
-4
Deviation from the d scaling is found for short graphene-NPL separation. Inset is the
structure of the sample. Reprinted with permission from ref. 193, copyright 2015,
American Chemical Society.

0.1

3.6.2 ET between MoS2 and QDs
In comparison to graphene which is gapless, TM
dichalcogenides, such as MoS 2, have band gaps in the optical
frequency and their luminescence is drastically enhanced
when thinned down to monolayer, as a result of transition
from indirect to direct band gap.197,198,199 The coupling of
2D TM dichalcogenide with luminescent nanomaterials
becomes of special interest for the study of ET in nanoscale.
Prins et al examined the ET between CdSe QDs and MoS 2 of
different thickness.200 In the system examined, colloids QDs
were deposited onto a flake of MoS2 of varying thickness on a
silicon substrate (see Fig. 16). The emission peak of QDs
centered at 1.95 eV is completely covered by excitonic
absorption of MoS2, thus enabling efficiency ET from QDs to
MoS2. The pictures shown in Fig. 16 suggest that the ET rate is
enhanced with the decrease of layer thickness, and the
maximal ET efficiency is 95% for single layer MoS 2. This
thickness dependence of ET rate is completely counterintuitive
as compared to that of the QD–graphene system discussed
above, in which ET rate is enhanced with the increase in
number of graphene layers. However, as MoS 2 is dielectric
rather than conductive, the authors interpreted the enhanced
ET in terms of reduced dielectric screen for monolayer MoS2. A
nice agreement is found between the thickness dependence of
ET rate and the continuum model developed by Gordon et al.
based on anisotropic permittivity.201
Similar to the graphene–QD system, the ET rate from QDs
to the 2D semiconductor MoS2 can be also modulated through
the application of external voltage. In the device made by
Prasai et al.,202 a thin film of CdSe/CdS core–shell QDs was
covered by MoS2 layer. By applying voltage to MoS2 layer, the
PL of the MoS2–QDs device can be continuously modulated at
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Fig. 16 ET between MoS2 layers and QDs. (a) Optical image of a MoS 2 plates prepared
by mechanical exfoliation. (b) Fluorescence lifetime mapping for CdSe/CdZnS QDs
covering the same MoS2 sample. The change in color indicates the difference in lifetime.
(c) ET efficiency calculated from the lifetime shown in b. (d) Fluorescence decay curves
for QDs taken on positions with different thickness of MoS 2. (e) ET rate as a function of
number of layers. Blue circles are the experimental values and the fitting result is
shown as the solid line. The dashed line points the ET rate to bulk MoS2. Inset shows a
schematic representation for the MoS2–QD and the definition for t and d. Reprinted
with permission from ref. 200, copyright 2015, American Chemical Society.
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Fig. 17 ET in 2D arrays of CdSe nanoplatelets. (a) CdSe nanoplatelets of different size separated by average distance of 2.06 nm, forming efficient donor–acceptor pairs. (b) Time–
and energy–resolved PL intensity map of a 4–ML/5–ML CdSe nanoplatelets. (c) PL decay curves at 512 nm (left) and 550 nm (right), respectively corresponding to 4–ML donor and
5–ML acceptor. The enhanced decay for the donor (4 ML) and the reduced decay (5 ML) both indicated ET from 4ML to 5 ML NPLs. (d) The increase and decrease in intensity for
donor and acceptor (from the decay curves in c) as compared to the neat donor and acceptor samples. Reprinted with permission from ref. 205, copyright 2015, Macmillan
Publishers Limited.

3.6.3 ET between semiconductor nanoplatelets
As discussed above, ET involving 2D materials leads to the
–6
breakdown of the R dependence of ET rate, which have been
theoretical and experimentally demonstrated in different
systems built up from dyes molecules, semiconductor
quantum rods and quantum wells.36,203,204 When both the
donor and acceptor are structurally 2D, such as quantum well,
the ET becomes completely different as compared to that of
the systems consisted of 0D QDs or ions. Benefited by the
advance in wet chemistry, the investigation of ET in a cofacial
stacking of semiconductor nanoplatelet (NPL) of controlled
thickness down to few monolayer (ML) has been made
possible recently.204 For instance, in the colloidal assembly
consisting of random stacking of 4 ML and 5 ML CdSe NPL, the
4ML NPLs with higher exciton energy (due to stronger
quantum confinement) act as the donor, and 5ML NPLs is the
acceptor in ET. The ET from the 4 ML to 5ML NPL was found to
take place with efficiency up to 60%. The ET rate however
cannot be further improved due to self–stacking of NPLs with
the same thickness, which increase the ET distance. In a more
recent report, as revealed by ultrafast spectroscopy, the inter–
-1
plate ET rate in this type of NPL assembly was around 6–23 ps
(Fig. 17), which is 15–50 times higher than Auger
recombination.205,206 Particularly, under higher excitation
densities the fast ET suppress efficiently fluorescence
quenching by Auger recombination, thus enabling more
efficient collection of multiple excitons by the acceptor layers.
The enhanced ET rate can be rationalized by the increased

contact area in the face–to–face stacking of NPLs. Precise
control of stacking of NPLs are expected to further increase ET
efficiency which may promise application in optoelectronic
areas.

3.7 ET in Ion–complex, plasma enhanced
luminescence and beyond
ET certainly do not limit to inorganic systems like
phosphors and QDs; optically active complex as well as
metallic plasmonic nanostructures have also served as donor
or acceptor centers in ET as long as the spectral resonance
condition is met.
3.7.1 ET between ion, QD and organic complex
The original studies on ET are made with organic
chromphores; however, with several decades of development
this field has expanded rapidly to bio–organic systems as well
as inorganic systems with potential application in different
areas.3,12 The discussion of ET in pure organic or bio–organic
systems is beyond the scope of this review. However, as
organics offer rich spectral features, in recently years the
sensitization of RE or TM ions by organic chromphores or
complex
in
fact
has
been
widely
investigated.207,208,209,210,211 Visible-light-emitting RE
3+
3+
ions like Tb and Eu can be sensitized in the UV region by
organic complex for the generation of visible light.
3+
3+
Furthermore, NIR emitting ions like Yb and Nd can be
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In metallic nanostructures, the collective oscillation of
conduction electrons is known as localized surface plasmon
resonance (SPR), featuring strong absorption peak which
depends on the size and shape of the metal structures (Fig.
18).216,217 The interaction of plasmonic nanomaterials with
luminescent centers also behaviours quite similarly as
resonant ET because in these systems resonance condition still
has to be fulfilled for the generation large enhancement in
emission. Namely, the SPR band of the plasmonic materials has
to be in resonance with the absorption of the luminescent
centers. Metallic plasmonic nanostructures based on Au and
Ag are of particular interest due to their chemical stability and
spectral tunability. The localized SPR of Ag or Au
nanostructures which are located in the visible have been used
to enhance the PL of diverse materials, from colloidal QDs, to
RE doped nanoparticles and organic or bio–organic
molecules.218 This enhancement has been observed in solid
materials, solutions and nanostructured devices, leading to its
wide applications in bio–sensing, optoelectronics, and
photonics.219
It has been generally accepted that the interaction of
plasmonic nanomaterials with incident light leads to a local
enhancement of the electric field, especially around sharp tips
where the field enhancement reaches maximum (Fig.
18).220,221,222 This on the other hand implies that the
plasmon enhancement of emission is a near field effect and it
occurs only in carefully designed nanosystems where the “hot
spot” of the electric field and the emitters are positioned in
the correct distance and geometry with respect to each
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3.7.2 Plasma enhanced luminescence

other.223 Indeed, the quenching of luminescence is often
resulted for emitters in the presence of nearby Ag or Au
nanoparticles due to their strong and broad visible absorption
(Fig. 18).224 As demonstrated in a device made by Teng et al.,
223 the largest enhancement of emission is observed for Au–
molecule distance of 1 nm (see Fig. 18c, d). The enhancement
factor drops rapidly with the increase in distance, and no
enhancement or even quenching of the emission is resulted if
the fluorophores is positioned at away from the optimal
location.

Intensity (a.u.)

sensitized by different complex with absorption band located
3+
in the visible range. For instance, Yb can be sensitized by
phenylenevinylenedicarboxylate–3, which forms a metal
3+
organic framework with Yb
and enables visible light
3+
excitation of Yb .212
Similar to the interactions that occur between QDs
described above, the coupling of QDs with an organic
semiconductor also occurs and the transfer of excitation
energy has been observed in a number of systems.213-215
Again, in a resonant manner organic emitters (such as dye
molecules) as well as organic semiconductors (such as
aromatic carbon and conjugated polymers) have been
employed to sensitize QDs. For instance, the CdSe/ZnS core–
shell QD can be sensitized by a blue–emitting polymer
semiconductor, leading to much enhanced QE under UV and
blue light excitation.213,214 On the contrary, the light
emission from organic semiconductor can be also sensitized by
inorganic semiconductor quantum wells, which has been
observed in a hybrid structure consisting ZnO quantum well
and an organic [2,2–p–phenylenebis–(5–phenyloxazol)–
sexithiophene] compound.215 Note that the excitons are of
the Frenkel type in organic compounds and of the Mott–
Wannier type in inorganic semiconductors, the electronic ET in
these examples indicates the conversion of exciton type of
much different level of quantum confinement.
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Fig. 18 Optical properties of plasmonic nanostructure and plasma enhanced
luminescence. (a) Contour plot for the electric field enhancement around Au NCs of
different shapes. Maximal enhancement of emission is usually produced when the
particles are placed near the hot spot where the electric field intensity is maximal. (b)
Extinction spectra of Au nanorods with different aspect ratios. By increase the aspect
ratio the resonance band can be tuned from visible to the infrared spectral region.
Reprinted with permission from ref. 224, copyright 2014, Wiley–VCH. (c) Emission
spectra of Eosin Y molecules on the surface of plasmon nanostructures (Au) spaced by
varying thickness of Al2O3. (d) Enhancement factor as a function of Al2O3 thickness.
Reprinted with permission from ref. 223, copyright 2012, Wiley–VCH.

4. Applications of ET–related materials and
processes
Since ET can be used to modulate the optical spectra of DA pairs, it may have important implications for application in
different areas ranging from phosphors to photonics. On the
other hand, the high sensitivity of ET to distance and other
parameters enables the application of certain materials in
sensing and detection making use of optical ET.
4.1 New phosphors making use of ET
4.1.1 ET in White light emitting phosphors
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the reddish emission from the second dopant, resulting in the
desirable warm white emission.228,229

a
c

4.1.2 ET in photonic materials
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Fig. 19 ET in CMPF:Eu2+, Mn2+ white light phosphor used for UV-LED. (a) Schematic
diagram for the ET from Eu2+ to Mn2+ following UV excitation. (b) Emission spectra for
the CMPF:Eu, Mn phosphor with different concentrations of Mn 2+. (d) Calculated CIE
color coordinates for the emission spectra shown in b, and the inset shows the
photographs of the corresponding phosphor under UV irradiation. (A–H are samples
with y=0–0.38). Reprinted with permission from ref. 226, copyright 2014, American
Chemical Society.

With the commercialization of phosphor converted white
light LED, there has been growing interest in the searching of
efficient yellow phosphors that can be excited by near UV or
blue LED chips. Most of the conventional phosphors used in
fluorescent lamps are not suitable because of high lying
excitation band in the UV region.18,62 By selecting
appropriate host and dopants, the ET strategy discussed above
can be applied for the development of phosphors for
2+
2+
semiconductor lighting.225 For instance, in a Eu –Mn
codoped Ca9Mg(PO4)6F2 (CMPF), the spectra exhibits a clear
2+
2+
dependence on the concentration of Mn and Eu , as seen
from Fig. 19.226 By careful adjusting the concentration of the
dopant ions, white light emission can be obtained after
2+
balancing the blue emission from Eu and yellow emission
2+
from Mn . Due to the strong excitation band in the near UV
region, this phosphor could be applied in UV–based white light
2+
LEDs. A detailed analysis indicates that the ET from Eu to
2+
Mn can be rationalized with d–q interaction and a critical
distance around 1.5 nm is found.
On the other hand, RE ions with dense f–f transition lines
3+
3+
in the blue or near–UV region, such as Dy , and Sm , can also
act as the sensitizer, and the combination with a red–emitting
3+
ion like Eu can finally results in white light emission.227
Furthermore, the use of ET strategy can optimize the color
temperature as well as color rendering index of commercial
3+
phosphor used for LED, such as YAG:Ce . By admixing a red
3+
3+
emission using ions of Pr or Eu that can be sensitized by
3+
3+
3+
3+
Ce , the color temperature for YAG:Ce , Pr (or Eu ) is
3+
significantly reduced as compared to that of YAG:Ce due to

As an efficient strategy to modify spectral feature, ET has
played an important role in the performance of materials for
photonic applications. Especially in RE activated materials, the
use of sensitizer is often preferable in order to improve
3+
excitation efficiency. Yb , for instance, due to its large
absorption cross section near 1000 nm, can serves as the
3+
3+
donor ion for NIR emitting ions, such as Tm and Er . In fact,
RE ions with relative large absorption cross section at the
working wavelength of commercial laser diode usually serve as
donors in the development of laser materials (see Table S2 for
examples). Beside the RE doped materials, non–RE ions also
3+
need to be sensitized, and Yb is again proved to be efficient
2+
donor. For instance, in Ni doped and Bi–doped glass–ceramic
and glass materials, the broadband NIR is notably enhanced in
3+
the presence of Yb when excited at 980 nm.83,84,86,87
3+
Importantly, the sensitization by Yb enables the optical
amplification of a Bi–doped phosphate glass in the region from
1270 nm to 1350 nm, which is otherwise not possible without
3+
codoping with Yb .86
4.2 Spectral UC and DC for enhanced light harvesting
Efficient use of solar energy by spectral conversion has
been paid growing attention in recent years, because proper
spectral manipulation using the above ET principles can be
utilized for better solar light harvesting. Currently, the
utilization of solar energy by different types of PV systems as
well as artificial photosynthesis still suffer from low energy
conversion efficiency due to the limited spectral response of
the light harvesters used in this systems. For semiconducting
light harvesting materials, photons of sub–bandgap energy,
especially the NIR part of solar radiation, cannot be used to
generate photocurrent; exceeding the Shockley–Queisser limit
of conventional solar cells remains impossible. However, it has
been proposed and experimentally demonstrated that the
combination of the an UC phosphor layer with a conventional
solar cell can harness part of the NIR light and therefore leads
to the enhancement in conversion efficiency (Fig.
20a).230,231,232,233 On the other hand, photons with
energy greater than 2Eg (Eg: band gap) only have a maximum
PCE (in theory) of less than 50% in normal solar cells, where
the excess energy is dissipated as heat. By splitting each of the
high energy photons into two or more low energy photons, the
efficiency of the solar cell with an attached DC phosphor layer
is expected to be doubled in certain spectral region.114,234, It
is therefore anticipated that the combination of the above
strategies might be used to break the Shockley–Queisser limit
in commercial solar cells (Fig. 20b).
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4.2.1 Utilization of NIR light in solar cells by UC
In standard solar cells, harness part of the sub–band gap
photons can be possible in the presence of a spectral up–
converter. Due to absorption of UC emission by the
semiconductor, combination of a UC phosphor with a
semiconductor of suitable band gap can result in the photon
response to sub–band–gap photons in the NIR range.230-233
Up to the present, different semiconductors, such as Si, CdSe,
TiO2 and UC phosphors such as RE–doped fluorides have been
used to build this type of NIR responsive heterojunctions,
whose operating range depends on the absorption of the
donor center in the UC phosphor.235 The first demonstration
of such PV systems with incorporated UC materials was made
by Güdel et al in 2005 with an amorphous Si solar cell.236 They
3+
used the NaYF4:Er UC phosphor as the UC converter which
4
4
gives visible UC emission by pumping the I15/2 I13/2
3+
transition of Er near 1520 nm. In a proof–of–concept
demonstration, a highest EQE of 2.5±0.2d% was obtained
under the excitation by a laser diode at 1523 nm. This simple
strategy was later extended by using more efficient co–doped
UC materials. For instance, a layer of hexagonal NaYF4:Er(18%),
Yb(2%) particles was attached to the back of a similar
amorphous Si solar cell in front of a white reflector.237 Under
980 nm excitation, the photocurrent increases by 100% as
compared to the reference cell without the UC layer. The
increment in photocurrent was ascribed to the UC emission
from the UC layer as well as the defect absorption by localized
states in amorphous silicon. Similar experiments has been
demonstrated by Chen et al using 980 nm laser as the
excitation light, and the enhancement in NIR response and
conversion efficiency have also been observed.238,239

b
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Photocurrent (mA/cm2 )

Fig. 20 Configuration of solar cells with added spectral converting layer. (a) A UC layer
is attached to the rear part of the solar cells such that the transmitted NIR light is
converted to visible emission and reflected back to the solar cell. (b) A DC layer is
attached to the front of the solar cell such that high energy photons is cut into lower
energy photons and then absorbed by the cell.
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Fig. 21 UCNPs combined with a TiO2-based dye-sensitized solar cells. (a) Schematic for
the microstructure of the thin film, where TiO2 (P25) particles are deposited in the
bottom, covered by a layer of UC-TiO2 microsphere composite. (b) Performance of the
different cells. I: P25, II-1: P25+UC-TiO2 (thickness 6 m), II-2 and II-3: P25+UC-TiO2
(thickness 11 m), III-1: P25+TiO2 (thickness 6 m), III-2 and III-3: P25+TiO2 (thickness
11 m), Reprinted with permission from Ref. 240, copyright 2013, Wiley–VCH.

Similar to the Si–based solar cells, the incorporation of UC
phosphor into TiO2–based dye sensitized solar cell (DSSC) as
well as polymer based cells also demonstrated enhanced NIR
response.240-242 In a DSSC made by Wu et al,240 RE ions of
3+
3+
Yb and Er as UC converter were “doped” into the TiO 2
hollow sphere by a sol–gel process. Under simulated solar light
irradiation, the system yields a maximum QE of 9.12%, which
manifest a 32.7% enhancement as compared to the bare TiO 2
(P25) anode (Fig. 21). The problem with this system is that the
3+ 4
2
typical red UC emission by the transitions of Er ( F9/2→ I15/2)
at 650 nm cannot be absorbed by the dye in the cell. This
problem can be partly avoided through the use of dye
molecules with absorption at longer wavelength. As shown in a
similar cell,241 the Z–907 dye was adopted which has a broad
absorption bands spanning from blue to red spectral region. In
this cell, UCNPs of NaYF4:Yb/Er with an average diameter of 7
nm was infiltrated into a porous TiO2 film which has a pore size
of around 10 nm. This design results in a photocurrent of 0.87
–2
mA cm under a 980 nm (2 W) laser excitation, and an overall
increase in the photocurrent under simulated solar irradiation.
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To further enhance the performance of the DSSC systems, the
UC phosphor (NaYF4:Er/Yb) was combined with plasmonic
silver nanoparticles and used as the light harvesting reflector
attached to the rear part of the cell.242 The results shown by
Ramasamy et al demonstrated that the PCE was improved
from 5.8% for the reference cell to 7.04% for the reflector
modified system.
In a quite similar cell, the UC nanoparticles were
introduced to different polymer based solar cells. For instance,
NaYF4:Yb/Er nanoparticles accessed with the solvothermal
approach was again used as the NIR light harvester. The UCNPs
were doped into the PCDTBT:PCBM blend layer in the polymer
bulk heterojunction solar cell, leading to an 8.68% increase in
short circuit current and a 19.1% increase in PCE.243 The same
UC phosphor was incorporated into a P3HT/P3HT:PC61BM
bilayer cell and the short circuit current and the PCE were
again notably improved due to enhanced harvesting of the NIR
light by the UCNPs.244

which serves as the ultimate water splitting catalyst. Further
improvement of the performance of such structures can be
achieved through the integration of plasmonic nanomaterials.
As shown by Liu et al. 251 in a ZnO nanorod array coated with
NaYF4:Yb,Er UC nanoparticles, CdTe and Au NPs, both the
photocurrent and the gas evolution rate under NIR irradiation
were enhanced by over 100% compared to the samples
without attached plasmonic Au NPs.

a

4.2.2 UC enhanced photocatalysis and artificial photosynthesis
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In addition to the enhancement of PCE for PV devices as
discussed above, harvesting NIR light in photocatalysis and
artificial photosynthesis systems have also been helped by UC
materials. There have been a number of investigations which
examine the combination of UC phosphor with a typical
semiconductor photocatalyst, such as TiO 2 and CdS, for the
photocatalysis under NIR irradiation.245-249 There are
generally two different strategies to incorporate the UC ion
pairs into the different types of photocatalyst. Since most of
the semiconductors cannot provide suitable lattice site for
trivalent RE ions, it is natural to incorporate the RE–doped UC
phosphor particle, such as fluoride, into the semiconductor
photocatalyst, and the performance of such systems is usually
optimized through careful engineering of the nanoscale
architecture. For instance, by employing a core–shell structure
in a UC–TiO2 junction,245 Qin et al showed that the UC shell
3+
3+
(YF3:Yb ,Tm ) converts the NIR light to visible emissions
which are then absorbed by the TiO2 core, where
photoelectrons are produced. This nanostructured catalyst
exhibits high activity for the degradation of methylene blue
and methyl orange under NIR (> 700 nm) irradiation. In
comparison, Tang et al. designed a different core–shell
3+
3+
particle, in which the NaYF4:Yb ,Tm core is coated with a
shell of TiO2 (Fig. 22).246 This structure showed moderate
activity for photocatalytic dye degradation under NIR
irradiation originated from the UC emission in UV produced by
3+
Tm . Similar NIR active core–shell materials systems, such as
ZnO/NaYF4:Yb,Tm, ternary system NaYF4:Yb, Tm/CdS/TiO2, and
NaYF4/TiO2 nanorod, have also been developed and their NIR
activity is similar as that of the systems described
above.247,248,249
The combination of a UC phosphor with semiconductors
like TiO2 and CdSe can also be used for water splitting under
NIR light irradiation in a photoelectrochemical cell.250 The
visible UC emission given by the RE ion pair first produces
electron–hole pairs in CdS particle. The electrons at the
bottom of the conduction band of CdS then diffuse to TiO2
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Fig. 22 NaYF4:Yb,Tm/TiO2 core–shell structure for the harness of NIR light. (a) Left:
Core-shell structure for the generation of radicals (such as OH, O2·−, and H2O2) under
NIR irradiation. Right: Energy level alignment and ET mechanism for the
NaYF4:Yb,Tm/TiO2 core–shell structure. (b) Comparison of the degradation rate for
methane blue of different materials. Reprinted with permission from Ref. 246,
copyright 2013, American Chemical Society.

Without resorting to a nanoscale architecture described
above, the RE pair can be directly doped into the lattice of a
semiconductor photocatalyst for NIR light harvest. Li et al
3+
3+
demonstrated successful doping of Yb –Tm pair to TiO2,252
which exhibited high activity for the degradation of
Rhodamine B solution under NIR irradiation. As TiO 2 is
apparently not a suitable host for RE ions because of large
4+
difference in ionic size and electronegativity between Ti and
3+
3+
RE , the doping of RE into a trivalent lattice site could be
3+
3+
much easier. It is reported recently that Yb and Er can be
doped to the Bi site in BiVO4 using a wet–chemistry process
without introducing of secondary phase. Under NIR excitation,
3+
3+
the UV and visible emission from the Yb –Er pair can be
partly absorbed by BiVO4 to induce band transition.253 It is
shown that the doped samples demonstrate much faster
oxygen evolution rate as compared to the undoped ones,
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4.2.4 QC materials for solar cells
In comparison to the UC materials that have been
extensively used in PV devices as well as artificial
photosynthesis, different RE–doped inorganic DC phosphors
are still far from application for enhancing the efficiency of
practical PV cells, albeit claimed QE of near 200%.114 This is
related with the fact that the EQE for the different types of RE
activated QC materials has never exceeds 30%, as we have
discussed in section 3. In comparison, QDs and certain organic
compounds that experience multiple exciton generation upon
excitation have shown great promise as light harvesters in
solar cells.255 According to the calculations made by Nozik et
al.,256 the maximum PCE increases from 33.7% to 45% for a
single band QD-based PV device under AM 1.5G illumination.
The efficiency can be increased further when QDs CM
absorbers are used in two gap tandem devices.
Experimental demonstrations of PV devices making use of
CM or SF for enhanced efficiencies have been reported
recently.180, 257-262 Lead based QDs like PbCh (Ch=S, Se)

a

b
EQE (%)

Concerning the mechanisms of improved PCE and short
circuit current in the solar cells, it is quite easy to accept that
the upconverted photons from the NIR part of solar radiation
contribute dominantly to the enhanced performance.
However, it has to be noted here that the UC process is a non–
linear process and the UC intensity is typically proportional to
the n–th power of the excitation density for an n–photon UC
process. This is why monochromatic laser has to be used as the
excitation source to generate UC emission for the RE activated
systems, rather than non–coherent light sources such as Xe–
lamp and natural light. Typically, the EQE of UC emission based
on the ET mechanism is far smaller than 10% regardless of the
types of ion pair and host. Under simulated sunlight
irradiation, the UC emission efficiency could be too low in
many of the described system to produce notable
enhancement in PV devices. Indeed, the UC emission under
solar light pumping has rarely been reported in different UC
phosphors. This fact may suggest that the contribution of the
upconverted photons to the overall PCE could be negligibly
small. On the other hand, the f–f transitions of RE ions by
nature are parity forbidden and this fact strongly restricts the
absorption band width. This becomes a critical problem for
3+
3+
application as the absorption of the RE ions, like Yb and Er ,
only covers a very limited region of solar spectrum in the NIR
3+
region (centered around 1000 nm for Yb ). Combined with the
low UC emission efficiency in practical conditions, large
increase of PCE for these solar cells by the UC process seems
to be an unrealistic goal. In fact, more and more evidence
point to the fact that it is the scattering effect of the UCNPs
that contribute to the enhanced performance and this effect
can be dominating as reported recently in a polymer solar
cell.254

c

d

IQE (%)

4.2.3 Limitations and debates on the NIR harvesting using UC
materials

with efficient CM have been used as absorbers in different PV
systems.257 By combining PbS with TiO2, for instance, the IPCE
(incident photon–to–current efficiency) and APCE (absorbed
PCE) of this QD–sensitized solar cell can reach as high as 0.7%
and 190% at photon energy around 3.0 eV, respectively.258
Due to a favorable band alignment between TiO2 and PbS QDs,
the extraction of photoelectrons in QDs by TiO2 is more
efficient as compared to recombination. For photon energy
higher than the threshold energy of multiple exciton
generation (around 2.5–3.2 Eg), both IPCE and APCE increase
notably due to the generation of more than one electron per
photon absorbed. The first solar cell with EQE greater than 100%
was a QD–based PV device made by Semonin et al.,259 as
shown in Fig. 23. For this device the EQE (defined as the ratio
of collected charge carriers to incident photons) exceeds 100%
at photon energies between 3–3.5Eg and the maximum value
reaches 1141%. After corrected for reflection and absorption
loss, the maximum IQE is 130%.

IQE (%)

which is correlated with the UC process and structural change
as a result of RE doping.

Photon energy (eV)

h/Eg (eV)

Fig. 23 PbSe QD solar cell with EQE greater than 100%. (a) Cross section (false color) of
the device. (b) EQE as a function of photon energy for 18 independent devices made
from QDs of different sizes. (c) Calculated IQE (corrected for absorption and reflection
loss) as a function of normalized photon energy for QDs with three different Eg values.
(d) Measured peak IQE values for QDs with seven different sizes, and the IQEs
normalized to 100% QY for incident photons. The QE value of the QDs obtained by
transient absorption measurements are shown as triangles and squares. Reprinted with
permission from ref. 259, copyright 2011, American Association for the Advancement
of Science.

Solar cells based on organic semiconductors that undergo
SF have also been exploited intensively for enhancing the
conversion efficiency.180,260,261 To build a solar cell utilizing
SF, one has to find proper acceptors with right band alignment
such that the photon generated triplet excitons can be
extracted efficiently. A summary of energy alignment of the
acceptors for the extraction of triplet exciton and can be found
in ref.180. Small organic molecules as well as colloidal QDs are
effective acceptors and a dozen of such devices have been
realized.180,261 In a hybrid cell made of fullerene and
pentacene (Fig. 24),260 the triplet excitons are efficiently
extracted by fullerene, leading to a peak EQE of (1091)% at
670 nm and an IQE of (16010)%. Similarly, the combination of
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pentacene with PbS by a solution process yields an overall PCE
of 4.8%, an EQE of 60% and an IQE of 170%.262 Especially,
both EQE and IQE reach maximum values at around 600 nm
where strongest absorption peak of pentacene is located,
suggesting SF indeed facilitates the improvement in PCE. In
spite of low PCE values, this type of cells are expected to be
improved in the future driven by optimization of the device
structure.
120
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Fig. 24 Device structure and EQE of SF solar cell based on pentacene. (a) Architecture of
the cell and the positions of the lowest unoccupied and highest occupied energy levels
(in eV) of the molecules. Indium tin oxide (ITO) and poly(3,4–ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) serve as the anode, and bathocuproine (BCP) with
silver coating is used as the cathode. The chemical structures of the molecules are
shown in the bottom. (b) EQE of devices without optical trapping (blue line), and device
measured with light incident at 10° from normal with an external mirror reflecting the
residual pump light (red line). The dashed lines are fitting results of QE for pentacene
(blue), P3HT (purple) and the devices (black). Reprinted with permission from Ref. 260,
copyright 2013, American Association for the Advancement of Science.

4.3 Luminescent labels for advanced bio–
applications
Due to their rich and robust f–f transitions, RE activated
nanophosphors exhibits significant advantages compared to
conventional chromphores such as organic dye molecules and
colloidal QDs. In addition, through the careful selection of the
RE ion pair, the spectra of the materials can be finely
engineered to produced down-shifted and UC emissions at
desired spectral range. Particularly, these RE–activated
nanophosphors open a new gate for bioimaging based on anti–
Stocks emission with NIR excitation, which has large
penetration depth and can efficiently avoid auto-fluorescence
of biological tissues.
4.3.1 Advances in UCNPs for bioimging and sensing
As the accessibility of UCNPs becomes easier in the recent
decades due to the rapid advances in wet–chemistry synthesis,
bio–labelling using UCNPs emerges as an advanced technique
in optical imaging.263-265 After proper surface modification,
3+
inorganic UC nanoparticles doped with ion pairs such as Yb –

3+

RE (RE: Er, Tm) have been extensively used for in–vivo
detection and visualization of diverse animal cells and bio–
tissues. Especially, under the UC mode the background
fluorescence, which strongly reduces signal/noise ratio in
fluorescence microscopy, can be effectively avoided.263 This
field has been expanding rapidly and discussed in a number of
excellent reviews published in recent years.264,265
With the application of new ET strategy, materials with
anti-Stocks emission operational at new spectral region are
continuingly developed, which offer certain advantageous over
3+
the well-known UC materials activated with ion pairs of Yb 3+
3+
RE (RE:Er, Tm). As we know, Yb ions has to be pumped near
1000 nm, where biological substance absorbs strongly due to
the presence of water, leading to considerable thermal
effect.266 Therefore, the use of a new ion pair in which
enables excitation at a shorter wavelength is much desirable.
3+
Wang et al reported recently that Nd ion is able to effectively
3+
4
transfer the excitation energy to Yb by pumping its F5/2 at
808 nm.267 In a NaGdF4:Yb,Er@NaGdF4:Nd,Yb core-shell
3+
3+
structure, the Nd and Yb in the shell ultimately transfer the
3+
excitation energy to Er ions in the core, giving bright visible
3+
emission by the transitions of Er (Fig. 25). Using the coreshell particles as the probe, the heating effect can be
3+
minimized as compared to pumping Yb ions at 980 nm. In a
similar core-shell particle of NaGdF4:Yb,Tm@NaGdF4:Nd, both
anti-Stocks and Stocks emission at the NIR window for
biological tissues can be produced by pumping at 980 nm and
785 nm, respectively. This system demonstrated by Zhou et al
shows high luminescence efficiency and enables dual-mode
visualization of biological tissues in the NIR range by both
Stocks and anti-Stocks emission.268
In addition to the UC in RE doped systems, anti–Stocks
process based on photon–stimulated emission can also serves
as a luminescence probe in biological tissues. Unlike the UC
from RE ions, the photon–stimulated process mechanistically is
a one–photon process and it can be excited by incoherent NIR
light at very low intensities. Therefore, the NIR photons
actually servers as a trigger which release the electrons stored
in an intermediate levels produced by previous high energy
excitation.269,270 The released electrons can then transfer its
3+
energy to the activators to give the luminescence. In a Cr
activated oxide phosphor developed by Qiu et al.,271 after
saturated charging with a UV lamp for 5 min, the red emission
3+
centered at 710 nm from Cr can be triggered by NIR light
excitation from 780 nm to near 1000 nm. In addition, the
3+
emission of Cr
showed sufficient lifetime and good
reversibility for imaging of biological tissues. This type of NIR
luminescent labels might be of special interest as the
excitation light is orders of magnitude weaker than normal UC
labels.
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YFP). High Ca levels lead to binding of donor with acceptor
2+
therefore stronger acceptor yellow emission, and at low Ca
levels lead to cyan emission from the donor.
In recent years, the integration of FRET into laser confocal
microscopy and multi–photon imaging techniques has led to
enormous technical advance as compared to the conventional
wide–field FRET microscopy.278,279 In addition to the
intensity based imaging technique which is usually vulnerable
to the change in other conditions like concentration, recent
technical advance has enabled the imaging using lifetime of
the fluorophore which is directly connected with the FRET
rate. 280,281 The emission lifetime of the donor would be
rapidly reduced as it approaches the acceptor. When
combined with FRET, the technique offers remarkable
advantage for the visualization of dynamic process in cells and
biological substance.
4.3.3 FRET based detection and lifetime-gated techniques using
RE–doped nanomaterials

Fig. 25 ET in NaGdF4:Yb,Er@NaGdF4:Yb,Er core/shell nanoparticles. (a) UC emission
spectra under excitation at 808 nm and 980 nm. Inset: ET form Nd3+ to Yb3+ doped in
the shell finally leads to the UC emission of Er3+ doped in the core. (b) Excitation
spectrum monitoring the emission at 540 nm. (c, d) Photographs taken by an infrared
camera for a nude mouse under continuous irradiation by NIR lasers of (c) 980 nm, and
(d) 808 nm. The increase in temperature in the laser irradiated area is notable in c.
Reprinted with permission from ref. 267, copyright 2013, American Chemical Society.

4.3.2 FRET imaging and detection
One of the essential characters of FERT is its rate is
depends on the inverse sixth power of the separation between
the donor and acceptor center. Therefore, FRET signal is
extremely sensitive to the slight change in position when the
donor and acceptor are separated by a distance comparable to
the Förster distance (usually 3–6 nm), which match the size of
most biological macromolecules, such as proteins. FRET and
the associated imaging technique therefore have been widely
applied for the in vivo or in vitro examination of diverse
biological
processes
which
produce
conformational
change.272,273 In the FRET technique, a pair of D–A is
employed as emissive probes to label the molecule or
biological system. The change in emission intensity of the
acceptor can be used as the reference for the change in D–A
separation, which can be connected with, for instance,
conformational change of the labelled biomolecules and
change in biological conditions.273,275,276 This technique
offers high spatial and temporal resolution and sensitivity for
the investigation of molecular interactions in living cells and a
variety of biological process. One of the well–known
2+
experiments is the measurement of intercellular Ca
concentration reported by Tsien et al in the 1990s.277 Cyan
and yellow fluorescence proteins were employed as D-A pair
respectively to label calmodulin and its binding peptide (M13–

Compared with fluorescent proteins and dye molecules,
RE ions offer additional advantages due to its distinct lineshaped emission and long lifetime. Therefore, RE ions doped
inorganic NCs appear to be ideal candidate probes due to their
chemical robustness and strong and stable emission.
Therefore, they can serve as both donor and acceptor in the
3+
3+
FRET detection and imaging. For instance, CaF2:Ce ,Tb NCs
of 5 nm in size has been used for the FRET detection of Avidin
3+
based on the ET from Tb to avidin, and a LOD (limit of
detection) of 48 PM is reported.282 In recent years, RE
activated nanophosphors giving both Stocks and anti–Stocks
emissions have been exploited for the detection of trace
amount of chemical or biomolecules, like glucose.283Besides
these molecules, plasmonic nanomaterials such as Ag, Au NPs
have also been used as efficient absorbers for the visible
emission from UCNPs in FRET bio–assays.284,285
Due to the presence of ET, the emission intensity from
the donor will decay differently in the proximity of an
acceptor. The time resolved PL spectroscopy together with
time–gated techniques can be powerful tools for the detection
of biomolecules. As shown by Chen et al, 286 the use of time–
gated PL spectra can completely eliminate the short–lived
fluorescence from background (usually in the order of
nanoseconds), while the emission of RE ions with lifetime of
the order of 0.1–10 ms is preserved, thus giving very high
signal to noise ratio.286 In their experiment, the NaYF4:Ce,Tb
nanoparticles was used as the probe to detect Avidin grafted
with fluorescein isothiocyanate. The ET from the donor
(NaYF4:Ce,Tb) to the acceptor leads to the quenching of the
3+
green emission from Tb . With the use of time–resolved
spectra and decay curves, a monotonous decrease of donor
lifetime was observed with the increase of avidin
concentration. Thus, the lifetime values can be used to
quantify the concentration of the detected molecules and the
detection limit down to 5 nM was achieved.
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always affected by the temperature and the presence of
different traps that serve as acceptors. Therefore the
characteristics of emission center, such as spectral shape,
lifetime, and intensity can be used for sensing environmental
conditions in a quantitative manner.
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Fig. 26 Lifetime gated image using NaYF4:Yb,Tm nanoparticles as imaging agent. (a) and
(b) Lifetime histograms of the NaYF4:Yb,Tm nanoparticle with different doping
concentration of Tm3+: (a) Yb:Tm(mol%:mol%) = 20:1, and (b ) Yb:Tm(mol%:mol%) =
20:4. The insets in (a) and (b) are the bright–field imaging of the Giardia cysts labeled
with the nanoparticles by excitation at 980 nm. (c) Lifetime histograms of NaYF 4:Yb,Tm
with different doping concentration of Yb3+ and Tm3+. Due to the increased ET rate, the
lifetime for the blue emission from Tm3+ is notably reduced with the increase in the
concentration of the dopants. Reprinted with permission from Ref. 287, copyright
2014, Macmillan Publishers.

The lifetime–gated technique can be further extended to
distinguish particles and to separate emission bands of with
different lifetimes. It is known that the decay rate of emission
depends on the separation between donor and acceptor and
therefore on the concentration of the activator. The lifetime is
shortened at high doping concentration because the ET
between nearby centers becomes easier. In NaYF4:Yb,Tm, for
3+
instance, the emission lifetime of Tm varies between 25 μs to
3+
3+
660 μs depending on the concentration of Tm and Yb (Fig.
26).287 Using time gated spectroscopy, the image of the
luminescent nanoprobes with different lifetimes can be
recorded separately (Fig. 26). Short–lived emission can be
screened off depending on the time gap between stoppage of
excitation and spectral collection. Therefore, the lifetime of RE
ions as modulated by ET can provide another degree of
freedom which may have significant implications for optical
data storage, coding and bioimaging.
4.4 Optical sensing and detection beyond biology
The emissions of any type of optical centers and ET
between different centers couple strongly with the
surrounding environment, including both chemical and
physical conditions. This is mechanistically related with the
fact that the decay of rate of the emission center contains the
contribution of intrinsic decay and extrinsic decay. The latter is

4.4.1 Temperature sensor
The emission intensity of a single optical center is known
to be affected by the environment temperature as the rate of
phonon–assisted processes is enhanced at higher
temperatures where phonon population number is much
larger. This mechanism can in principle leads to both increase
and decrease of emission intensity with the increment of
temperature depending on the types of emission process.
According to the energy-gap low (see section 2), the rate of
phonon–assisted ET bears strong temperature dependence,
leading to the high sensitivity of emission intensity to
temperatures. Up to the present, different luminescent
materials have been employed as temperature sensors,
especially nanoscale phosphors.288,289,290
There are basically two different types of optical
temperature sensors, which respectively based on
temperature dependence of the emission intensity and the
ratio of emission intensity from different peaks. The intensity–
based sensor (or emission position/energy based) requires the
calibration for each system and it is usually vulnerable to the
change of solution, concentration and other factors.291,292
These problems are circumvented in the ratio–based sensor
based on intensity ratio of two emission peaks, as the intensity
ratio is independent of the examined systems and the
concentration.293 This is why the ratiometric sensor is always
considered as calibration–free sensor. Theoretically, the
intensity ratio R of two different transition peaks from the
same center has the following temperature dependence.294
R∝𝑒

−

∆𝐸
𝑘𝐵 𝑇

(17)

where ∆𝐸 is energy difference between the two energy levels,
and kB is the Boltzmann constant. The sensitivity to
temperature can be expressed as: 295
S=

𝑑𝑅
𝑑𝑇

∝𝑅∙

∆𝐸
𝑘𝐵 𝑇 2

(18)

In practical system containing multiple dopants the
relation is not always obeyed due to the complicated
interactions involved. This eq. can nevertheless provide a
semi-quantitative description of the temperature-dependant
emission for most systems.
The ratiometric sensing strategy has been developed
based on different luminescent materials, including organic
chromophores, semiconductors and ion–activated systems.
For instance, in a Mn–doped Zn1–xMnxSe/ZnS/CdS/ZnS core–
multi–shell nanoparticle system,296 the ratio of excitonic
emission intensity to that of total emission intensity was used
as the temperature reference (Fig. 27). In this system the
2+
emission of Mn is host–sensitized, or in other words
sensitized by excitons. At room temperature the orange
4
2+
emission from T1 level of Mn is dominating under UV
excitation. With the increase of temperature this emission is
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gradually quenched, accompanied by the steady growth of
excitonic emission peaks from the CdS shell. This process is
explained by the thermally activated energy back transfer from
2+
Mn to CdS, which result in the feeding of the conduction
band of CdS, yield excitonic emission (Fig. 27). The energy level
alignment of this nanostructure is different from that of
ZnS:Mn, in which backwards ET is not possible due to large
2+ 4
energy gap between Mn : T1 and bottom of conduction band
of ZnS. With sufficient temperature response at temperatures
from room temperature to near 300 C, these dual–emitting
nanostructures can be used as highly sensitive optical thermal
probes in nanoscale environment for biological systems.

3+

Under 980 nm laser excitation, Tm is pumped to a high level
1
3+
I6, the Gd ions act as the energy relay which afterwards
3+
3+
transfer energy to Eu and Tb in the shell, eventually leading
to the visible emission from them. The dependence of ITb/IEu
(intensity ratio) on the temperature exhibits good linearity in
the range of 50 K –300 K. Despite the temperature
dependence above room temperature is not measured in this
report, this system enables temperature sensing using NIR
light at 980 nm as the probe light, which is preferable for
bioimaging due to large penetration depth in tissues. Thus,
these nanoprobes can be used to monitor the temperature
distribution inside biological tissues in a three–dimensional
fashion.
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Fig. 27 Ratiometric nano–thermometer based on exciton–Mn2+ ET. (A) Energy level
diagram and emission process of Mn2+ doped in a wide band–gap host, such as ZnS, and
ZnSe. (B) Energy level diagram of Mn2+ in a semiconductor with a smaller band–gap, in
which energy back transfer from Mn2+ (4T1) to CdS occurs by thermal excitation,
producing excitonic emission in addition to the orange emission of Mn2+. (c) PL spectra
recorded at different temperatures of the core–multi shell Zn1–xMnxSe/ZnS/CdS/ZnS
NCs. (d) Temperature dependence of the ratio of excitonic emission to the total
emission intensity (Iex / Itot) for these NCs. Reprinted with permission from Ref. 296,
copyright 2014, America Chemical Society.

The ET between RE ions is also sensitive to the thermal
environment, leading to the temperature–dependent spectral
3+
3+
character. For instance, Qian et al developed a Eu –Tb
codoped metal organic framework (MOF) which can be used as
a similar ratiometric temperature sensor based on the
3+
5
7
3+ 5
7
emission of Eu
( D0→ F2) and Tb ( D4→ F2).297,298 This
system shows a similar spectral evolution with temperature as
that of Mn–doped core–shell nanoparticle described above.
3+
With the rise of temperature, the greenish emission from Tb
3+
is quenched, while the reddish emission of Eu is enhanced
3+
3+
gradually as a result of ET between Tb and Eu . The ratio of
3+
3+
emission intensity of Tb to that of Eu therefore exhibits a
clear correlation with temperature. More importantly, in this
system the dependence of ratio R on temperature shows good
linearity in the temperature range from room temperature to
200 K.
This strategy was later applied to nanoparticles with a
core–shell structure. In the nanothermometer reported by
3+
3+
Zheng et al., 299 the core is doped with Eu and Tb and the
3+
3+
shell is doped with Yb and Tm in the host NaYF4(Fig. 28).

ITb /IEu (a.u.)

Intensity (a.u.)

Iex/Itot

PL intensity

50 K
0.5

Yb3+ Tm3+ Gd3+ Gd3+ Re 3+

300 K
510

540

570

600

Wavelength (nm)

630

50

100 150 200 250 300

Temperature (K)

Fig. 28 Temperature sensing using RE–doped core–shell NPs. (a) Structure of the core–
shell NPs in which Yb3+ and Tm3+ are doped in the core, Eu3+ and Tb3+ is doped in the
shell, and the host is NaGdF4 for both core and shell. (b) Energy levels and ET
mechanism in the core–shell NPs. (c) Emission spectra recorded at temperatures from
50 K to 300 K under excitation by 980 nm laser. (d) Temperature dependence of
intensity ratio of the Tb3+ emission to the Eu3+ emission (ITb/IEu). Reprinted with
permission from ref. 299, copyright 2014, Royal Society of Chemistry.

4.4.2 Chemical sensor for gas, pH and heavy metal ion
The PL involving ET from the donor to acceptor is also
affected by various external chemical stimuli, in both of the
gaseous and liquid phase. Optical chemical sensors, such as pH
indicator, have been widely used as the change of visible
absorption can be easily observed by naked eyes. Wolfbeis et
al demonstrated an ammonia sensor based on the UC emission
of NaYF4:Yb,Er, which is immobilized into a thin film of polymer
matrix together with phenol red that servers as the pH
probe.300 Upon exposure to gaseous ammonia, the emission
3+
of Er in the green region is quenched by the phenol red
triggered by the change in pH. In comparison the red emission
is preserved and therefore its intensity can be used as the
reference for ammonia concentration. The film meanwhile
shows high sensitivity to pH due to the use of the pH probe. pH
sensors based on the same mechanism have also been
developed by using other pH probe molecules, such as neutral
Red.301
Similarly, the combination of probe molecules that
respond to a specific type of chemical stimuli can extend
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sensing application of UCNPs to different chemical
environments. Detection of oxygen in liquid phase is
demonstrated using the combination of NaYF4:Yb,Tm with an
Ir–complex oxygen probe, [Ir(CS)2(acac)].302 The UC emission
3+
of Tm near 470 nm can be used to pump the oxygen probe
(Ir–complex) which gives green–yellow emission with a peak
near 570 nm. By incorporating them into a thin layer of ethyl
cellulose (EC), an oxygen sensor is realized using a 980 nm
laser as the excitation. Upon exposure to a mixture of
argon/oxygen, the emission of the oxygen probe is quenched
3+
notably, whereas the UC emission from Tm is not affected
(Fig. 29b). By using the emission intensity ratio of Ir–complex
3+
to Tm , the hybrid shows high sensitivity for oxygen with high
signal to noise ratio.
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Fig. 29 Optical oxygen sensing by a NaYF4:Yb,Tm–[Ir(CS)2(acac)] hybrid. (a) Normalized
absorption and emission spectra of the NaYF4:Yb,Tm and the oxygen probe
[Ir(CS)2(acac)] (Ir–complex). (b) Emission spectrum of the oxygen sensor in an ethyl
cellulose matrix after exposing to argon or oxygen (excitation: 980 nm). The emission
from the Ir–complex drops notably in the presence of oxygen. (c) Time evolution of
emission intensity recorded by exposing repeatedly to oxygen (O 2/N2=2/8) and argon.
Top: Ir–complex by excitation at 475 nm (collected at 696 nm); Middle: NaYF 4:Yb,Tm–
[Ir(CS)2(acac)] hybrid by excitation at 980 nm (collected at 568 nm); Bottom: Time
evolution of the ratio of the two signals (I568/I696) for the oxygen sensor, indicating high
signal/noise ratio. Reprinted with permission from Ref. 302, copyright 2011, Wiley–
VCH.

The detection and sensing of heavy metal ions in liquid
phase have recently been paid with much attention partly due
to increased concern about the spread of heavy metal
pollution in water resources. Optical sensing of heavy metal
ions have been realized in different systems contained UCNPs
and organic complex. For instance, a ruthenium complex–
assembled UCNPs was employed as a ratiometric luminescent
2+
2+
sensor for Hg in living cells, yielding a Hg detection limit
down to 1.95 ppb.303 These nanoscale luminescent probes
also allows for the visualization of the intracellular distribution
2+
2+
of Hg ions. The detection of Hg can be also achieved by the
2+
use of organic complex that selectively bond to Hg and
meanwhile interacts with UCNPs. As shown by Zhang et al.,304
the green UC emission of NaYF4:Yb, Er can be efficiently
2+
absorbed by the Rhodamine B hydrazide complexed with Hg

that covalently bonded to the surface of NaYF4/silica particle,
2+
resulting in high sensitivity and selectivity for Hg ions.
4.4.3 Stress sensor
Emissions from solid phosphors are also sensitive to the
applied stress which causes distortion of the local
coordination; therefore this mechanism allows for the optical
sensing of pressure applied to the materials. Optical pressure
sensing has been used for decades. A well-known example is
the use of ruby crystals for monitoring the pressure inside
3+
diamond anvil cells based on the emission of Cr .305 The
mechano–optical effect can be more remarkable for
piezoelectric materials due to the induced electric field. In a
2+
host sensitized system of Mn doped CaZnSO, the reddish
2+
4
6
emission of Mn by the transition of T1(4G) → A1(6S) can
sense different types of mechanical stress at a wide range of
frequencies and energies.306 This is explained by the trapped
carrier excitation induced by the piezoelectric effect that
2+
interferes with the exciton–Mn ET.
The detection of pressure can be achieved in a quite
different method. It is know that a group of emitters when
stay within a critical distance are prone to concentration
quenching that is analogous to aggregate induced quenching
for organic molecules. By applying a stress the separations
between emitters are reduced, leading to the enhanced
interaction among nearby emitters and the reduction in the
emission intensity. This type of sensor is realized in a porous
composite made from nanofiber with incorporated CdSe–CdS
tetrapod QDs prepared by electrospinning.307 The emission of
QDs is gradually quenched as a result of increased applied
stress. Furthermore, the sensing ability is enhanced with QD
concentration in the composite and it can be fully recovered
after repeated loading and unloading.

5. Summary and outlook
We have discussed the transfer of energy in solid state
materials as well as their nanoscale counterparts mediated by
photons, with focus on the optical energy transfer by means of
resonance between optical centers. This type of resonant
energy transfer has been named after Förster–Dexter, who,
using quantum chemical method, laid the theoretical basis that
is still widely applied today. In practical systems, energy
transfer typically involves two optical centers acting as donor
and acceptor, which can be metal ions centers, host lattice,
quantum dots and organic chromophores. These systems
produce downconversion and upconversion besides the
normal emission in which energy transfer plays a pivotal role.
In the context of energy transfer, we have discussed the
similarities as well as differences of downconversion,
upconversion involving metal ion dopants and multiple exciton
generation in quantum dots and molecules.
For luminescent materials, careful engineering of
photoluminescence spectra with energy transfer between
optical centers enables the applications of these optical
materials in diverse fields. Of particular interest are the large
number of upconversion and downconversion materials,
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especially their nanoscale counterparts, which have been
intensively exploited for the development of novel
luminescent materials and energy conversion devices for
efficiency solar light harvesting. In the medical field, optical
techniques based on energy transfer are extensively used for
imaging, diagnosis, detection of biomolecules and medical
treatment. Beside biomedical application, energy transfer has
also played an important role in the fluorescence sensing and
detection of various physical and chemical environmental
conditions by optical spectra, such as temperature, stress and
pollutant species.
In spite of enormous progress regarding the basic physics
of energy transfer in the past century, the rapid advance of
st
nanoscience as well as biotechnology in the 21 century has
evoked increasing number of investigations into the
applications of new optical materials as well as the new
physics of energy transfer down to the nanoscale. Especially,
the combination of optical energy transfer with the forefront
of solar energy, and biological sciences remains at its infantry.
On the other hand, the investigation of energy transfer
between ions and other centers in a single particle level, rather
than ensemble level, are still expected to delineate new
physics of energy transfer in solid materials. Moreover, the
development of single photon detection and the related
devices made it possible to examine single ion
spectroscopy.308,309 Application of these cutting–edge
techniques is expected to provide deeper physical insight into
optical energy transfer down to the ion–ion level.
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