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CONS P EC TU S

N anophotonics is an emerging science dealing with the
interaction of light and matter on a nanometer scale

and holds promise to produce new generation nanophos-
phors with highly efficient frequency conversion of infrared
(IR) light. Scientists can control the excitation dynamics by
using nanochemistry to produce hierarchically built nano-
structures and tailor their interfaces. These nanophosphors
can either perform frequency up-conversion from IR to visible
or ultraviolet (UV) or down-conversion, which results in the IR
light being further red shifted. Nanophotonics and nano-
chemistry open up numerous opportunities for these photon
converters, including in high contrast bioimaging, photody-
namic therapy, drug release and gene delivery, nanothermometry, and solar cells. Applications of these nanophosphors in these
directions derive from three main stimuli. Light excitation and emission within the near-infrared (NIR) “optical transparency
window” of tissues is ideal for high contrast in vitro and in vivo imaging. This is due to low natural florescence, reduced
scattering background, and deep penetration in tissues. Secondly, the naked eye is highly sensitive in the visible range, but it
has no response to IR light. Therefore, many scientists have interest in the frequency up-conversion of IR wavelengths for
security and display applications. Lastly, frequency up-conversion can convert IR photons to higher energy photons, which
can then readily be absorbed by solar materials. Current solar devices do not use abundant IR light that comprises almost half
of solar energy.

In this Account, we present our recent work on nanophotonic control of frequency up- and down-conversion in fluoride
nanophosphors, and their biophotonic and nanophotonic applications. Through nanoscopic control of phonon dynamics, electronic
energy transfer, local crystal field, and surface-induced non-radiative processes, we were able to produce new generation
nanophosphors with highly efficient frequency conversion of IR light. We show that nanochemistry plays a vital role in the design
and interface engineering of nanophosphors, providing pathways to expand their range of applications. High contrast in vitro and
in vivo NIR-to-NIR up- and down-conversion bioimaging were successfully demonstrated by our group, evoking wide interests
along this line. We introduced trivalent gadolinium ions into the lattice of the nanophosphors or into the shell layer of
nanophosphors in a core/shell configuration to produce novel nanophosphors for multimodal (MRI and optical) imaging. We also
demonstrate the security and display applications using photopatternable NIR-to-NIR and NIR-to-visible frequency up-conversion
nanophosphors with appropriately engineered surface chemistry. In addition, we present preliminary results on dye-sensitized
solar cells using up-conversion in fluoride lattice-based nanophosphors for IR photon harvesting.
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1. Introduction
Nanophotonics is an emerging frontier that deals with the

interaction of light with matter on a nanometer size scale.1

The design and control of the excitation dynamics in nano-

materials constitute a major area of nanophotonics; they

can be utilized to produce new frequency-converting cap-

abilities in lanthanide-doped nanophosphors.1�4 Lanthanide-

doped nanophosphors are dilute guest�host systems,

where trivalent lanthanide ion emitters are dispersed as

guests in an appropriate dielectric host lattice. They have

captured attentions worldwide recently due to their ver-

satile up or down frequency-converting capabilities utiliz-

ing a low-energy continuous-wave (cw) excitation

provided by inexpensive diode lasers.5�9 Through a judi-

cious selection of one or more lanthanide dopants, nano-

phosphors can display either frequency up-conversion

(UC), such as infrared (IR) to shorter wavelength near-

infrared (NIR), visible, or ultraviolet (UV), or down-conver-

sion (DC), such as IR being further red-shifted. Unlike the

quantum-confined system, the electronic energy gap of

lanthanide-doped nanophoshpors does not changewith a

change in the size or shape.1 However, their emission

properties (color, efficiency, and lifetime) are indeed de-

pendent on nanoscale structures of nanophosphors,

which influence the electron�phonon coupling, local

crystal field, and nanoscopic ion�ion interactions. Manip-

ulation of a nanoscale dielectric environment to control

the excitation dynamics is, therefore, of great importance

in order to control their frequency-converting capabilities.

The size, shape, and surface of lanthanide-doped nano-

phosphors are important in relation to a specific application,

while their composition and the local dielectric environment

are essential for their excitation dynamics.1 Owing to the

high surface-to-volume ratio of nanophosphors, most of the

lanthanide dopants are exposed to surface deactivations

caused by surface lattice defects and dangling bonds, aswell

as by surrounding ligands and solvents that possess high

phonon energy. The deactivation can occur directly or

through an indirect pathway involving energy migrations

from the interior lattice points to the surface sites. Hence, the

excitation dynamics is also coupled to the surface properties

of nanophosphors due to these nanosize-induced surface

effects, which are not so pronounced in bulk crystals. These

factors create interests to synthesize nanophosphors of

stoichiometric composition in a precisely controlled way

and to tailor their interface to generate highly efficient nano-

phosphors for a specific frequency conversion. Furthermore,

tailoring the interface is also important for the colloidal

solubility of nanophosphors.

Nanochemistry deals with the confinement of chemical

reactions on nanometer length scale to produce materials

that are of nanometer dimensions.1,2 Furthermore, nano-

chemistry is able to offer the advantage of surface function-

alization of nanostructures to make them dispersible in a

wide variety ofmedia (e.g., water, polymer, biological fluids).1,3

Utilizing solution-phase-based colloidal nanochemistry,

we show that we are able to fabricate nanophoshors with

different composition, size, and shape; here, we utilize a

subtle control of their precursors or reaction conditions in

a carefully chosen solvent, together with an appropriate

surface capping ligand. The ability to precisely control

their composition allows us to manipulate their excitation

dynamics, while tailoring the interface enables us tomake

photopatternable and phase-transferred nanophosphors.

In addition, we use seed-mediated growth nanochemistry

to build hierarchical core/shell nanophosphors to mini-

mize surface-related deactivations and to incorporate

multifunctionality at nanoscale. In this Account, we sum-

marize recent progress we have made on nanocontrol of

frequency up- and down-conversion in fluoride lattice-

based nanophosphors as well as on their biophotonic and

nanophotonic applications.

2. Nanocontrol of Excitation Dynamics for
Frequency Up- and Down-Conversion
Luminescence in nanophosphors doped with trivalent

lanthanide ions generally arises from 4f�4f orbital electron-

ic transitions, with concomitant wave functions localized

within a single lanthanide ion.1 The shielding of 4f electrons

by the outer complete 5s and5p shells results in nonblinking

and line-like sharp emissions, which exhibit high resistance

to photobleaching and photochemical degradation. Strictly

speaking, the main intra-4f electronic dipole transitions of

lanthanide ions are forbidden by quantum mechanical

selection rules; however, they are still manifested due to

local crystal field induced intermixing of the f states with

higher electronic configurations.10,11 A nanostructure con-

trol of the local environment surrounding lanthanide ions,

thus, will have important manifestations in defining optical

properties of nanophosphors. The dipole-forbidden nature

of the 4f�4f transition yields very long lifetimes for these

energy levels of lanthanide ions. This long lifetime plays an

important role in increasing the probability of sequential

excitations in the excited states of a single lanthanide ion, as

well as in permitting favorable ion�ion interactions in the
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excited states to allow energy transfers between two or

more lanthanide ions. Our major focus is to use nano-

control of local dielectric environment around a lanthanide

ion, electron�phonon coupling, ion�ion interactions, and

surface-related relaxations, in order to judiciously mani-

pulate frequency down- or up-conversion properties of

nanophosphors.

2.1. Schemes of Up- and Down-Conversion. Down-

conversion (DC) is a Stokes-shifted emission from an excited

lanthanide ion embedded in a host lattice, as illustrated in

Figure 1a. A lanthanide ion, excited from the ground state G

to the E2 state, can relax nonradiatively to level E1 from

which a DC emission is produced. The DC process is a single

ion process, independent of ion concentration. The non-

radiative relaxation from the E2 to E1 state is amultiphonon-

assisted process that is governedby the phonondynamics of

the nanophosphor.12 An increase of the lanthanide ion

concentration above a certain level induces ion�ion inter-

actions whereby ion 1 can transfer part of its excited energy

to ion 2 through a cross relaxation (CR) process of E3(ion 1)þ
G(ion2)f E2(ion1)þ E1(ion2) (Figure 1b). Ion1and ion2 can

be of the same type or different, and ion 2 can also be in its

excited state in some cases. CR is the main reason for the

well-known “concentration quenching mechanism” of

Stokes emission. However, CR can be intentionally used to

tune the color output in a nanophosphor by enhancing

emission from one excited level, while quenching it from

another.

Up-conversion (UC) is ananti-Stokes process that converts

the absorbed lower energy light, usually in the NIR range,

into photoluminescence (PL) of higher energy in UV, visible,

or shorter NIR ranges.8 Because of the involvement of real

intermediate energy levels for up-conversion in lanthanides,

UC is much more efficient than the nonlinear multiphoton

absorption induced up-converted fluorescence where the

intermediate levels are virtual.13 UC in nanophosphors can

occur mainly by two fundamental mechanisms: (i) excited

state absorption (ESA) (Figure 1c); (ii) energy transfer up-

conversion (ETU) (Figure 1d).1 In the case of ESA, excitation

involves successive absorption of pump photons by a single

ion due to the ladder-like structure of a simple three-level

system. This mechanism requires a nearly equal separation

from G to E1 and E1 to E2, as well as the reservoir capability

(the long lifetime) of the intermediate level of E1. The

emission from E2 to G finally occurs to produce UC. In an

ETU process, ion 1, known as a sensitizer, is first excited from

the ground state to its metastable level E1 by absorption of a

pump photon; it then transfers its harvested energy to the

ground state G and the excited state E1 of ion 2, known as an

activator. These processes produce excitation of ion 2 to its

upper-emitting state E2. The UC efficiency of an ETU process

is strongly dependent on the average distance between the

neighboring sensitizer�activator pair, which is determined

by the dopant concentration. In contrast to ETU, the effi-

ciency of an ESA process is independent of the dopant

concentration, because ESA involves sequential excitation

in the same ion.

2.2. Nanocontrol of Excitation Dynamics for UC and DC

PL. In order to realize efficient UC or DC emissions in

lanthanide-doped nanophosphors, we utilized five strate-

gies, as illustrated in Figure 2, to manipulate the excitation

dynamics, which are discussed below.

2.3. Nanoscopic Control of Phonon Dynamics. It is well-

known that phonon-induced nonradiative processes are the

main loss mechanisms for both UC and DC emissions; the

luminescence efficiency is quite sensitive to the distribution

of phonon density of states in the lattice of a nanophosphor.

These nonradiative processes involvemultiphonon-assisted

relaxations, whereby the energy difference between the

higher and the lower energy levels is converted into many

lattice phonons.12 Generally, the larger the number of

phonons needed to convert the excitation energy into

phonon energy, the lower is the efficiency of the nonradia-

tive process. Hence, to enhance the emission efficiency by

FIGURE 1. Mechanisms of (a) down-conversion, (b) cross relaxation, (c) excited state absorption, and (d) energy transfer up-conversion.
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reducing nonradiative rate, it is desirable to have the lantha-

nide ions incorporated into a dielectric host of very low

frequency phonons. Among investigated host materials of

nanophosphors, fluoride materials have the lowest phonon

cutoff energy and generally exhibit the highest UC or DC

efficiency due to minimization of nonradiative losses in the

intermediate states or the emitting states. In addition, when

taking into account the strength of electron�phonon cou-

pling and the phonon density of states, theoretical calcula-

tions by Auzel et al. indicate that the UC efficiencies of the

green and blue emissions with the Yb3þ/Er3þ and Yb3þ/

Tm3þ materials have a maximum at phonon energy of

∼380 cm�1, well matching the lattice vibrations of fluoride

materials (e.g., ∼350 cm�1 for NaYF4 host lattice).9 Hence,

we employ fluoride-based nanoparticles to realize high UC

or DC efficiencies, as can be seen in the examples in sections

2.4�2.7. Another reason for the selection of fluoride host

lattices is their robust chemical- and photostability.

2.4. Nanoscopic Control of Energy Transfer Process.

Energy transfer is important for ETU mechanisms such as in

the Yb3þ/Tm3þ, Yb3þ/Er3þ, and Yb3þ/Ho3þ mixed systems,

which are identified to be the most efficient ion pairs for

up-conversion at∼980 nm.8 The nonradiative energy trans-

fer mainly involves multipolar or exchange interactions

between two lanthanide ions; these interactions are

strongly dependent on the ion-pair distance, which can be

manipulated by the lanthanide dopant concentration.1,9

However, the CR process, detrimental to luminescent effi-

ciency, also becomes pronounced at a high lanthanide

dopant concentration. This sets a limit on increasing lantha-

nide concentration to shorten the ion�ion distance for

manipulating the energy transfer process in order to achieve

ahigh efficiency. However, it is important to note that, unlike

the activator ions of Tm3þ, Er3þ, and Ho3þ, the sensitizer

Yb3þ ion has one exclusive excited energy level of the 2F5/2
state produced by the absorption at ∼980 nm (Figure 3a).8

The variation of its concentration generally does not induce

a CR process, thus excluding any “concentration quenching

effect”. Figure 3 shows that, through control of the Yb3þ

concentration, we can easilymanipulate the energy transfer

rate betweenYb3þ and Tm3þ and realize efficient NIR-to-NIR

UC PL in Yb3þ/Tm3þ-codoped NaYF4 nanophosphors.
14

2.5. Nanoscopic Control of the CR Process. The CR

process responsible for concentration quenching generally

FIGURE 2. Our strategies for nanocontrol of the excitation dynamics in lanthanide-doped nanophosphors.

FIGURE 3. (a) Energy levels of Yb3þ and Tm3þ and (b) UC PL spectra of colloidal cubic NaYF4 nanocrystals dopedwith 2%Tm3þ and 20�100%Yb3þ;
excitation at ∼975 nm.
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plays a crucial role in a DC process; it also impacts the UC

efficiency when increasing the concentration of activators

such as Tm3þ, Er3þ, and Ho3þ. As discussed above, the CR

process is dependent on the ion�ion distance, which is

determined by the dopant concentration in a nanophos-

phor. With respect to Nd3þ-containing nanocrystals, the

CR process of 4F3/2þ 4I9/2 f 24I15/2 nonradiatively depopu-

lates the excited 4F3/2 level, which adversely affects the PL

intensity by concentration quenching (Figure 4a).15 A reduc-

tion in the concentration of the doped Nd3þ ions can max-

imize the PL quantum yield due to a decrease in the CR

process because of a longer Nd3þ�Nd3þ distance. As illu-

strated in Figure 4b, the QY increases with a decrease in the

concentration of Nd3þ. The highest QY is about 22%, ob-

served in the nanocrystals of NaGdF4: 3% Nd3þ.15 Although

CR in UC is not explicitly discussed in this Account, an

optimum concentration of the activator (Tm3þ, Er3þ, and

Ho3þ) is determined to be generally below 2% in the

sensitizer/activator systems of Yb3þ/Tm3þ, Yb3þ/Er3þ and

Yb3þ/Ho3þ to yield high UC efficiency.8

2.6. Nanoscale Control of the Local Crystal Field around

Lanthanide Dopants. The local crystal field of a host ma-

terial surrounding a lanthanide site has an important influ-

ence on the luminescence efficiency of the lanthanide

emitter, because the local crystal symmetry around the

lanthanide ion determines its optical properties. A less sym-

metric crystal phase is generally favorable for higher UC

efficiency, since intermixing of the lanthanide ion's f states

with higher electronic configurations can be more

pronounced.10,11 It has been shown that hexagonal

NaYF4:Yb
3þ/Er3þ microcrystals exhibit visible UC PL that is

4.4 times higher than its cubic counterparts,16 and mono-

clinic ZrO2:Er
3þ nanoparticles emit higher UC PL than the

tetragonal form.17 A nanostructure control of the local

crystal field through selecting appropriate nanocrystalline

phases or modifications of a specific crystal field through

dopant-induced Columb interactions18 is important in order

to obtain a highUCefficiency. For example, we use the LiYF4:

Er3þ nanoparticles of the tetragonal scheelite (CaWO4) phase

to realize efficient conversion of telecommwavelength at

FIGURE4. (a)Mechanism for theobservedNIR PL emission inNd3þ, whenexcited at 740nmand (b) PL from the colloidalNaGdF4 nanocrystals doped
with 3%, 6%, 10%, and 15% Nd3þ and from the reference standard of indocyanine green.

FIGURE 5. (a) Photographic image of UC PL in 1wt% colloidal LiYF4:10%Er3þ nanocrystals under unfocused laser excitation at 1490 nmof 4W/cm2

and (b) calibrated PL spectra of colloidal LiYF4:10% Er3þ nanocrystals under laser excitation at 1490 nm.



Vol. 46, No. 7 ’ 2013 ’ 1474–1486 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1479

Nanophotonics and Nanochemistry Chen et al.

1490 nm.19 The unique local crystal field at the Er3þ site

(by partial substitution of Y3þ ions) of the low S4 point

symmetry, leads to an extremely long lifetime for the

intermediate metastable states of Er3þ ions (∼10 ms)

and a large absorption cross section at the excitation

wavelength, which are important for highly efficient UC

PL (Figure 5). The efficiency can be quantitatively evalu-

ated using up-conversion quantum yield (UCQY), which is

defined as the ratio of the number of emitted up-converted

photons to the number of absorbed NIR photons. The

total quantum yield for the visible and the NIR emission

is 1.2% ( 0.1% under 1490 nm excitation of 150

W/cm2,19 almost 4 times higher than the highest UCQY

reported for the 100 nm sized hexagonal NaYF4:20%

Yb3þ/2%Er3þ nanocrystals under ∼980 nm excitation of

150 W/cm2.20

2.7. Nanoscale Control of Surface-Related Deactivation

in Nanophoshors. Although nanophosphors with small

sizes are able to be synthesized using nanochemistry (see

section 3), the resulting nanophosphors generally have a

low PL QY, because they expose numerous lanthanide

dopants to surface deactivations resulting from the high

surface-to-volume ratio at nanometer dimensions.20 Surface-

related deactivations are manifested in two ways: (1) excited

dopants located onor around the surface can be deactivated

directly by neighboring quenching centers; (2) the energy

contained in dopants located in the center of nanopho-

sphors canmigrate a long distance to the dopant on/around

surface or directly to the surface quenching sites (Figure 6a).

This second way is more prominent for UC nanophosphors,

because a high sensitizer concentration of Yb3þ (more than

18%) is often introduced into nanophosphors doped with

Yb3þ/Tm3þ, Yb3þ/Er3þ, or Yb3þ/Ho3þ to achieve a high UC

PL.8 The long distance transportation of energy in a Yb3þ

sublattice is due to the unique two-energy-level structure of

Yb3þ in association with its long-lived excited state (Figure 3a).

We note that the harvested UV energy can travel 5 nm

with no losses through a Gd3þ sublattice in the NaGdF4
host lattice.4 In an analogy, the absorbed NIR energy in a

Yb3þ sublattice might be able to travel several or even

tens of nanometers in nanophososphors with a high Yb3þ

concentration. Hence, the surface-related quenching me-

chanisms in these nanophosphors pose an important

challenge, which we address by using the epitaxial growth

of an inert outer shell layer on the nanoparticle to reduce

the imperfections in the surface lattice and to shield the

core from the ligands and solvents of high phonon

energy. Indeed, we find that the QY of DC PL in the 11 nm

NaGdF4:3% Nd3þ nanoparticles is increased twice by

growing a thin layer of NaGdF4 shell of 2 nm (Figure 6b).15

Similarly the QY of UC PL in the 18 nm sized R-
NaYbF4:0.5% Tm3þ core nanoparticles is increased by

39 times due to the epitaxial growth of a perfect CaF2
shell, leading the QY of NIR-to-NIR UC PL to be as high as

0.6% under low energy excitation of 0.3W/cm2 (Figure 6 c).21

The difference of the enhancement factor between UC

and DC PL QY confirms a more pronounced energy re-

laxation in UC due to Yb3þ-sublattice-mediated energy

migration from the interior lattice points to the surface

quenching sites.

3. Nanochemistry
Nanochemistry lends itself to a precise control of synthetic

parameters to produce monodispersed nanoparticles or to

hierarchically build nanostructures. It generally utilizes

either traditional chemical synthesis in the solution phase

under nanoconfined geometries (as in micelles and reverse

micelles) or termination of reaction at a precise point of

growth (chemical capping).1,3 Nanochemistry is also able to

offer the advantage of surface functionalization of nano-

structures of different types for different purposes. Figure 7

FIGURE 6. (a) Schematics of core/shell structure and random energy
migration between lanthanide ions in the core nanoparticles, (b) DC PL
of the colloidal NaGdF4:3% Nd3þ core and the (NaGdF4:3% Nd3þ)/
NaGdF4 core/shell nanophosphors under laser excitation at 740 nm,
and (c) UC PL of the R-NaYbF4:0.5% Tm3þ core and the R-(NaYbF4:0.5%
Tm3þ)/CaF2 core/shell nanoparticles. The absorptions of the core and
the core/shell nanoparticles have been normalized at the excitation
wavelength via adjusting their concentrations.
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displays examples of various types of nanochemistry for

lanthanide-doped DC and UC nanophosphors, which are

discussed below in different subsections.

3.1. Controlled Synthesis of Lanthanide-Doped UC and

DC Nanocrystals. Figure 8 shows UC or DC nanophosphors

of different types, with varying size, shape, or phase. Exam-

ples shown here are (a) 3.7 nmorthorhombic YF3,
22 (b) 7 nm

cubic NaYF4,
14 (c) 10 nm cubic NaYbF4,

14 (d) 10 nm hex-

agonal NaGdF4 nanophosphors,15 (e) 85 nm tetragonal

LiYF4,
19 and (f) 60 nm tetragonal BaYF5 nanoparticles.23

These lanthanide-doped nanophosphors were synthesized

using solution-based colloidal nanochemistry via three

types of synthetic approaches: (i) thermal decomposi-

tion method (Figure 8a�c,e); (ii) Ostwald-ripening method

(Figure 8d); (iii) hydrothermal method (Figure 8f). The details

of these three synthetic approaches are described in the

Supporting Information.

3.2. Seed-Mediated Epitaxial Growth of Hierarchical

Core/Shell Nanophosphors. We use a stepwise seed-

mediated growth technique to grow a shell layer on the

core nanoparticle to reduce surface-related quenching me-

chanisms or to incorporate a functional shell at nanoscale

for bioimaging use (e.g., NaGdF4 for MRI). The first step

produces core nanophosphors utilizing appropriate nano-

chemistry described in section 3.1, which are then used as

seeds in the second step to induce further epitaxial growth.

To create a homogeneous interface between the core and

the outer shell tominimize lattice defects and strain, the host

FIGURE 7. Nanochemical approaches for lanthanide-doped nanophosphors.

FIGURE 8. TEM images of nanocrystals of (a) YF3:10%Yb3þ/1%Er3þ, (b) NaYF4:20% Yb3þ/2%Tm3þ, (c) NaYbF4:2% Tm3þ, (d) NaGdF4:3% Nd3þ,
(e) LiYF4:10% Er3þ, and (f) BaYF5:20% Yb3þ/2% Er3þ.
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material of the shell should exhibit a small lattice mismatch

with the corematerials.Wehave successfully prepared core/

shell nanocrystals of UC (NaYbF4:2%Tm3þ)/NaGdF4,
24 (YF3:

Yb3þ/Er3þ/Tm3þ)/YF3,
22 and R-(NaYbF4:0.5% Tm3þ)/CaF2

21

(Figure 9) and DC (NaGdF4:3% Nd3þ)/NaGdF4.
15

3.3. Surface Tailoring of Nanophosphors for Phase

Transfer. The resulting UC or DC nanophosphors in section

3.1 and the core/shell nanoparticles in section 3.2 are

generally hydrophobic, because they are capped by long-

chain hydrophobic ligands, for example, oleic acid.We have

employed three simple approaches for engineering the

interface of nanophosphors to allow their dispersion in

aqueous phase. (i) Ligand exchange with short-chain acids,

for example, 3-mercaptopropionic acid (MPA) in which the

thiol group is chelated with surface metal ions of the

nanophosphor, while the carboxylic group is pointing

outside.25 MPA not only permits aqueous dispersion of

nanophosphors but also provides unused carboxylic group

sites on the surface for linking an antibody (e.g., anti-claudin

4).26 (ii) Salinization to produce silica coating. (iii) Ligand-free

method.15 The removal of oleic acid from the nanoparticle

surface is through a direct acid treatment with the assistance

of sonication.27 The details of the pertinent chemistry and

procedure are described in the Supporting Information.

3.4. Surface Functionalization of Nanophosphors for

Photopatterning. The synthesized nanophosphors are

neither photopatternable nor homogenously dispersible in

polymers due to a lack of appropriate functional ligand on

the surface. To allow photopatterning of nanophosphors for

security use, we utilize ligand exchange with a unique

functional ligand that has an acid-labile moiety, that is,

t-butoxycarbonyl (t-BOC).28 The acid-labile moiety enables

the t-BOC ligand to be shortened and thus the solubility of

the nanophosphors in a polymer to be changed by UV

illumination in the presence of a photoacid-generating

compound (PAG). The nanophosphors in UV-exposed parts

are subsequently unable to redisperse in an organic solvent

such as hexane (Figure 10). Thus, the developer solution of

anhydrous hexane removes only the unexposed portions of

the film, creating well-photopatterned nanophosphors.28

The security application of these nanophosphor patterns

will be discussed in section 4.3.

4. Nanophotonic and Biophotonic
Applications
Owing to their unique optical and chemical properties, UC or

DC nanophosphors find a broad range of applications,5�9 as

illustrated in Figure 11. In this paper, we provide some

examples from our recent results on NIR-to-NIR UC and DC

PL imaging; multimodal bioimaging; security and displays;

and solar cells.

4.1. Optical Imaging. 4.1.1. NIR-to-NIR UC PL Bioimag-

ing. In this section, we display the use of NIR-to-NIR UC in

Tm3þ/Yb3þ-codoped fluoride nanophosphors for bioimag-

ing (emission at ∼800 nm, excitation at ∼975 nm,

Figure 12a).21,25 Both the excitation and the emission

wavelengths are within the “optical transparency window”

of biological tissues (700�1100 nm),2,3 which not only

allows for deeper light penetration but also results in lower

autofluorescence and reduced light scattering. A low-cost cw

laser diode is utilized as the excitation source, with an

excitation density of ∼10�1 W/cm2, which is in marked

contrast to the use of high excitation density of ∼106 W/cm2

in nonlinear multiphoton imaging.3,13 When an aqueous

FIGURE9. (a) TEM imageof theR-NaYbF4:0.5%Tm3þ core and (b) high-angle annular dark-field scanning transmission electronmicroscopy imageof
the (R-NaYbF4:0.5% Tm3þ)/CaF2 nanoparticles with resolved core/shell structures; both the core (bright) and the shell (dark) are clearly visible.
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dispersion of nanophophosors of NaYF4:2%Tm3þ,20%

Yb3þ is used, a high contrast PL image against the back-

ground is observed in the pancreatic cell as well as in

whole-body of Balb-c mouse (IV injection) (Figure 12b,c);

the signal to background ratio (SBR) is evaluated to be on

the order of ∼10.25 To improve the SBR and increase the

imaging depth, we then designed R-(NaYbF4:0.5% Tm3þ)/

CaF2 core/shell nanophosphors, which display a QY as

high as 0.6% under imaging conditions. The SBR is in-

creased to be as high as 310 (Figure 12d). In addition,

utilizing the developed core/shell nanophosphors, we

also demonstrated that the imaging depth can reach

3.2-cm in a thick animal tissue (pork), with a high contrast,

as shown in Figure 12e,f.21

4.1.2. NIR-to-NIR DC PL Bioimaging. We also explored

efficient nanophosphors that emit NIR-to-NIRDC PL for high-

contrast in vitro and in vivo bioimaging;15 they provide the

same advantage that the wavelengths of excitation and

emission PL are both within the “optical transparency

window” of tissues.2,3 In addition, they have the merit that

they can efficiently be excited by an incoherent light source,

and the efficiency can be quite high due to one-photon

excitation. Through nanocontrol of the excitation dynamics

(see sections 2.5 and 2.7), we designed (NaGdF4:3% Nd3þ)/

NaGdF4 nanocrystals in which the NIR PL QY can reach 40%

when dispersed in hexane. High contrast imaging of Hela

cells (Figure 13b) and nude mouse (Figure 13c) were pro-

duced utilizing excitations from an incoherent lamp light

source with appropriate filters through the observation of

NIR PL at 900 nm.15

4.2. Mulitmodal Imaging. Multimodal bioimaging re-

quires combining optical imaging with other imaging mod-

alities. Gd3þ ions can efficiently alter the relaxation times of

surrounding water protons due to the possession of a large

number of unpaired electrons. Thus, Gd3þ complexes are

widely used as contrast agents inMRI.2 By doping of Gd3þ in

UC or DC nanophosphors, a novel nanomaterial possessing

the combined advantages of fluorescence and magnetic

FIGURE 10. Schematic illustration of the chemistry of photopatterning nanophosphors.

FIGURE 11. The various applications of nanophosphors.
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properties can be achieved (Figure 14a).26 We believe that

Gd3þ ions located around the nanoparticle surface allow a

more efficient exchangewith the surroundingwater protons

than the Gd3þ ions in the interior of a nanoparticle. Using

nanochemisty, we produced poly(acrylic acid)-modified

(NaYbF4:2% Tm3þ)/NaGdF4 core/shell nanocrystals (size,

12 nm) that display an enhanced NIR-to-NIR UC PL and a

strong MR signal in which the longitudinal relaxivity value

(1/T1/Gd
3þ) is about 2.6 mM�1 s�1.24 This value is about

10 times higher than that of the MPA-coated and the

Gd3þ-doped UC nanophosphors of NaYF4:Yb
3þ/Er3þ or

DC nanophosphors of NaYF4:Eu
3þ (size, 25�30 nm).26We

have not implemented joint in vivo MRI imaging and PL

imaging yet. However, it has already become a topic that

is being widely investigated.6

4.3. Security and Displays. NIR-to-NIR and NIR-to-visible

UC PL offers an opportunity to produce new security mar-

kers, because an encrypted 3D pattern, invisible to us with

regular light sources, provides a unique way to secure the

object.28 We exchanged the surface group with a ligand

FIGURE 12. (a) PL spectra of the NaYF4:2%Tm3þ,20%Yb3þ UCNPs in aqueous dispersion under excitation at 975 nm, (b) PL images of Panc 1 cells
treatedwithNaYF4:2%Tm3þ,20%Yb3þUCNPs, (c) body imagesof amouse intravenously injectedwithUCNPs, after dissection, (d)whole body images
of a BALB/cmouse injected via tail veinwith the hyaluronic acid-coatedR-(NaYbF4:0.5%Tm3þ)/CaF2 core/shell nanophosphors, (e) bright-field image
of a pork tissue (side view), displaying the imaging depth, and (f) UC PL image of a cuvette containing R-(NaYbF4:0.5% Tm3þ)/CaF2 core/shell
nanophosphors covered with the pork tissue of panel e.

FIGURE 13. (a) PL of core/shell (NaGdF4:3% Nd3þ)/NaGdF4 nanocrystals, excited at 740 nm, (b) PL images of Hela cells treated with ligand-free
(NaGdF4:3%Nd3þ)/NaGdF4 nanoparticles, and (c) in vivowhole body imagingof a nudemouse, subcutaneously injectedwith ligand-free (NaGdF4:3%
Nd3þ)/NaGdF4 nanocrystals.
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containing an acid-labile group as described above (section

3.4) to make NaYF4:Er/Yb and NaYF4:Tm/Yb nanophos-

phors photopatternable. Through traditional photolithiogra-

phy, a well-defined nanophosphor pattern with single

(Figure 15a,d) or multiple layers (3-D) (Figure 15g), can be

easily fabricated. They display either visible (Figure 15c) or

NIR (Figure 15f) or both (Figure 15i) UC PL, when excited at

975 nm.28

4.4. Solar Cell. A dye-sensitized solar cell (DSSC) is re-

garded as a promising solar energy converter due to its

relatively high efficiency and low cost. However, a lack of

appropriate photosensitizers in the IR region significantly

limits the improvement in their efficiency.29 To harvest and

make use of light in the IR region, one possible way is to

absorb the IR light for visible photon up-conversion, the

energy of which can then be radiatively (light energy trans-

fer, LET) or nonradiatively (F€oster resonance energy transfer,

FRET) transferred to the dye sensitizer. We use this energy

relay of the IR light in a DSSC as illustrated in Figure 16a. The

I�V characteristics show a prominent increment in the

photocurrent with an increase in the irradiation power at

∼980 nm at which the absorption of UC nanophosphors is

FIGURE 14. (a) T1 weighted images of nanocrystals of NaYF4:10% Gd3þ/10% Eu3þ (DCNPs, left column) and NaYF4:10% Gd3þ/2% Er3þ/10% Yb3þ

(UCNPs, right column) and (b) plots of 1/T1 as a function of gadolinium concentration for poly(acrylic acid)-modified (NaYbF4:2% Tm3þ)/NaGdF4
UCNPs.

FIGURE 15. Opticalmicroscopic images of patterned NCs and their PL spectra: transmission images of (a) NaYF4:Er/Yb, (d) NaYF4:Tm/Yb, (g) a bilayer
of NaYF4:Er,Yb (first layer, patterned) and NaYF4:Tm/Yb (second layer, no pattern); fluorescence images of (b) NaYF4:Er/Yb, (e) NaYF4:Tm/Yb, and (h)
merged fluorescence image of both nanophosphors; the localized spectra display the corresponding emission from the patterned area (c, f, i) (green
line, NaYF4:Er,Yb; red line, NaYF4:Tm,Yb) and the glass substrate (black line). The excitation wavelength is 975 nm.
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located (Figure 16b). This result indicates that the im-

proved photocurrent derives from the energy relay process

between the UC nanophosphors and the sensitizer,

Z907 dye.29

5. Conclusion and Perspectives
This Account summarizes our recent developments using

nanophotonics and nanochemistry to produce new genera-

tion photon converters. These lanthanide-doped UC or DC

nanophosphors exhibit promising potential applications in

high-contrast in vitro and in vivo bioimaging, multimodal

imaging, security and displays, and solar cells. However,

there are still a number of challenges to be overcome for

their practical use. These challenges are as follows: (1) The

extinction of nanophosphors (UC andDC) is low and narrow.

This drawback is an intrinsic feature of 4f�4f optical transi-

tions in lanthanide ions. An antenna effect from dyes,

plasmonic coupled structures, quantum dots, or other dop-

ing elements with a strong absorption may be of great help

in this direction. (2) The quantum yield of nanophosphors is

still low, in particular, under low excitation density of 10�2 to

10�1 W/cm2. A manipulation of the local environment

around the lanthanide dopants in nanophosphors may be

a promising direction to enhance the quantum yield. (3) The

area of frequency down-conversion nanophosphors in the

IR range is still in its infancy. It will be of great interest to

extend their capability to possess multicolor emissions un-

der single wavelength excitation and mutifunctionality for

multimodal imaging.
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