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solid state lightings [11,12].  Nevertheless, due to the par-
ity forbidden transition nature, the absorption cross-sec-
tion of f-f transition is small and usually high power light 
sources such as laser are needed to excite the Ln3+ ions. 
The ability to excite Ln3+ ions efficiently in a broad spectral 
range is strongly desired for realizing their full potentials 
in signaling and lighting applications. To improve the ex-
citation efficiency of Ln3+, sensitization is an efficient way 
to avoid the direct excitation of the Ln3+. Charge transfer, 
electronics transfer from ligand ground states (e.g., O 1s) 
to the Ln3+ excited states, has proved to be an efficient 
means to achieve intense Ln3+ emissions, due to its large 
band absorption cross-section. By employing this strategy, 
commercial phosphor Y2O3:Eu3+ has been demonstrated 
to be an excellent red phosphor, which can be effectively 
excited at Eu-O charge transfer band at 255 nm. Another 
strategy for efficient sensitization of Ln3+ is via the energy 
transfer (ET) from semiconductor nanocrystals (SNCs), 
which generally possess large absorption cross-section for 
Ln3+ excited states. Moreover, it is known that the exciton 
Bohr radius of semiconductors is much larger than that of 
insulators [13], which could result in pronounced quantum 
confinement effect for small nanocrystals (NCs) (e.g., 2−10 
nm for In2O3, ZnO and TiO2). As a result, the optical prop-
erties of Ln3+ incorporated in SNCs could be tailored via size 
control or bandgap engineering, which is very attractive in 
fabricating a nano-device for technological applications. 
It is anticipated that the luminescence of Ln3+ ions can be 
efficiently sensitized via the energy transfer from the ex-
cited host to Ln3+, which thereby overcomes the inefficient 
direct absorptions of the parity forbidden 4f-4f transitions 
of Ln3+ ions (Fig. 1). To realize the efficient energy transfer 
and intense Ln3+ PL, the successful incorporation of Ln3+ 
into the lattices of SNCs is of utmost importance, which 
still remains a great challenge via conventional wet-chemi-
cal methods especially for some widely used wide bandgap 

Trivalent lanthanide (Ln3+) ions doped semiconductor nano-
materials have recently attracted considerable attention owing 
to their distinct optical properties and their important appli-
cations in diverse fields such as optoelectronic devices, flat 
plane displays and luminescent biolabels. This review provides 
a comprehensive survey of the latest advances in the synthesis, 
electronic structures and optical spectra of Ln3+ ions in wide 
band-gap semiconductor nanocrystals (SNCs). In particular, 
we highlight the general wet-chemical strategies to introduce 
Ln3+ ions into host lattices, the local environments as well as the 
sensitization mechanism of Ln3+ in SNCs. The energy levels and 
crystal-field parameters of Ln3+ in various SNCs determined 
from energy-level-fitting are summarized, which is of vital im-
portance to understanding the optical properties of Ln3+ ions 
in SNCs. Finally, some future prospects and challenges in this 
rapidly growing field are also proposed.

  INTRODUCTION
Trivalent lanthanide ions (Ln3+) possess fascinating opti-
cal properties and have been utilized in solid-state lasers, 
luminescent lamps, optical fibers, flat displays and other 
photonic devices for decades [1−10]. The emissions of Ln3+ 
ions mostly come from their intra 4f electronic transitions. 
Among Ln3+ series from La3+ to Lu3+, each has its unique 
electronic structure and characteristic spectral signature, 
and thus multiple color outputs from visible to near infra-
red (NIR) can be achieved by doping with different Ln3+ 
ions, which is appealing for their technology applications. 
Moreover, because the 4f orbitals of Ln3+ are shielded by the 
filled 5s25p6 sub-shells and prevented from the interaction 
with ligands, the emission features of Ln3+ vary little at dif-
ferent hosts. It should be noted that the inter-configuration 
of 4f electrons are parity forbidden, thus the photolumines-
cence (PL) of Ln3+ ions in various hosts is usually featured 
by sharp lines, long luminescent lifetime, and large Stokes/
anti-Stokes shifts, which render the Ln3+ ions applicable 
in the fields of sensitive optical detectors and pure-color 
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SNCs with large discrepancy of ionic radius and charge 
between Ln3+ and the host cations such as ZnO, ZnS, CdS 
[14]. In spite of this, considerable efforts have been devoted 
to the synthesis and optical property tuning in Ln3+ ions 
doped SNCs in the past few years [15−34]. Although, in 
most cases reported in the literature [35−39], only broad 
emission lines of Ln3+ ions located at the surface of SNCs 
were obtained, it proved that Ln3+ can be incorporated into 
the SNC lattice site via judiciously designing the synthesis 
strategies. Diverse Ln3+ ions have been successfully em-
bedded into the lattices of SNCs such as ZnO, TiO2, SnO2, 
In2O3, and Ga2O3 via various wet-chemical methods. As a 
result, intense and sharp emission lines of Ln3+ ions rang-
ing from visible to NIR regions were realized in most SNCs 
via host sensitization. Moreover, multiple sites of Ln3+ with 
different crystal-field (CF) surroundings could be explic-
itly identified in various SNCs by using site-selective and 
time-resolved spectroscopy. Based on the abundant ex-
perimental CF levels of multiplets of Ln3+ ions within the 
SNC lattice sites identified from the highly resolved and 
intense emission and excitation lines of Ln3+, many efforts 
had been devoted to the energy level fitting and thus to ex-
plore the CF surroundings experienced by the Ln3+ ions. As 
a consequence, the obtained CF parameters are particular-
ly important in optimizing optical performance for further 
technological applications of the materials.

Previously, the optical properties of Ln3+ in SNCs were 
occasionally summarized in several reviews [40−43]. 
However, a comprehensive survey covering the prepara-
tion strategy, optical properties, and electronic structures 
of Ln3+ in SNCs is still lacking so far. This review mainly 
concentrates on the electronic structures and optical prop-
erties of Ln3+ ions doped in SNCs that were synthesized by 
using various methods. It is organized as follows. First, the 
most representative synthetic strategies to prepare SNCs 
with Ln3+ embedded in the host lattice site are briefly intro-
duced. Then, the CF structures of Ln3+ ions in SNC lattice 
sites derived from the energy level fitting are summarized 
and discussed. Finally, the doping locations and the host 

sensitized luminescence of Ln3+ ions in SNCs are probed 
and revealed.

SYNTHESIS TECHNIQUES 
To realize efficient energy transfer from host materials to 
Ln3+ ions, the distance between energy donor and acceptor 
should be small enough (usually less than 5 nm). To meet 
this requirement, it is essential to incorporate Ln3+ ions into 
the SNCs lattice. It is well known that the dopant situation 
in a host is closely related to the ionic radius and charge 
difference between dopant ions and host cations. For III-VI 
SNCs, such as In2O3 and Ga2O3, the Ln3+ dopant ions and 
host cations have similar ionic radius and the same charge. 
Thus In2O3 SNCs with Ln3+ ions embedded in the host 
lattice can be easily obtained by chemical methods [44]. 
However, for II-VI and IV-VI SNCs, such as ZnO, ZnS, and 
TiO2, due to the large mismatch in ionic radius between 
Ln3+ and host ions (e.g., 0.086–0.103 nm vs. 0.061 nm for 
Ti4+, for coordination number VI) [45] and their charge 
imbalance, it is notoriously difficult to incorporate Ln3+ 
ions into the SNCs lattice through conventional chemical 
methods. To this end, diverse chemical and physical meth-
ods had been attempted to synthesize Ln3+ doped SNCs as 
briefly reviewed in Table 1. In some special cases, it was 
found that, Ln3+ ions could be effectively incorporated into 
a metastable lattice site of SNCs usually accompanied with 
lattice distortion and charge compensation.

To effectively incorporate Ln3+ ions into SNC lattice 
site via wet chemical approach, it is essential to retain the 
dopant ions within the SNC matrix during the nanocrys-
tal growth process. Sol-gel process has proved to be an ef-
fective way to capture the Ln3+ ions. During the hydrolysis 
process of the precursor molecules, Ln3+ ions can be read-
ily bonded to the host ionic ions via oxygen bridges. With 
the particle growth, Ln3+ ions can be embedded into the 
host matrix (Fig. 2a). However, it should be noted that the 
as-prepared NCs by sol-gel method are usually in amor-
phous nature, and post heat treatment is thus needed to 
yield crystallized samples. In this case, lanthanide ions are 
thermally metastable in the glassy host matrix, and careful 
heat treatment should be conducted since high-tempera-
ture annealing may result in self-purification process and 
thus Ln3+ ions might be expelled from the crystallized lat-
tice and form separated phase [46]. 

Another approach to increase the contents of Ln3+ ions 
in the host crystal lattice is shell overgrowth, which was suc-
cessfully applied to increase doping level of transition met-
al and Ln3+ ions in SNCs [168−171]. By epitaxial growth of 
additional layers of host material, the surface dopant ions 
will be transferred to the lattice sites (Fig. 2b). Recently, 

SNCs

CB

VB

ET

Figure 1  A schematic illustration of quantum size effect on the bandgap 
energy of SNCs and energy transfer mechanism from SNCs to Ln3+ ions.
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Martin-Rodriguez and co-workers [171] presented a facile 
way to incorporate Yb3+ ions into the CdSe quantum dots 
(QDs) through epitaxial growth method, and enhanced en-
ergy transfer from CdSe host to Yb3+ ions was achieved. As 
shown in Fig. 3a, CdSe QDs were used as core templates, 
and the Yb and Se were then successively coated onto the 
CdSe QDs surface. During the shell growth process at high 
temperature of 265ºC, the Yb3+ ions can diffuse into the 
CdSe host lattice. During the doping process, the mor-
phology and dispersity of the nanoparticles can be retained 
(Fig. 3b). Fig. 3c shows the PL excitation and emission 
spectra of CdSe:Yb3+ NCs. For the sample with Yb3+ phys-
ically adsorbed on the surface, energy transfer from CdSe 
to Yb3+ can be obtained, and thus broad emission band at 
around 980 nm attributed to the 2F5/2 to 2F7/2 transition of 
Yb3+ was observed (Fig. 3d). Such surface adsorbed Yb3+ 
ions were unstable and easily desorbed from the nanopar-
ticle after washing, which resulted in the decrease of emis-
sion intensity of Yb3+. Followed by the coating of Se layer, 
the emission lines of Yb3+ ions became sharper and better 
resolved (Fig. 3e), indicating that the Se coating promot-
ed the incorporation of Yb3+ in CdSe QDs. Meanwhile, the 
PL decay curve of CdSe:Yb3+ QDs also provided additional 
evidence for the incorporation of Yb3+ in CdSe lattice. As 
shown in Fig. 3f, the PL lifetime of 2F5/2 of Yb3+ was found to 
be significantly prolonged after Se layer growth due to the 
minimization of surface quenching groups such as C−H 
(∼3000 cm−1) or O−H (∼3300 cm−1) by doping into the 
CdSe lattice site.

ELECTRONIC STRUCTURES OF LANTHANIDE 

IONS IN SNCs 

  Crystal-field theory of Ln3+

The electronic structure of Ln3+ is closely related to their 

locations in the host [172]. A slight variation of local struc-
ture around Ln3+ ions will lead to a significant change in 
the CF of Ln3+. It is a general practice to perform the en-
ergy-level-fitting by the parameterization of an effective 
operator Hamiltonian including free-ion (FI) and CF in-
teractions. The commonly used effective operator Hamil-
tonian is
 FI CF

H H H  ,     (1)

where the FI Hamiltonian can be expressed as

 
FI avg SO 2
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    (2)

There are up to 20 FI parameters in Equation (2). The 
predominant terms in this Hamiltonian are the electrostat-
ic and spin-orbit interactions represented by parameters Fk 
and ζf. The configuration interactions (α, β, γ), spin-spin 
and spin-other-orbit interactions (Mh), the two-body elec-
trostatically correlated magnetic interactions (Pf), and the 
three-particle configuration interactions (Ti) represent 
higher order interactions that are essential in order to ac-
curately reproduce the energy level structure of f-element 
ions. The physical meaning of these FI parameters has been 
described by Crosswhite and Carnall et al.[173,174]. 

The single-particle CF Hamiltonian is expressed in   
Wybourne’s notation [175], 

CF
,

Re [ ( 1) ] Im [ ( 1) ]k k q k k k q k

q q q q q q
k q

H B C C i B C C
 

        . (3) 

The values of k and q are limited by the site symmetry 
of Ln ions, since the Hamiltonian must be invariant under 
the operations of the point group symmetry. In the low site 
symmetry, all the independent CF parameters except Bo

k are 
complex, each having real and imaginary parts denoted by 
ReBq

k and ImBq
k. It should be noted that the CF parameters 

defined in Wybourne’s notation are complex conjugate to 
their counterparts in Morrison’s definition [176]. 

The scalar CF strength (S) that reflects the overall CF 
interaction in the crystal can be calculated according to 
Chang’s definition [177]  

    1/ 2
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Figure 2   A schematic illustration of the strategies to incorporate Ln3+ 
ions into the SNC lattice through (a) sol-gel, and (b) epitaxial growth 
method.
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sion spectra of TiO2:Eu3+ at 10 K, 47 CF levels at C2v site and 
42 CF levels at D2 site were experimentally determined as 
listed in Table 2 [178]. Thereafter, the energy level fitting 
was performed by Ma et al. [179] by allowing the varia-
tion of both 9 CF parameters and FI parameters such as 
Slater integrals and spin-orbit coupling constant. The fitted 
energy levels are compared with the experimental values 

in Table 2. The root mean square (rms) deviation of the 
final fit is as small as 31.8 cm−1 and 33.7 cm−1 for C2v and 
D2 sites, respectively, which indicates a good agreement 
between the observed and the calculated sets. However, it 
should be pointed out that there are some large discrepan-
cies between the experimental and fitted results as marked 
by star symbol in Table 2, which may be caused by the un-
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Figure 3  (a) A schematic illustration of the incorporation of Yb3+ ions into CdSe host lattice; (b) transmission electron microscopy (TEM) image of 
CdSe:Yb3+ QDs; (c) emission (λex = 350 nm) and excitation (λem = 600 nm) spectra of CdSe:Yb3+; (d) NIR emission spectra of unshelled CdSe:Yb3+ 
before (red line) and after (green line) washing; (e) PL emission spectrum of CdSe:Yb3+ after Se-shell growth upon excitation at 585 nm; (f) PL decay 
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(Adapted with permision from Ref. [171]. Copyright 2013, American Chemical Society).
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certainty in the location of some energy levels due to the 
spectral overlap of three site emissions in some wavelength 
region under the current experimental conditions. Table 3 
lists the final FI and CF parameters of the fit. By adopting 
the CF parameters in Table 3, the value of S is determined 
to be 751 and 1095 cm−1 for Eu3+ ions at the C2v and D2 site 
in anatase TiO2 NCs, respectively, which are slightly larger 
than that at the C2 site of Gd2O3 and double of that at the C2v 
site of LaF3 [182], indicating the large CF experienced by 
Eu3+ in TiO2. The relatively large CF strength may be due to 
the great lattice distortion and site symmetry descending at 
Ln3+ sites since a lower point-group symmetry occupied by 
Ln3+ ions in the host usually results in a larger CF strength 
[183]. 

Er3+

Fine CF splittings experienced by Er3+ in anatase TiO2 NCs 
were observed in high-resolution PL excitation and emis-

sion spectra at 10 K (Fig. 4). Fig. 4a exhibits the 10 K exci-
tation spectrum for Er3+ doped TiO2 NCs when monitoring 
the 4S3/2→ 

4I15/2 emission at 566.5 nm. Abundant sharp ex-
citation lines of Er3+ centered at 380.8, 407.8, 445.6, 454.6, 
489.5, 523.5, and 550.5 nm are attributed to the transitions 
from the ground state of 4I15/2 to the excited states of 4G11/2, 
2H9/2, 

4F7/2, 
2H11/2, 4S3/2 and 4F9/2, respectively. Eight CF lev-

els of 4I15/2 were determined to be 0, 15, 95, 166, 210, 378, 
454, and 504 cm−1 according to the 4S3/2→ 

4I15/2 emission at 
10 K (Fig. 4b). Theoretically, the multiplets of Er3+ at D2d 
or lower symmetry sites should present J+1/2 lines due to 
the Kramers degeneracy for 4f11 configuration of Er3+ [184]. 
The enlarged excitation spectra at different spectral regions 
at 10 K (Figs 4c−h) reveal that the excitation lines of dif-
ferent multiplets agree well with the expected degeneracy, 
thus further verifying the single lattice site of Er3+ ions in 
TiO2 NCs. Moreover, in addition to the excitation lines 
from the lowest CF level of 4I15/2, a number of hot bands 

Table 2  Energy levels of Eu3+ ions situated at the sites of C2v and D2 symmetries in anatase TiO2 NCs (unit: cm−1). Reprinted with permission from 
Ref. [179]. Copyright 2011, Elsevier B.V.

Multiplet
Ecalc. Eexp. ΔE Ecalc. Eexp. ΔE

Multiplet
Ecalc. Eexp. ΔE Ecalc. Eexp. ΔE

C2v D2 C2v D2
7F0 −18 0 18 −3 0 3 21,411 21,462 51 – – –
7F1 226 233 7 277 278 1 5D3 24,109 24,093 −16 24,028 24,031 3

397 411 14 384 377 −7 24,144 24,157 13 24,059 24,087 28
423 435 12 400 407 7 24,260 24,248 −12 24,181 24,184 3

7F2 739 668 −71* 697 677 −20 5L6 24,500 24,497 −3 24,400 24,406 6
879 891 12 875 880 5 24,567 24,565 −2 24,550 24,566 16

1092 1060 −32 1093 1070 −23 24,656 24,655 −1 24,804 24,781 −23
1226 1222 −4 – – – 24,871 24,882 11 24,907 24,904 −3

7F3 1801 1819 18  1842 1805 −37 25,107 25,143 36 25,048 25,065 17
1909 1956 47* 1873 1865 −8 25,244 25,186 −58* 25,053 25,107 54*

1954 1994 40 1949 1966 17 25,341 25,268 −73* – – –
2037 2027 −10 1960 1980 20 25,582 25,592 10 – – –
2048 2069 21 2081 2069 −12 5L7 25,695 25,696 1 25,182 25,190 8

– – – 2404 2411 7 25,909 25,920 11 25,662 25,603 −59*

7F4 2460 2449 −11 2585 2596 11 – – – 25,862 25,837 −25
2658 2618 −40 2669 2663 −6 – – – 26,001 26,016 15
2855 2860 5 2931 2952 21 – – – 26,472 26,469 −3
2929 2951 22 3088 3116 28 5G2 – – – 25,941 25,925 −16
3061 3072 11 3136 3131 −5 5G3 25,979 25,991 12 25,511 25,504 −7
3142 3114 −28 – – – 26,081 26,099 18 – – –
3186 3157 −29 – – – 26,171 26,184 13 – – –

5D0 17,081 17,107 26 17,020 17,063 43 5G4 26,454 26,464 10 – – –
5D1 18,836 18,828 −8 18,745 18,787 42 5G5 26,273 26,263 −10 26,282 26,299 17

18,877 18,861 −16 18,788 18,798 10 26,372 26,391 19 – – –
18,900 18,871 −29 18,914 18,806 −108* 26,527 26,535 8 – – –

5D2 21,278 21,247 −31 21,215 21,183 −32 5G6 – – – 26,182 26,172 −10
21,386 21,403 17 21,317 21,341 24 – – – – – –
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Table 3  FI and CF parameters of Ln3+ in SNCs of TiO2, In2O3, and Ga2O3 (unit: cm−1)

Parameter
Anatase TiO2 Rutile TiO2 In2O3 Ga2O3

C2v
a (Eu3+) D2

a (Eu3+) C2v
b (Er3+) D2d

b (Er3+) D2d
c (Sm3+) D2d

c (Sm3+) D2h
c (Sm3+) C2

d (Eu3+) C2/m
e (Eu3+)

Eavg 63,614 64,718 35,567(17) 35,567(29) – – – 6,2791(56) 63,304(15)

F2 82,256 84,685 96,528(130) 96,509(229) [79,805]g [79,805] [79,805] 80,206(108) 81,280(57)

F4 61,248 60,381 64,835(187) 64,902(278) [57,175] [57,175] [57,175] 59,968(774) 61,647(93)

F6 40,411 41,288 57,754(243) 57,740(403) [40,250] [40,250] [40,250] 41,068(465) 40,535(53)

ζ 1324 1349 2365(4) 2364(6) [176] [176] [176] 1313(3) 1319(1)

α – – 17.79 17.79 [20.16] [20.16] [20.16] 21.4 20.16

β – – −580 −580 [−566.9] [−566.9] [−566.9] −567 −567

γ – – 1800 1800 [1500] [1500] [1500] 1500 1500

T2 – – 620 620 [300] [300] [300] 300 300

T3 – – 48 48 [36] [36] [36] 40 40

T4 – – 100 100 [56] [56] [56] 60 60

T6 – – −475 −475 [−347] [−347] [−347] −300 −300

T7 – – 380 380 [373] [373] [373] 370 370

T8 – – 163 163 [348] [348] [348] 320 320

M0 – – 2.95 2.95 [2.6] [2.6] [2.6] 2.1 2.1

P2 – – 627 627 [357] [357] [357] 360 360

B0
2 99 −24 45(147) 121(105) −452 −886 546 −168(47) 41(46)

B2
2 −721 446 152(105) – – – 615 −806(27) −625(31)

B0
4 1079 −3733 2483(164) 3035(132) 2276 4870 −4806 −1206(21) −988(48)

B2
4 −707 −1945 −1050(156) – – – −759 Re: −1951(57)

Im: −221(162)
Re: −397(89)

Im: −1243(42)

B4
4 −2414 1125 −481(176) −423(215) 2030 1745 1417 Re: 1133(62)

Im: −271(243)
Re: −165(71)
Im: 223(48)

B0
6 2092 −3916 −143(144) −170(86) 674 960 −117 143(96) −1096(84)

B2
6 −1697 −1853 248(126) – – – – Re: 452(68)

Im: 465(101)
Re: −177(78)
Im: −201(59)

B4
6 1182 171 395(76) 314(82) −211 −133 752 Re: 1124(68)

Im: −313(219)
Re: 73(93)

Im: 553(58)

B6
6 1073 121 124(105) – – – −1086 Re: −30 (90)

Im: −253(93)
Re: 720(53)

Im: 151(166)

rmsf 31.8 33.7 25.1 31.7 16.6 37.5 3.1 13.8 12.9

S/cm−1 751 1095 549 609 – – – 790 546

    a) Ref. [179]; b) Ref. [180]; c) Ref. [181]; d) Ref. [115]; e) Ref. [83]; the values in parentheses are errors in the indicated parameters which were freely 
varied in the fit. f) The rms deviation between the experimental and calculated energies was used as a figure of merit to describe the quality of a fit, with 

2
exp calc( ) / ( )rms E E N P    

where N is the number of levels fit, and P is the number of parameters freely varied. g) The FI parameters in brackets were adopted from Sm3+ in LaF3 
crystals in Ref. [174] and fixed during the energy level fitting.
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marked by the circle symbols with an energy gap of 15 cm−1 
appear in lower energy side, which are ascribed to the tran-
sitions from the second lowest CF level of 4H15/2. From the 
viewpoint of spectroscopy, we infer that most of Er3+ ions 
are very likely located at the substitutional Ti4+ lattice site 
with a site symmetry descending from D2d to C2v or D2, as 
previously revealed in Eu3+ doped TiO2 NCs [178]. 

According to the high-resolution PL excitation and 
emission spectra at 10 K, 45 CF levels belonging to 12 dif-
ferent SLJ multiplets of 4f11 configuration of Er3+ were ex-
perimentally determined (Table 4) and subjected to energy 
level fitting [180]. The energy-level-fitting was performed 
using the f-shell empirical programs of Prof. Reid, which 
enabled a complete diagonalization without truncation of 
the 4f11 wave functions [185]. In the least-square fitting 
of CF energy level structure, five FI parameters (Eavg, Fk, 
ζf ) were allowed to vary freely whereas the others of M2, 
M4, P4, and P6 were constrained by the Hartree-Fock-de-
termined ratios M2/M0=0.56, M4/M0=0.38; P4/P2=0.75, P6/
P2=0.5 [173]. The FI and CF parameters of LaF3:Er3+ [174] 

were used as starting values. Some strategies were employed 
to fulfill the fit repeatedly: firstly, those most reliable CF 
levels were fitted by freely varying both the FI parameters 
(Eavg, Fk, ζf ) and the CF parameters. The other FI param-
eters were fixed at the parameters of LaF3:Er3+; secondly, 
finely tuning the above fit by introducing the remaining FI 
parameters, or adding more CF levels of other multiplets 
such as those congested levels, or both; thirdly, relocating 
or reassigning those uncertain CF levels that would result 
in anomalously large rms deviation of the fit, and finally 
simultaneously varying the free parameters to fit the 45 CF 
levels. An rms deviation of 25.1 cm−1 based on the C2v sym-
metry was obtained in the final fit, which is smaller than 
that based on the D2d symmetry (31.7 cm−1), indicating that 
the fitting based on C2v is more reasonable in energy. The 
fitted energy levels for the D2d and C2v site symmetries are 
compared with experimental values in Table 4. The optimal 
FI and CF parameters are listed in Table 3. By adopting the 
CF parameters in Table 3, the value of S was determined to 
be 549 cm−1 for Er3+ ions at the C2v site in anatase TiO2 NCs, 
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Figure 4  (a) 10 K PL excitation spectrum by monitoring the 4S3/2→4I15/2 emission at 566.5 nm; (b) PL emission spectra upon excitation at 407.8 nm for 
TiO2:Er3+ NCs; (c−h) enlarged high-resolution excitation peaks in different spectral regions. Peaks marked by circles are hot bands from the second 
lowest level of the ground state. Reprinted with permission from Ref. [180]. Copyright 2011, Wiley-VCH Verlag GmbH & Co. KGaA.



October 2015 | Vol.58 No.10     827
© Science China Press and Springer-Verlag Berlin Heidelberg 2015

SCIENCE CHINA Materials REVIEW

which was close to that at the C2 site in Y2O3 (S = 569 cm−1) 
[177], but about two times that at the C2v site in LaF3 (S = 
257 cm−1) [186], indicative of a strong CF interaction expe-
rienced by Er3+.

Sm3+ 
Different from the multiple sites of Sm3+ in anatase TiO2 
NCs in our previous work [187], single lattice site of Sm3+ 
was detected in anatase TiO2 NCs by Kiisk and co-work-
ers [181], which enabled the precise assignment of experi-
mental electronic state of Sm3+ in TiO2 crystals. As shown 
in Fig. 5a, the shape and position of the emission lines are 

alike to that selected out under the excitation at 416.2 nm 
of Sm3+ in anatase TiO2 prepared by sol-gel solvothermal 
method [187], indicative of the essentially same CF envi-
ronment around Sm3+ in these two sites. Besides, well re-
solved emission lines of Sm3+ were also observed in rutile 
TiO2 crystals (Fig. 5b), which exhibits significantly differ-
ent emissive behavior from that of Sm3+ in anatase phase, 
indicative of the totally different local symmetry of Sm3+ in 
these two crystal phase.

In all, 16 energy levels belonging to 6HJ (J= J=5/2, 7/2, 
9/2, 11/2) multiplets of Sm3+ in anatase or rutile TiO2 NCs 
were located and assigned as listed in Table 5. Due to the 

Table 4   Energy levels of Er3+ at the D2d and C2v sites of TiO2 NCs (unit: cm−1). Reprinted with permission from Ref. [180]. Copyright 2011, Wiley-
VCH Verlag GmbH & Co. KGaA

Multiplet
Energy

ΔE (D2d) ΔE (C2v) Multiplet
Energy

ΔE (D2d) ΔE (C2v)Exp. Fit (D2d) Fit (C2v) Exp. Fit (D2d) Fit (C2v)
4I15/2 0 −1 −19 −1 −19 15,404 15,374 15,383 −30 −21

15 19 7 4 −8 4S3/2 18,165 18,140 18,152 −25 −13
95 74 81 −21 −14 18,183 18,184 18,195 1 12

166 148 166 −18 0 2H11/2 18,975 18,997 18,972 22 −3
210 223 219 13 9 19,010 19,089* 19,025 79 15
378 401 392 23 14 19,104 19,112 19,086 8 −18
454 446 469 −8 15 19,148 19,114 19,152 −34 4
504 523 506 19 2 19,181 19,185 19,201 4 20

4I13/2 6525 6510 6525 −15 0 19,226 19,195 19,215 −31 −11
6533 6542 6543 9 −10 4F7/2 20,298 20,342* 20,320 44 22
6585 6599 6594 14 9 20,392 20,390 20,400 −2 8

– 6620 6649 – – 20,430 20,398 20,418 −32 −12
– 6766 6745 – – 20,466 20,459 20,453 −7 −13
– 6820 6851 – – 4F5/2 21,997 22,049* 22,049* 52 52
– 6890 6859 – – 22,119 22,109 22,117 −10 −2

4I11/2 – 10,155 10,166 – – 22,217 22,178 22,161* −39 −56
– 10,189 10,184 – – 4F3/2 22,386 22,384 22,381 −2 −5

10,205 10,195 10,206 −10 1 22,444 22,440 22,452 −4 8
– 10,276 10,268 – – 2H9/2 24,298 24,274 24,283 −24 −15
– 10,305 10,328 – – 24,313 24,286 24,295 −27 −18
– 10,354 10,330 – – 24,411 24,414 24,406 3 −5

4I9/2 – 12,254 12,252 – – 24,426 24,464 24,442 38 16
– 12,288 12,287 – – 24,525 24,547 24,546 22 21
– 12,409 12,401 – – 4G11/2 25,920 25,993* 25,991* 73 71
– 12,472 12,453 – – 26,062 26,049 26,031 −13 −31

12,588 12,562 12,584 −26 −4 26,170 26,137 26,160 −33 −10
4F9/2 – 15,110 15,122 – – 26,264 26,267 26,244 3 −20

15,140 15,129 15,133 −11 −7 26,344 26,322 26,359 −22 15
15,242 15,278 15,263 36 21 26,427 26,407 26,397 −20 −30
15,291 15,316 15,303 25 12 – – – – –
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small number of experimentally detected energy levels, the 
FI parameters were fixed at values provided in LaF3 [174] 
during the energy-level-fitting. The fitted energy levels 
based on D2d for anatase phase and D2d or D2h for rutile 
phase are compared in Table 5. The optimal CF parame-
ters are listed in Table 3. By adopting the CF parameters in 

Table 3, the value of S was determined to be 609, 1033, and 
1020 cm−1 for Sm3+ ions at the D2d site of anatase, D2d and 
D2h sites of rutile TiO2 NCs, respectively. It should be not-
ed that the lattice distortion induced by the replacement of 
Ti4+ with larger Sm3+ and the charge compensation process 
was not taken into account in the energy level fitting, which 
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Figure 5  10 K high-resolution PL emission spectra of Sm3+ in (a) anatase and (b) rutile phase of TiO2 under the excitation at 355 nm. The intensities of 
the bands corresponding to different multiplets were normalized at the most intense emission line. Reprinted with permission from Ref. [181]. Copyright 
2009, IOP publishing Ltd.

Table 5  Calculated and observed energy levels of Sm3+ in anatase and rutile phases of TiO2 (unit: cm−1). Reprinted with permission from Ref. [181]. 
Copyright 2009, IOP publishing Ltd.

Multiplet
Anatase D2d Rutile D2d Rutile D2h

Eexp. Ecalc. ΔE Eexp. Ecalc. ΔE Eexp. Ecalc. ΔE
 6H5/2 0 −24 24 0 71 −71 0 1 −1

181 199 −18 376 312 64 376 375 1

251 258 −7 469 458 11 469 469 0
6H7/2 1055 1067 −12 1135 1111 24 1135 1138 −3

1204 1196 8 1415 1429 −14 1415 1415 0

1280 1279 1 1514 1507 7 1514 1511 3

1418 1415 3 1638 1659 −21 1638 1635 3
6H9/2 2265 2262 3 2348 2343 5 2348 2343 5

2348 2330 18 2509 2503 6 2509 2509 0

2364 2385 −21 2656 2656 0 2656 2656 0

2451 2471 −20 2712 2691 21 2712 2716 −4

2619 2598 21 2837 2870 −33 2837 2839 −2
6H11/2 3626 3635 −9 3663 3665 −2 3663 3664 −1

3666 3657 9 3763 3806 −43 3763 3762 −1

– 3698 – – 3919 – 3964 3960 4

3713 3706 7 3964 3927 37 – 4010 –

3812 3818 −6 – 4083 – 4101 4105 −4

– 3855 – 4101 4090 11 – 4228 –
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may be to some extent influence the final fitting results.

Ln3+ doped In2O3 NCs 
Indium sesquioxide (In2O3) is a wide bandgap III-VI 
semiconductor (direct bandgap energy of ~2.9–3.2 eV  ) 
[188−190] with a large exciton Bohr radius of 2.14 nm 
[191]. Due to the similarity of ions radius and charge be-
tween In3+ and Ln3+ ions, Ln3+ ions can be easily incorpo-
rated into the In2O3 nanocrystal lattice by replacing In3+. 
According to the crystal structure of In2O3 which crystal-
lizes with the C-type Y2O3 structure, two distinct sites are 
expected for Ln3+ in the In-lattice, namely a low symmetry 
site of C2 and a centrosymmetric site of S6. 

The optical properties of Ln3+ in In2O3 NCs have been 
sporadically reported in recent years [29,192−195]. Kim et 
al. [193] and Choi et al. [194] observed the Er3+ emission 
around 1.54 μm in In2O3:Er3+ under direct excitation of 
Er3+ ions. The Eu3+ luminescence was observed in In2O3: 
Eu3+ QDs upon indirect excitation above 350 nm at room 
temperature [29], due possibly to the host sensitization. 
Antic-Fidancev and co-workers [195] performed the ener-
gy-level-fitting of Eu3+ in C-type In2O3 polycrystals. 21 en-
ergy levels belonging to 7FJ (J=0, 1, 2, 3, 4) multiplets of Eu3+ 
at the C2 site of In2O3 were subjected to the fitting, yielding 
small rms deviation of 3.9 cm−1. Recently, more elaborate 
spectroscopy and electronic structure analysis of Eu3+ in 
In2O3 NCs prepared by a solvothermal method were car-
ried out in our group [115]. 48 CF levels below 25,500 cm−1 
of Eu3+ at the C2 site of In2O3 were located and assigned 
based on the 10 K high-resolution PL excitation and emis-
sion spectra. Fig. 6 presents the emission and excitation 
spectra of Eu3+ in In2O3 NCs. As shown in Fig. 6a, upon di-

rect excitation from the ground state 7F0 to 5D2 of Eu3+ (C2) 
at 465.1 nm, sharp emission lines corresponding to 5D1→7F1 
and 5D0→7FJ (J = 0, 1, 2, 3, 4, 5, 6) transitions of Eu3+ were 
observed at 533.0, 580.4, 586.3, 611.0, 648.4, 709.4, 741.4 
and 804.4 nm, respectively. Sharp excitation peaks centered 
at 467.4, 528.2 and 580.4 nm attributing to the direct exci-
tation of Eu3+ from the ground state 7F0 to different 5DJ (J = 
2, 1, 0) multiplets can be well assigned as illustrated in Fig. 
6b. Furthermore, besides the direct excitation lines of Eu3+, 
an intense broad UV band centered at 350 nm that orig-
inates from the bandgap absorption of In2O3 NCs is also 
presented in Fig. 6b, indicating that the Eu3+ emissions can 
be achieved via an efficient nonradiative energy transfer 
process from the In2O3 host to Eu3+.

The energy-level-fitting was performed and the proce-
dure is similar to that of TiO2:Er3+. The rms deviation of 
the final fit is only 13.8 cm−1, indicative of excellent agree-
ment between the experimental and fitted CF levels. The 
fitted energy levels are compared with experimental values 
in Table 6. The FI and CF parameters are listed in Table 3. 
The CF parameters of B0

2, ImB0
2, B0

6, ImB2
6, ImB4

6 and ImB6
6 

are significantly different from that reported by Antic-Fi-
dancev et al. [195], which is most probably due to much 
less experimental data (only 21 CF levels) included in their 
energy-level-fitting and thus the less reliability of the sixth-
rank parameters than that of the second- and fourth-rank 
parameters. The obtained CF parameters are also com-
pared with that of cubic Y2O3:Eu3+ [196]. The FI and sec-
ond-rank CF parameters of fitting results are close to that 
at C2 site in Y2O3:Eu3+, but the other CF parameters differ 
appreciably in magnitude. Particularly, the ImB4

4, ImB4
6, 

ImB6
6 and ReB6

6 values of Eu3+ in In2O3 have opposite signs, 
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Figure 6  Optical spectra of Eu3+ at the C2 site in In2O3 NCs. (a) 10 K emission spectrum upon excitation at 465.1 nm; (b) 10 K excitation spectra by 
monitoring the 5D0→7F2 transition at 611.0 nm; the inset in (b) shows the 250 K excitation spectrum in the region of 5L6. Reprinted with permission from 
Ref. [115].   Copyright 2010, American Chemical Society.



830      October 2015 | Vol.58 No.10         
© Science China Press and Springer-Verlag Berlin Heidelberg 2015

REVIEW SCIENCE CHINA Materials

Table 6  Energy levels of Eu3+ at the C2 site of In2O3 NCs (unit: cm−1). Reprinted with permission from Ref. [115]. Copyright 2010, American 
Chemical Society

Multiplet
Energy 

 ΔE Multiplet
Energy 

ΔE 
Exp. Fit Exp. Fit

7F0 0 2 −2 – 5128 –
7F1 173 184 −11 – 5141 –

389 396 −7 5159 5143 16

566 582 −16 – 5405 –
7F2 866 852 14 – 5412 –

900 879 21 – 5434 –

975 961 14 – 5529 –

1191 1172 19 – 5533 –

1422 1415 7 – 5696 –
7F3 1797 1803 −6 – 5696 –

1854 1867 −13 5D0 17,229 17,229 0

1898 1908 −10 5D1 18,932 18,910 22

1961 1963 −2 18,968 18,964 4

2026 2037 −11 19,020 19,048 −28

2176 2178 −2 5D2 21,365 21,372 −7

– 2234 – – 21,378 –
7F4 2663 2665 −2 21,395 21,392 3

2812 2798 14 – 21,463 –

2841 2851 −10 21,501 21,490 11

3040 3039 1 – 24,153 –

3085 3070 15 – 24,201 –

3130 3128 2 – 24,227 –

3219 3216 3 – 24,235 –

3260 3252 8 – 24,261 –

3283 3287 −4 – 24,282 –
7F5 3742 3739 3 – 24,291 –

3856 3853 3 5L6 – 24,557 –

3912 3903 9 – 24,595 –

3933 3924 9 24,618 24,632 −14

3999 3994 5 24,704 24,697 7

4076 4078 −2 – 24,703 –

– 4089 – – 24,779 –

4149 4157 −8 – 24,829 –

4337 4342 −5 – 25,018 –

4356 4358 −2 – 25,239 –

– 4421 – – 25,310 –
7F6 4798 4812 −14 25,329 25,330 −1

– 4819 – 25,406 25,400 6

5086 5104 −18 25,471 25,466 5
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indicating a different CF environment experienced by Eu3+ 
in In2O3 host. The value of S for Eu3+ at the C2 site of In2O3 
was calculated to be 790 cm−1.

Ln3+ doped Ga2O3 NCs
Gallium oxide (Ga2O3) has five crystal structures and 
β-Ga2O3 is the most stable phase, which is a semiconductor 
with a wide bandgap of ~4.8 eV [197,198]. The structure 
of β-Ga2O3 is monoclinic with a space group of C2/m, and 
Ga3+ ions occupy two crystallographic sites, namely tet-
rahedral and octahedral, respectively [199]. β-Ga2O3 is a 
good host for Ln3+ ions due to its high thermal and chem-
ical stability and wide range of optical transparency. To 
date, the visible to infrared luminescence of Ln3+ in Ga2O3 
have been achieved under either photon or electron exci-
tation [59,90,98,99,104,105,200−205]. However, the Ln3+ 
emission and excitation spectra previously reported show 
a broadband pattern rather than sharp transition lines that 
are typical of Ln3+ in a crystalline environment, indicating 
that Eu3+ ions might be located at the surface or close to 
the surface sites instead of entering the crystal lattice of 
β-Ga2O3. In our recent work, sharp emission lines of Eu3+ 
in β-Ga2O3 NCs prepared via a simple combustion meth-
od were observed (Fig. 7), suggesting that Eu3+ ions were 
embedded in β-Ga2O3 nano-lattice. Interestingly, it was 
observed that the substitution of Eu3+ for Ga3+ occurred at 
merely single site, in spite of two crystallographically non-
equivalent sites of Ga3+ in β-Ga2O3. Spectroscopic evidence 
validated the local site symmetry of Cs for Eu3+ at this sin-
gle site [83]. From the 10 K high-resolution excitation and 
emission spectra of Eu3+ in β-Ga2O3, 71 CF levels of Eu3+ 
were identified and listed in Table 7. The CF levels of Eu3+ 

were fitted at Cs symmetry using the f-shell empirical pro-
grams from Reid [185]. The detailed fitting procedure is 
similar to that in TiO2:Er3+. The FI parameters of LaF3:Eu3+ 

[48] and CF parameters of Gd2O3:Eu3+ [182] were used as 
initial values in the fitting. The standard rms deviation of 
the final fit is 12.9 cm−1, showing an excellent agreement 
between experimental and calculated values. The exper-
imental and fitted CF levels below 34,000 cm−1 are com-
pared in Table 7. The obtained FI and CF parameters are 
listed in Table 3. The calculated value of S is 546 cm−1 for 
β-Ga2O3:Eu3+, which is much smaller than In2O3:Eu3+ (790 
cm−1) [115]  with C2 symmetry.

DOPING LOCATION OF LANTHANIDE IONS IN 
SNCs
It is well known that the electronic structures of Ln3+ are 
closely related to their locations in the host materials [172]. 
Because of charge imbalance and lattice distortion, multi-
ple sites of Ln3+ with distinct CF surroundings are prone 
to be formed by introducing Ln3+ ions into the lattices of 
SNCs. In view of the diverse CF surroundings, such mul-
tiple sites of Ln3+ are usually characterized by different 
PL patterns and decays, which will facilitate the survey of 
the local structures of Ln3+ ions in SNCs by means of the 
site- selective or time-resolved spectroscopic techniques.

Surface location of Ln3+ in SNCs
Due to the charge imbalance and the large discrepancy of 
ionic radius between Ln3+ and some of semiconductor cat-
ions, Ln3+ ions can hardly be incorporated into such kinds 
of SNCs lattice via common wet chemical method. Instead, 
in most cases, the dopant ions are prone to accumulate on 
the loosely-structured surface sites of the NCs. Because 
of the continuous distributions of Ln3+ in various surface 
sites, the luminescence spectra usually feature broad and 
unresolved bands. 

As an example, the emission spectra of Eu3+ ions on 
the surface of TiO2 and ZnO NCs are showcased in Fig. 
8. For Eu3+ in both samples, the PL emission spectra ex-
hibited broad bands originating from the 5D0 to 7FJ transi-
tions, and the emission intensity of 5D0→7F2 is much stron-
ger than that of 5D0→7F1, indicating that Eu3+ occupied in 
highly distorted non-centrosymmetric locations in the 
surface of SNCs. Thanks to the ease of the compensation 
for lattice distortion and charge imbalance on the surface, 
the maximal doping concentration of Ln3+ on the outer 
surface sites are usually much larger than that in the inner 
lattices of SNCs. As shown in Fig. 8a, the PL concentration 
quenching did not occur even when the Eu3+ concentration 
reached 16 mol.% in TiO2 NCs. In addition to the Eu-re-
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Figure 7  High-resolution PL spectra of Eu3+ in β-Ga2O3 NCs upon band-
gap excitation at 10 K. Reproduced from Ref. [83] with permission from 
the PCCP Owner Societies.
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Table 7  CF levels of Eu3+ at the Cs site of β-Ga2O3 (unit: cm−1). Reproduced from Ref. [83] with permission from the PCCP Owner Societies

Multiplet Energy (cm−1) Multiplet Energy (cm−1) Multiplet Energy (cm−1) Multiplet Energy (cm−1) Multiplet Energy (cm−1)
Exp. Fit Exp. Fit Exp. Fit Exp. Fit Exp. Fit

7F0 0 4 21,510 21,498 26,483 26,471 － 27,744 － 31,290 
7F1 223 242 － 21,526 － 26,484 － 27,751 31,299 31,301 

401 402 5D3 24,284 24,273 － 26,495 － 27,834 － 31,313 
505 515 － 24,293 26,511 26,505 － 27,838 － 31,330 

7F2 899 887 24,325 24,314 － 26,521 － 27,880 － 31,349 
955 943 － 24,335 － 26,529 － 27,883 － 31,355 

1058 1061 － 24,345 － 26,546 － 27,931 － 31,368 
1115 1103 － 24,356 － 26,548 － 27,964 31,377 31,389 
1265 1264 － 24,372 － 26,563 － 27,988 － 31,391 

7F3 1836 1845 5L6 － 24,758 － 26,572 － 28,038 － 31,408 
1872 1858 － 24,772 － 26,573 － 28,044 － 31,421 
1902 1893 － 24,833 － 26,587 － 28,080 － 31,444 
1930 1933 24,876 24,878 26,617 26,612 － 28,087 － 31,469 
1986 1983 － 24,921 － 26,620 － 28,101 － 31,472 
2007 1990 24,963 24,934 － 26,668 － 28,107 － 31,473 
2086 2089 － 24,978 － 26,677 － 28,120 － 31,491 

7F4 2584 2599 25,107 25,106 － 26,713 － 28,127 － 31,494 
－ 2792 25,195 25,209 － 26,721 － 28,174 － 31,504 

2812 2814 25,253 25,257 － 26,724 － 28,186 － 31,539 
2918 2913 － 25,289 － 26,741 － 28,193 － 31,567 
－ 2952 25,323 25,349 － 26,744 － 28,213 － 31,570 

3038 3033 25,400 25,370 － 26,745 － 28,317 － 31,570 
3054 3057 5G2,3 － 25,800 － 26,776 － 28,327 31,596 31,586 
－ 3130 5G4,5 － 25,869 － 26,788 － 28,388 － 31,621 
－ 3204 5G6 － 25,871 － 26,799 － 28,431 － 31,649 

7F5 － 3741 5L7 － 25,892 26,817 26,805 － 28,455 31,676 31,679 
－ 3745 25,900 25,893 5L8 － 26,933 － 28,541 － 31,690 
－ 3881 － 25,927 － 26,949 － 28,566 － 31,696 
－ 3957 25,947 25,947 － 26,972 － 28,575 － 31,722 
－ 3991 25,974 25,970 － 26,974 － 28,594 － 31,731 
－ 3994 25,994 26,000 27,020 27,033 － 28,680 － 31,761 
－ 4024 － 26,035 － 27,054 － 28,696 － 31,792 
－ 4106 － 26,055 － 27,089 － 28,778 － 31,809 
－ 4147 － 26,078 － 27,094 － 28,778 － 31,834 
－ 4203 26,123 26,118 － 27,166 － 28,791 － 31,834 
－ 4271 － 26,150 － 27,188 － 28,793 3P0 － 32,366 

7F6 － 4846 － 26,170 27,218 27,199 5H3,4
5H5,6
5H7

－ 30,869 5F2,3 － 32,854 
－ 4858 26,199 26,207 27,278 27,269 － 30,881 － 32,879 
－ 4933 － 26,220 － 27,290 － 30,909 － 32,895 
－ 4941 － 26,236 － 27,316 － 30,936 － 32,948 
－ 5037 26247 26,242 27,322 27,332 － 30,949 32,960 32,954 
－ 5060 － 26,258 － 27,337 － 30,959 － 32,967 
－ 5221 26,288 26,281 － 27,349 30,979 30,962 33,014 33,015 
－ 5235 － 26,295 5D4

5L9,10

－ 27,472 － 30,978 － 33,031 
－ 5286 － 26,295 － 27,499 － 31,034 － 33,050 
－ 5316 － 26,349 27,533 27,528 － 31,037 33,102 33,104 
－ 5327 － 26,355 － 27,548 31,075 31,075 － 33,162 
－ 5462 － 26,359 － 27,564 － 31,099 － 33,194 
－ 5463 － 26,367 － 27,574 － 31,131 5F1 － 33,324 

5D0 17,244 17,232 26,385 26,397 27,586 27,590 － 31,162 － 33,343 
5D1 18,975 18,959 － 26,402 － 27,609 － 31,186 － 33,356 

19,008 19,012 － 26,422 27,617 27,629 － 31,205 5F4 － 33,373 
19,033 19,053 － 26,434 27,647 27,643 － 31,213 － 33,397 

5D2 21,436 21,445 － 26,436 － 27,644 － 31,229 － 33,402 
21,450 21,464 26,455 26,450 － 27,696 － 31,256 33,445 33,462 
21,468 21,478 － 26,468 27,693 27,702 － 31,285 
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lated emission, the PL emission of surface defects typical 
of broad bands in the visible region was often observed to 
superpose on the emission spectra of Ln3+. As shown in 
Fig. 8, the broad defect emission bands centered at around 
525 nm were observed in both TiO2 and ZnO samples. It 
should be noted that the energy transfer from the hosts to 
surface Ln3+ ions becomes easier with the aid of the surface 
defect states, as will be discussed later.  

Multiple-site structure of Ln3+ ions

Site-selective spectroscopy
Due to the discrepancy of surroundings of Ln3+ ions in 
multiple sites of SNCs, both the PL emission and exci-
tation spectra at each site usually exhibit distinctive optical 
characteristics in the line position and relative intensities. 
Site-selective spectroscopy is an effective technique to ac-

quire the separated PL spectra of Ln3+ at multiple sites. To 
successfully separate the PL spectra of Ln3+ at each site, the 
primary condition is the insignificant spectral overlap be-
tween PL spectra of different sites at wavelengths selected 
as excitation or monitoring lines. Moreover, a low experi-
mental temperature is commonly set to eliminate the influ-
ence of phonon broadening on the PL lines. 

In our previous work, by using Eu3+ as a sensitive struc-
tural probe, we showed unambiguously the presence of 
multiple sites of Eu3+ in 9-nm hexagonal wurtzite ZnO NCs 
that were synthesized via a facile sol-gel method [59,206]. 
As compared in Fig. 9, two types of luminescence sites of 
Eu3+ were clearly identified by means of site-selective spec-
troscopy at low temperature (10 K). One site ( denoted as 
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Figure 8  PL emission spectra of Eu3+ doped (a) TiO2 (b) ZnO NCs upon 
excitation above the bandgap of TiO2 (325 nm) and ZnO (380 nm), re-
spectively. Adapted with permission from Refs. [37,38]. Copyright 
2008, Wiley-VCH Verlag GmbH & Co. KGaA and American Chemical 
Society.
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Figure 9  10 K site-selective PL emission spectra of ZnO:Eu3+ NCs under 
the (a) 465 nm excitation for Eu3+ at site A and (b) 467.8 nm excitation 
for Eu3+ at site B; (c) 10 K PL decays from 5D0 of Eu3+ at sites A and B in 
ZnO:Eu3+ NCs under the site-selective excitation at 464.8 and 467.8 nm, 
respectively. Adapted with permission from Ref. [206]. Copyright 2007, 
Optical Society of America.
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site A) exhibited broadened PL excitation and emission 
peaks with the most intense emission at 615 nm similar 
to that of Eu3+ ion in glasslike phase, which is associated 
with the distorted lattice sites near the surface. These broad 
emission lines centered at 580, 592, 615, 650 and 698 nm 
can be readily ascribed to the 5D0→7F0, 5D0→7F1, 5D0→7F2, 
5D0→7F3, and 5D0→7F4 transitions of Eu3+, respectively (Fig. 
9a). Unlike site A, sharp PL excitation and emission lines 
of Eu3+ with the most intense emission lines at 616.6 nm 
were observed (Fig. 9b), which are originated from the 
Eu3+ ions located at a lattice site with ordered crystalline 
environment (denoted as site B). The value of full width at 
half-maximum height (FWHM) of site B is much smaller 
than that of site A, decreasing from ~8.0 nm (the 615-nm 
peak) to 0.9 nm (the 616.6-nm peak). In addition to these 
very sharp emission lines of the 5D0→7FJ (J=0,1,2,3,4) tran-
sitions, weak emission lines of the 5D1→7FJ (J=1,2,3,4) tran-
sitions of Eu3+ were also detected at 10 K (Fig. 9b), further 
revealing the much better crystalline surroundings for Eu3+ 
at site B relative to that at site A. 

The PL lifetime (τ) depends significantly upon radiative 
and nonradiative decay rates of the excited state, which 
are bound up with the crystalline environment around the 
dopants [172]. Because of the existence of multiple sites of 
Ln3+ ions in SNCs, different luminescence decays of Ln3+ 
ions are expected in Ln3+ doped SNCs. For this reason, we 
detected two types of PL decays of Eu3+ in ZnO:Eu3+ NCs 
when monitoring the site-selective emissions of Eu3+ at the 
surface and lattice sites (Fig. 9c) [59]. For Eu3+ at the sur-
face site (site A), the PL decay exhibits a single exponential 
behavior, and the 5D0 lifetime was determined to be 0.75 

ms by fitting with single exponential function. Unlike Eu3+ 
ions at site A, the PL decay from 5D0 of Eu3+ at the lattice site 
(site B) features a noticeable rising edge at the initial stage 
and a single exponential decay in the tail when excited to 
the 5D2 state. The intrinsic lifetime of 5D0 was estimated to 
be 1.25 ms from the tail at 10 K. Moreover, the lumines-
cence lifetime of 5D0 of Eu3+ in ZnO NCs was observed to 
be weakly dependent on the temperature due to the large 
energy gap between 5D0 and its next low-lying 7F6 (12,000 
cm−1). The 5D0 lifetime of sites A and B were determined to 
be 0.69 and 1.05 ms by monitoring the site-selective emis-
sion (5D0→7F2) at room temperature, respectively. 

Another typical example for multiple-site structures of 
Eu3+ was exemplified in anatase TiO2 aggregates assembled 
from the 10−12 nm TiO2 NCs (Fig. 10a) [178]. As illus-
trated in Fig. 10, the PL excitation and emission patterns 
of Eu3+ ions at three sites differ obviously from each other 
in line positions, shapes and intensities, indicative of a to-
tally different CF environment experienced by Eu3+ ions in 
TiO2:Eu3+ NCs. When excited at 464.6 nm, the TiO2:Eu3+ 
NCs exhibit broadened emission lines with the most in-
tense peak centered at 613.3 nm similar to that of Eu3+ in 
glasslike phase (Fig. 10b), which is ascribed to the distort-
ed lattice site near the surface (marked as site I). In stark 
contrast, upon selective excitations at 470.7 and 472.1 nm, 
much sharper emission lines with the most intense peaks 
at 616.7 and 618.1 nm are observed relative to that of site 
I (Figs 10c and d), which are originated from the lattice 
sites with ordered crystalline environment in anatase TiO2 
(marked as sites II and III, respectively). It should be not-
ed that, due to the spectral overlap between the monitored 
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Figure 10  (a) A schematic illustration showing Eu3+ ions doped TiO2 NCs with multiple luminescence centers of Eu3+; 10 K excitation spectra (left) of 
TiO2:Eu3+ NCs annealed at 400°C by monitoring the 5D0→7F2 emissions at (b) 613.3 nm, (c) 616.7 nm, and (d) 618.1 nm for sites I, II and III, respective-
ly; and 10 K emission spectra (right) of TiO2:Eu3+ annealed at 400°C, with (b) λex = 464.6 nm for site I, (c) λem = 470.7 nm for site II, and (d) λex = 472.1 
nm for site III. Adapted with permission from Ref. [178]. Copyright 2008, American Chemical Society.
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emission lines at 616.7 nm for site II (or at 618.1 nm for site 
III) and broad emission at 613 nm for site I, the excitation 
lines of site I were found to mingle into the site-selective 
excitation spectra of site II and III.

Time-resolved PL spectroscopy
In addition to the site-selective spectroscopy aforemen-
tioned, time-resolved PL (TRPL) technique is another 
useful means to identify multiple Ln3+ sites in SNCs. For 
example, we were unable to pick out the PL from single 
Nd3+ site by the site-selective spectroscopy, owing to the 
very close CF levels (13 cm−1) of 4F3/2 for various Nd3+ 
ions in ZnO NCs [207]. As shown in Fig. 11a, upon di-
rect excitation from the ground state 4I9/2 to the 4F5/2 state 
of Nd3+ at 811 nm, three broad emission bands centered 
at 898, 1082 and 1373 nm can be observed at room tem-
perature, which are attributed to the radiative relaxations 
from 4F3/2 to its low-lying multiplets of 4I9/2, 4I11/2 and 4I13/2, 
respectively. Meanwhile, much sharper and better resolved 
emission lines originating from CF levels of 4F3/2 to that of 
4I9/2, 4I11/2 and 4I13/2 were also detected at low temperature 
(4.2 K) (Fig. 11b). Owing to the time-reversal (Kramers) 
degeneracy for the 4f3 configuration (Nd3+), theoretically, 
five emission peaks for the transition from 4F3/2 to 4I9/2 are 
expected for single Nd3+ site in ZnO NCs at 4.2 K. However, 
as depicted in the inset of Fig. 11b, ten moderately resolved 
transition lines assigned to 4F3/2→4I9/2 were identified upon 
direct excitation at 811 nm, which thus corroborated that 
the emission lines in Fig. 11b derived from the PL superim-
position of at least two Nd3+ sites in ZnO lattices. 

As opposed to the high-resolution site-selective spectra 
in Fig. 11b, such multiple Nd3+ sites in ZnO NCs were easily 

distinguishable from each other in the time domain despite 
of the low spectral resolution (10 nm) in the frequency do-
main. Fig. 11c shows the TRPL spectra of ZnO:Nd3+ NCs 
collected at different delay time ranging from 0 to 85 μs. 
The intensity of emission peak centered at 1066 nm (peak 
A) was observed to increase dramatically with increasing 
delay time, reaching the maximum at 10 μs, and then be-
came undetectable after a delay time of 30 μs. Neverthe-
less, a much slower time evolution process was observed 
for emission peak at 1082 nm (peak B). This noticeable 
difference in the evolution of peaks A and B was mainly 
caused by the multiple luminescence centers of Nd3+ ions 
in the lattice sites of ZnO NCs that possess various CF sur-
roundings and therefore different decay behaviors [207]. 

Single lattice site of Ln3+ ions
Distinct from that observed in Eu3+ ions doped TiO2 NCs, 
only one single lattice site of Er3+ was observed in anatase 
TiO2:Er3+ NCs, which was unusual in view of the large mis-
match of ionic radius and charge imbalance between Er3+ 
and Ti4+ [136]. To probe the CF surroundings experienced 
by Er3+ ions in TiO2 NCs, the NIR PL spectra of Er3+ were 
measured upon bandgap excitation at 358 nm and direct 
excitation at 523.4 nm. As shown in Fig. 12a, almost the 
same NIR PL pattern attributed to the 4I13/2→4I15/2 transition 
of Er3+ was detected despite the different excitation paths, 
which thereby revealed the single lattice site for the doped 
Er3+ ions in TiO2 NCs. Fig. 12b exhibits the 10 K excitation 
spectrum for Er3+ doped TiO2 NCs when monitoring the 
NIR 4I13/2→4I15/2 emission at 1532.6 nm. Abundant sharp ex-
citation lines of Er3+ centered at 380.6, 407.6, 489.4, 523.4, 
550.5, and 654.0 nm can be detected, which come from 
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Figure 1 1  Room-temperature (a) and 4.2 K (b) NIR luminescence of Nd3+ ions doped ZnO NCs (the insets show the schematic diagram of excitation 
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the direct excitation from the ground state of 4I15/2 to the 
upper excited states of 4G11/2, 

2H9/2, 
4F7/2, 

2H11/2, 4S3/2 and 4F9/2, 
respectively. Fine CF splitting of the excited states of Er3+ is 
distinguishable, suggesting that Er3+ ions are situated at a 
lattice site rather than on the surface of TiO2 NCs. 

According to the crystal structure of anatase TiO2, Er3+ 
ions occupying the Ti-lattice site should possess a D2d site 
symmetry. Nevertheless, the actual site symmetry of Er3+ 
in TiO2 lattice site may be reduced from D2d to lower sym-
metries due to the remarkable lattice distortion induced by 
the significant difference in chemical properties for Ti4+ 
and Er3+ ions. Theoretically, the multiplets of Er3+ at D2d or 
lower symmetry sites should present J+1/2 lines due to the 
Kramers degeneracy of 4f11 configuration for Er3+. As clear-
ly presented in the inset of Fig. 12b, only two excitation 
lines assigned to the excited state of 4S3/2 and no trace of 

CF splitting due to another site can be detected. The CF 
splittings of other excited states in Fig. 12b also agree well 
with the theoretical analysis, further verifying the single 
lattice site of Er3+ ions in TiO2 NCs. Based on these spec-
troscopic evidence, we infer that most of Er3+ ions are very 
likely located at the substitutional Ti4+ lattice site with a site 
symmetry descending from D2d to C2v, as revealed in Eu3+ 
doped TiO2 NCs [178]. 

Similarly, such single lattice site of Er3+ was observed 
in Er3+ doped SnO2 NCs. By using a solvothermal ap-
proach followed by annealing in oxygen atmosphere at 
800−1100°C, Er3+ ions were successfully incorporated into 
the lattices of rutile SnO2 NCs, which gave rise to typical 
NIR 1.54 μm emissions of Er3+ upon excitation above the 
SnO2 bandgap at 300 nm [69]. As shown in Fig. 13a, the 
PL excitation spectrum of Er3+ in SnO2 NCs is dominated 
by a strong UV broadband centered at 300 nm that corre-
sponds to the bandgap absorption peak of SnO2 NCs (Fig. 
13a, left), while the emission spectrum displays the finger-
print of Er3+ ions (Fig. 13a, right) when indirectly excited at 
300 nm, verifying the occurrence of energy transfer from 
SnO2 NCs to emitters (Er3+). These sharp and well-resolved 
NIR emission lines centered at 1551 nm are attributed 
to the 4I13/2→4I15/2 transition of Er3+ in the lattices of rutile 
SnO2 NCs. More importantly, it was found that these emis-
sion lines of Er3+ kept unchanged in terms of line positions 
and splittings for the samples annealed at temperatures of 
800−1100°C, indicating the identical site occupation of 
Er3+ in SnO2 NCs. Most likely, Er3+ ions were located at a 
lattice site with D2h centrosymmetric site symmetry after 
the replacement for Sn4+ in SnO2 NCs. This hypothesis 
was consistently supported by the absence of direct 4f-4f 
excitation lines of Er3+ in the PL excitation spectrum (Fig. 
13a, left). According to the selection rule for the 4f-4f tran-
sitions of Ln3+ ions, electric-dipole (ED) transitions are 
strictly forbidden for a site with a center of inversion. As 
a consequence, the direct 4f-4f excitation lines, which cor-
respond to the transitions from the ground multiplet 4I15/2 

to the excited states of Er3+ in the visible and NIR spec-
tral regions (380~1000 nm), are forbidden due to their ED 
nature. To further identify the emission lines in Fig. 13a, 
high-resolution temperature-dependent emission spectra 
were measured from 10 to 300 K based on the Boltzmann 
distribution nature of electrons in those sublevels of 4I13/2 
and 4I15/2. As recorded in Figs 13b and c, all emission lines 
can be well assigned and total 20 energy levels including 4 
4I13/2 sublevels and 5 4I15/2 sublevels can be identified accord-
ing to the variation of the emission line intensity with the 
change of experimental temperatures, further confirming 
the single lattice site occupation of Er3+ in SnO2 NCs.
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Figure 1 2  (a) 10 K NIR PL spectra for TiO2:Er3+ NCs when directly and 
indirectly excited at 523.4 and 358 nm, respectively; and (b) 10 K PL 
excitation spectrum of TiO2:Er3+ NCs (the inset enlarged the excitation 
lines for the transition of 4I15/2→4S3/2). Adapted with permission from Ref. 
[136], Copyright 2008 , Optical Society of America.
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HOST SENSITIZED LUMINESCENCE 
Host sensitization via the energy transfer from the excited 
semiconductor host to Ln3+ is considered to be an effec-
tive way to realize highly efficient luminescence of Ln3+ for 
practical applications such as optoelectronic devices and 
flat panel displays [51,127,187]. In general, energy trans-
fer involves the nonradiative energy transfer from a donor 
(sensitizer) to an acceptor separated in a solid by distances 
greater than the inter-atomic separations. The transfer is 
resonant if the energy matches the difference in electron-
ic energy between levels of both the donor and acceptor 

systems. More often, nonresonant energy transfer involves 
the creation of phonons at the donor and/or acceptor sites. 
In case of Ln3+ doped semiconductor crystals, the energy 
transfer proceeds via a quite different way, i.e., via exciton 
recombination. As illustrated in Fig. 14a, by absorption of 
an excitation photon, the electron in the valence band (VB) 
is excited into the conduction band (CB) with a hole left in 
the VB. The electron and positively charged hole form an 
exciton pair, which can transport through the crystal lat-
tice. Such an exciton pair can be trapped at defect sites in 
the lattice such as Ln3+ substitution. Followed by exciton 
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Figure 13  (a) PL excitation and emission spectra for SnO2:Er3+ NCs at room temperature. (b) High-resolution emission spectra at 10, 20, 50, and 100 K 
upon excitation at 300 nm. (c) Illustration on energy levels and the transition from 4I13/2 to 4I15/2, I, II, III, and IV represent the transitions from the lowest 
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recombination, if spectrally matched, the energy can be 
transferred from the SNC host to Ln3+.

It’s worthy of mentioning that, to achieve efficient en-
ergy transfer from host to dopant, the excited-state levels 
of Ln3+ should be equal (resonant condition) or slightly 
lower (nonresonant condition) than the bandgap energy 
of SNCs. In the latter, the energy transfer occurs via pho-
non assistance or defect mediated way, which is commonly 
observed in Ln3+ doped SNCs (Fig. 14b). For instance, ef-
ficient energy transfer is observed in Nd3+ or Sm3+ doped 
TiO2 NCs due to the small energy discrepancy between 
TiO2 bandgap and excited states of Nd3+ or Sm3+ [187]. Fig. 
15 shows the room-temperature excitation and emission 
spectra of Nd3+ and Sm3+ ions embedded in anatase TiO2 
NCs synthesized via a facile sol-gel solvothermal method 
[187]. Intense NIR PL of Nd3+ is observed upon excitation 
above the TiO2 bandgap at 345 nm. Typical emission lines 
of Nd3+ centered at 915, 1094 and 1384 nm are explicitly 
assigned to the transitions from 4F3/2 to 4I9/2, 4I11/2 and 4I13/2, 
respectively (Fig. 15b). Meanwhile, sharp emission lines 
from Sm3+ in the region of 560−750 nm are also observed 
when excited with the same excitation light. The emission 
lines centered at 584.1, 612.8, 664.1 and 727.0 nm are at-
tributed to the de-excitation from 4G5/2 to its lower mul-
tiplets of 6H5/2, 6H7/2, 6H9/2 and 6H11/2 of Sm3+, respectively 
(Fig. 15c). Taken together, these results strongly imply 
that the Nd3+ and Sm3+ emissions can be achieved via an 
efficient nonradiative energy transfer process from TiO2 
to the dopants, which is further evidenced by the presence 
of the intense bandgap absorption peak of anatase TiO2 
in the excitation spectra of TiO2:Nd3+ and TiO2:Sm3+ NCs 
(Fig. 15a). Moreover, it should be noted that the excitation 
lines arising from 4f-4f transitions of Nd3+ (or Sm3+) itself 
in the room-temperature excitation spectrum were hardly 
detectable, thus revealing that the sensitized emission was 
a much more efficient pathway than the direct excitation of 

Nd3+ or Sm3+ ions.
Unlike Nd3+ (or Sm3+) doped TiO2 NCs, TiO2:Eu3+ NCs 

prepared by similar method exhibited only weak energy 
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Figure 14  Proposed energy transfer (ET) mechanism in Ln3+ doped SNCs.
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transfer from TiO2 host to Eu3+ ions at low temperature (10 
K) due to the mismatch of energy between the TiO2 band-
gap and Eu3+ excited states [178]. To bridge the energy gap 
between the TiO2 and Eu3+ excited states, a feasible alterna-
tive way is co-doping another Ln3+ ion as a mediated level. 
Ln3+ ions with rich ladder-like electronic structures prove 
to be effective energy bridges in tailoring the light output 
of phosphors. For this purpose, Sm3+ was introduced as an 
energy bridge, taking into account the fact that efficient 
energy transfer from the TiO2 to Sm3+ [187] and the 4G5/2 
state of Sm3+ to the 5D0 state of Eu3+ [210] were achieved. 
As expected, the energy transfer efficiency from TiO2 to 
Eu3+ was greatly enhanced by co-doping 0.5 at.% Sm3+ ions 
into TiO2:Eu3+ NCs [208]. Fig. 16a compares the excitation 
spectra of Eu3+ singly doped and Sm3+/Eu3+ co-doped TiO2 
NCs by monitoring the 5D0→7F2 transition of Eu3+ at 617.8 
nm. Sharp emission lines centered at 394, 468.2, and 539.4 
nm, which correspond to intra-4f transitions from 7F0 
ground state to the excitation multiplets of 5L6, 5D2, and 5D1, 
dominated the excitation spectrum of Eu3+ singly doped 
TiO2 NCs. In stark contrast, a broad band centered at 330 
nm due to the TiO2 bandgap absorption emerged in the 
excitation spectrum of Sm3+/Eu3+ co-doped counterparts, 
indicating the existence of efficient energy transfer from 
the TiO2 host to the Eu3+ ions with the aid of Sm3+ ions. The 
underlying energy transfer mechanism was schematically 
illustrated in Fig. 16b. The energy absorbed by TiO2 host 
was first nonradiatively transferred to the excited state of 
Sm3+, followed by the nonradiative relaxation to the long-

lived 4G5/2 of Sm3+. The excited Sm3+ ions can then partially 
transfer their energy from 4G5/2 to the 5D0 level of Eu3+and 
resulted in the intense red emission of Eu3+.

Another strategy for the energy bridge in the host-to-
Ln3+ energy transfer process is through defect states in 
NCs. In Ln3+ doped SNC systems, various defects are of-
ten generated as a result of lattice distortion and/or charge 
compensation due to the substitution of host cations with 
larger Ln3+ ions. Particularly, in nanomaterials, large spe-
cific surface area results in plenty of diverse surface defects. 
All these defects may play important roles in the optical 
performance of Ln3+ doped SNCs, for instance, being lu-
minescent quenching centers, activators or energy transfer 
bridges.

In a nonresonant energy transfer process, phonons play 
a key role in bridging the energy mismatch between the 
bandgap of SNCs and the excited state of Ln3+. However, 
the energy transfer efficiency decreases gradually with the 
increase of the number of phonons involved in the energy 
transfer process when the phonons are more than five. To 
this end, an effective way to assist the nonresonant energy 
transfer process is using defects as   intermediate states. Such 
defect-mediated energy transfer from SNCs to Ln3+ ions 
was documented in the literature [49,127]. In particular, 
Wang and co-workers [209] demonstrated a defect-medi-
ated energy transfer pathway from the ZnO host to the Eu3+ 
ions evidenced by temperature-dependent and time-re-
solved PL experiments. Upon excitation above the ZnO 
bandgap at 325 nm, emission lines at 375, 520 and 615 nm, 

200 250 300 350 400 450 500 550     600

0

50

100

150

200

TiO2:Eu 0.5 at.%

TiO2:Sm 0.5 at.%, Eu 0.5 at.%

In
te

ns
ity

 (
a.

 u
.)

Wavelength (nm)

RT

TiO2 band gap

0

5

10

15

20

25

30

35

40

6
5
4
3
1

13/2

7/2
9/2
11/2

6H5/2Sm3+VB

CB

4G5/2

×103

ET

4K15/2

TiO2
Eu3+ 7F0

5D0

2

2P5/2

33
0 

nm

a

b

E
ne

rg
y 

(c
m

1 )

Figure 16  (a) Room-temperature excitation spectra of TiO2:Sm3+ (0.5 at.%), Eu3+ (0.5 at.%) and TiO2:Eu3+ (0.5 at.%) NCs by monitoring the 5D0→7F2 
emission of Eu3+ ions at 617.8 nm. (b) A schematic illustration of the energy transfer mechanism from the TiO2 bandgap to Sm3+ and Eu3+ ions. Adapted 
with permission from Ref. [208]. Copyright 2010, American Scientific Publishers.



840      October 2015 | Vol.58 No.10         
© Science China Press and Springer-Verlag Berlin Heidelberg 2015

REVIEW SCIENCE CHINA Materials

which are ascribed to the near-band edge (NBE) exciton 
recombination, defect states (oxygen vacancies) lumines-
cence (DSL), and the 5D0→7F2 transition of Eu3+ were found 
to dominate the emission spectra at different temperatures 
ranging from 5 to 300 K, indicating an energy transfer 
process from the host to Eu3+. Moreover, temperature-de-
pendent Eu3+ emission exhibited similar features to that of 
defect related emission, suggesting that the defect state may 
act as an energy reservoir in mediating the energy transfer 
from ZnO host to Eu3+ (Fig. 17a). To further establish this 
relationship, the PL emission spectra and excited state dy-
namics of the as-prepared sample (EZO-1) and the coun-
terpart annealed at 600°C in air (EZO-2) were compared in 
Figs 17b and c. Note that the content of oxygen vacancies 
in EZO-2 was remarkably reduced after annealing. Consis-
tently, with the decrease of defects in the sample (namely, 
a decrease of oxygen deficiency from ∼26% in EZO-1 to 
~8.4% in EZO-2), the Eu3+ related emission decreased, thus 
confirming that oxygen vacancy defects acted as the inter-
mediate state in the energy transfer process (Fig. 17d). 

Another interesting example of defect mediated energy 
transfer was reported by Tachikawa et al. [166], who em-
ployed single-molecule (single-particle) fluorescence spec-
troscopy to investigate the PL dynamics of Eu3+ doped TiO2 
NCs. During the PL measurements upon 405-nm laser ex-
citation, the concentration of defects (oxygen vacancies) in 
TiO2 nanoparticles could be tuned by altering the experi-
mental atmosphere, which enables the in situ exploration 
of the impact of defects on the PL properties of TiO2:Eu3+ 
nanoparticles at single particle level. As demonstrated in 
Fig. 18a, with the stimulation at 405-nm laser in Ar at-
mosphere which resulted in the increase of light induced 
surface defects in TiO2 nanoparticles, the brightness of 
PL containing both the defect-related and Eu3+ emissions 
increased dramatically. Moreover, it was found that the 
PL bands in the region of 500−750 nm relative to surface 
defect emission appeared and increased with the continu-
ous 405-nm laser stimulation in Ar atmosphere (Figs 18b 
and d). Meanwhile, the PL intensity of 5D0→7F1 (590 nm) 
increased with increasing irradiation time, whereas the 
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PL intensity of 5D0→7F2 (615 nm) followed opposite trend. 
The 5D0→7F2 transition is of forced ED nature and ultra-
sensitive to the local environment of Eu3+ ions, while the 
magnetic-dipole (MD) allowed 5D0→7F1 is essentially not 

influenced. The relative PL intensity ratio (R) of 5D0→7F2 
(615 nm) to 5D0→7F1 (590 nm) provides information about 
the site symmetry around Eu3+ ions. It turned out that the R 
value for Eu3+ at the surface site was smaller than that in the 
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interior region of TiO2 [166]. Consequently, the decrease of 
R value together with the overall augment of PL emission 
intensity suggested that the emission of Eu3+ at the surface 
site of TiO2 NCs was greatly improved with the increase of 
light induced surface defects, which undoubtedly indicat-
ed that the surface defect participated in and promoted the 
energy transfer process from TiO2 host to Eu3+ ions.

In addition to acting as intermediate states to enhance 
the host-to-Ln3+ energy transfer, the defect may also play 
the role of the exciton traps in case of deep defects. The 
trapped excitons should be thermally released from the de-
fect state prior to the energy transfer from the host to Ln3+ 
ions. When this defect trap of excitons becomes prominent, 
the de-trapping process will determine the de-excitation 
process of excitons, i.e., the PL lifetime of Ln3+ emitters will 
be significantly lengthened. In our recent work, host sensi-
tized afterglow luminescence of Eu3+ in SnO2 NCs was ob-
served at the temperature below 250 K due to the capture of 
excitons in the deep defects during the energy transfer pro-
cess [211]. Fig. 19a shows room-temperature PL excitation 
and emission spectra of Eu3+ in SnO2 NCs. The bandgap 
absorption of SnO2 NCs at 300 nm was found to dominate 

the excitation spectrum when monitoring the Eu3+ emis-
sion at 588 nm (Fig. 19a, left), indicating an efficient energy 
transfer process from host to Eu3+. Sharp and well resolved 
emission lines of Eu3+ with the dominant 5D0→7F1 transition 
lines at 588.0, 592.8 and 599.0 nm were observed in the 
emission spectrum, which obeyed the selection rule for the 
4f-4f transitions of Eu3+ in centrosymmetric site (most like-
ly to replace Sn4+ at D2h), thereby confirming the incorpo-
ration of Eu3+ into the SnO2 lattice sites. Fig. 19b illustrates 
the PL decays by monitoring the 5D0→7F1 transition at 588 
nm of Eu3+ in SnO2:Eu3+ NCs at 100−300 K upon excitation 
above the bandgap energy at 300 nm. The PL decay at 300 
K exhibited single exponential nature and PL lifetime of 
5D0 was fitted to be 15.9 ms. With the decrease of experi-
mental temperature, the decay curves of Eu3+ were found to 
deviate from the single exponential, regardless of the low 
doping concentration (0.01 at.%). Moreover, an unusually 
long decay of Eu3+ even up to several tens of seconds was 
observed in the tail at temperature below 250 K, indicat-
ing the occurrence of long afterglow luminescence from 
the sample. The origin of long afterglow luminescence was 
verified from Eu3+ ions by the persistent emission spectra 

1.0

0.5

0.0

5D0 – 7F1

In
te

ns
ity

 (a
.u

.)

1.0

0.5

0.0

In
te

ns
ity

 (a
.u

.)

In
te

ns
ity

 (a
.u

.)

200 400 570 600 630
Wavelength (nm)

Wavelength (nm)

0 200 400 600 800 1000
Time (ms)

0 100 200

T = 300 K100 K
150 K
200 K
250 K
300 K

103

102

101

103

102

101

1 min

5 min 

10 min

15 min

580 590 600 610 620

7F2

CB

VB

Eu3+

5D0

7FJ

E

n E
a b

c d

Electron 
trapsEnergy 

transfer

Figure 19  (a) Normalized PL excitation (λem = 588 nm) and emission (λex = 300 nm) spectra of the SnO2:Eu3+ NCs at 300 K. (b) Temperature-dependent 
PL decays of Eu3+ in the temperature range of 100–300 K. The inset shows the decay at 300 K and the fitting curve using single-exponential function 
(red line). (c) Persistent emission spectra of SnO2:Eu3+ NPs acquired at 200 K and at different time intervals after the stoppage of excitation. (d) A 
schematic illustrtion of the persistent luminescence mechanism in SnO2:Eu3+ NCs. Adapted with permission from Ref. [211]. Copyright 2015, the Royal 
Society of Chemistry.



October 2015 | Vol.58 No.10     843
© Science China Press and Springer-Verlag Berlin Heidelberg 2015

SCIENCE CHINA Materials REVIEW

in Fig. 19c, which exhibited essentially the same profile as 
that of the steady-state emission spectrum at different time 
intervals after the stoppage of excitation. The persistent lu-
minescence of Eu3+ was further revealed to arise from the 
trap of electron in the CB by the deep defects below the CB 
prior to nonradiative transferring its energy to Eu3+ ions 
(Fig. 19d).

To overcome the concern of low solubility of Ln3+ in 
SNCs, more efforts have recently been devoted to design-
ing new heterostructures such as isolator/semiconductor 
core-shell structure to spatially isolate the activators (Ln3+) 
and sensitizers (SNCs) and thus to enhance the dopant 
concentration in the materials [212−214]. Generally, the 
Ln3+ ions are doped into the isolator layer in which the Ln3+ 
ions have high solubility due to the similar ionic radius and 
the same charge between dopants and host cations, and 
the semiconductor layer acts as sensitizers. For example, in 
Y2O3:Tb3+, Yb3+, Li+/CdZnS core-shell heterostructures, the 
energy absorbed by CdZnS bandgap can be nonradiatively 
transferred to Tb3+ excited states in Y2O3 core, and the sub-
sequent quantum cutting downconversion between Tb3+-
Yb3+ couples resulted in NIR emission of Yb3+. Herein, Tb3+ 
acted as an energy bridge to mediate the energy transfer 
from CdZnS to Yb3+ ions (Fig. 20a). To verify this energy 
transfer, PL excitation, emission and excited state dynamics 
were investigated in detail (Figs 20b−e). Fig. 20b shows the 
NIR emission spectra under the excitation directly from 
the 4f-5d transition at 300 nm of Tb3+ or from band edge 
absorption at 472 nm of CdZnS. The PL intensity upon ex-
citation above CdZnS bandgap was observed to be much 
stronger than that upon direct excitation, indicative of a 
more efficient excitation via host sensitization than via di-
rect excitation. The energy transfer between the core and 
the shell was further confirmed by the excitation spectra in 
Fig. 20c. For core-only phosphors, a broad band at around 
300 nm ascribed to the 4f-5d absorption of Tb3+ dominated 
the excitation spectrum by monitoring the 977 nm emis-
sion of Yb3+. By contrast, after the growth of CdZnS shell, 
an intense excitation peak at 472 nm appeared in addition 
to the 300-nm excitation band (Fig. 20c). The main exci-
tation peak at 472 nm proved to originate from the CdZnS 
bandgap absorption, suggesting that efficient energy trans-
fer from CdZnS to Yb3+ ions occurred. In this case, Tb3+ 
ions were found to play the key role for the sensitized emis-
sion of Yb3+, based on the fact that the Yb3+ emission de-
creased dramatically in the absence of Tb3+ (Fig. 20d). The 
energy transfer efficiency of Tb3+→Yb3+ was determined by 
means of the excitation dynamic experiments, which was 
found to increase with the increasing concentration of Yb3+ 
and was estimated to be 56.4% when the Yb3+ concentra-

tion reached 10 mol.%. It should be noted that, in such 
core-shell heterostructures, only small part of activators 
located at the interface and adjacent to the energy donors 
participated in the light emission, which may greatly re-
duce the overall luminescent efficiency of materials.

CONCLUSIONS AND PERSPECTIVES
Ln3+ ions doped SNCs have been regarded as promising 
new-generation luminescent materials in view of the po-
tential efficient energy transfer from SNCs host to Ln3+ 
ions. For the past decades, many efforts have been devoted 
to the material synthesis and optical property tuning of this 
kind of materials. It was found that by carefully controlling 
the synthesis strategies, Ln3+ can be effectively incorporat-
ed into the SNC host lattice via some wet chemical meth-
ods, e.g., sol-gel or hydro- (solvo-) thermal routes. Because 
of the large mismatch in ionic radius and charge imbalance 
between Ln3+ and the host cations, multiple sites possessing 
various CF surroundings were usually formed after the in-
troduction of Ln3+ ions into the lattices of SNCs. These dif-
ferent luminescence centers of Ln3+ ions can be well identi-
fied with the aid of site-selective and time-resolved optical 
spectroscopy. The host-to-Ln3+ energy transfer could be 
readily achieved in the case that the energy levels of Ln3+ 

excited states match well with the bandgap energy of SNCs. 
The defect states or the co-doped guest ions were found to 
be effective in bridging the energy gap between the CB of 
SNCs and the excited states of Ln3+ ions, which might even-
tually enhance the host-to-Ln3+ energy transfer efficiency. 

Although these findings are encouraging, some key 
challenges are still needed to be resolved for SNCs:Ln3+ in 
order to advance their potential applications in lighting, 
displays and biomedical fields. First, the luminescent effi-
ciency or absolute quantum yield of SNCs:Ln3+ is still low, 
not ideal for practical applications. The improvement of 
the material crystallization and the introduction of proper 
charge compensators to reduce the defects in the SNCs sys-
tem might be two effective strategies to improve the optical 
performance of SNCs:Ln3+. Second, although a variety of 
approaches or techniques have been proposed to prepare 
Ln3+ ions doped SNCs, synthesizing monodisperse and 
size-controllable SNCs remains a challenge so far. More 
efforts are required to develop simple but feasible synthet-
ic protocols for fabricating monodisperse Ln3+ ions doped 
SNCs with desired physicochemical properties, which is 
currently of particular interest for their further technolog-
ical applications as versatile nano-bioprobes. Last but not 
the least, an important and unique merit of SNCs:Ln3+, 
different from the other luminescent materials, is their 
potential ability to tune the optical properties of Ln3+ via 
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the bandgap engineering of SNCs, which is a facile and ef-
fective approach to further optimizing the optical perfor-
mance of the materials. Nevertheless, such kind of work 
remains nearly untouched hitherto.
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中文摘要    三价稀土离子掺杂半导体纳米晶具有独特的光学性能, 其在光电子器件、平板显示和荧光生物标记等方面的潜在应用前景, 
获得了人们的普遍关注. 本文从材料制备、光谱性能、电子能级结构及能量传递机理等几个方面系统总结了近年来稀土掺杂半导体纳
米晶的最新研究进展. 本文重点综述了通过湿化学方法把稀土离子掺杂进入半导体纳米晶晶格位置的合成策略、稀土离子在半导体纳
米晶中的格位分布及半导体纳米晶到稀土离子能量传递机理. 同时, 还总结了近年来通过能级拟合计算来探索稀土在半导体纳米晶中的
能级结构和晶体场参数的工作. 这些方面的研究对于深入理解稀土掺杂半导体纳米晶的光物理具有重要意义. 最后, 针对稀土掺杂半导
体纳米晶未来的发展趋势与努力的方向作了进一步的前景展望.
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