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Abstract 
 
Unravelling upconversion (UC) energy transfer mechanism is significant for designing novel 
efficient anti-Stokes phosphors. We have studied correlation of different lanthanide dopants 
within the Er3+-self-sensitized core@shell upconversion nanoparticles (UCNPs). Here in this 
work, our focus will be those high concentration dopants that are enough to produce the 
clustering effect, especially to the interplay between Er3+ and Yb3+. We demonstrate that 
whatever is the amount of the self-sensitizer (e.g. Er3+), the abnormal absorption 
enhancement will occur as long as the clustering Yb3+ is present. This effect originates from 
substantial energy transfer between Yb3+-Yb3+ clusters despite the increased energy back 
transfer from Yb3+ to Er3+. Therefore, the energy transfer efficiency is still constrained. 
However, we conversely used one of the aforementioned quench-paths of UC energy transfer, 
to easily transfer the energy from the in-shell shell layer to the in-core area with assistance of 
energy potential reservoir, which was given by the homogeneous core@shell band offset at 
the interface region. Indirectly, we actualize the Er3+ UC luminescence with self-sensitization 
through an extended energy transfer path. This work provides a solid support and analytic 
theory for unraveling the energy transfer mechanism form recent works on Er3+ self-
sensitized UC luminescence.  
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Introduction 
 
Since last decades, considerable efforts have been made on flexible modulations of the UC 
emissions, which have always been a big concern in either organic or inorganic rare-earth 
systems 1-6. As summarized by literatures 2, 7-9, the manipulations of UC emissions mainly 
develop towards two trends: (a) to enhance the UC efficiency and (b) to regulate the output 
colors. The synthesis strategies have been implemented into the tunability on the lanthanides 
nanocrystals (NCs) or other forms of nanoparticles (NPs) through as thermal decomposition, 
hydro(solvo)thermal method etc 7, 8. The synthesized alpha- (cubic) and beta- (hexagonal) 
phased alkali rare-earth (RE) fluoride NCs, such as NaYF4 and NaGdF4, are therefore of 
particular interest in fields of highly efficient UC luminescence 1 due to lower rate of photo-
induced charge carrier recombination and higher efficiency for energy transfer. 
 
Native energy transfers in Ln3+-doped UCNPs dominate the UC efficiency and emission 
output 10. The UC emission will significantly improve through an increased efficiency of 
energy transfer under external excitation. Since different energy transfer pathways via various 
mechanisms of electronic transitions might lead to tunable output color of UC emissions 12 , 
development on high-throughput synthesis and screening for applicable candidate UCNPs 
still restricts in conventional experimental trial pattern without specific direction 11. Therefore, 
it is necessary to investigate the theoretical energy transfer mechanism for guidance on 
manipulation of the UC. 
 
Among of them, core-shell engineered Lanthanide(Ln) NPs are one of the best achievable 
approaches 13-15. A perfect epitaxial shell layer plays a key role in blocking or suppressing the 
channels of energy transfer from UC activator to surface quenching sites (e.g. defects, 
impurities, solvent molecules, and capping ligands) on the core. Recent energy migration-
mediated upconversion (EMU) experiments show the synthesized core-shell NPs have 
excellent efficiencies in tunable luminescence 13-15. 
 
The development of novel controllable and energy efficient UC luminescence materials is 
highly desired in the field of luminescence science. Tailorable core-shell nanostructured Ln 
materials demonstrate tremendous potential in this regard due to their novel unique 4f-orbtial 
electronic structures. To improve the luminescence performance, extensive studies on UC 
energy transfer route-maps and mechanisms are required. Quenching effects between 
luminescence centers in bulk phase of Ln luminescent materials are usually the dominant 
reasons for low efficiency of the energy transfer for UC luminescence. These quenchers are 
assisted by the phonons or intrinsic defects in the bulk-sized Ln materials, which are 
thermodynamically stable with high concentrations. Conversely, the surface effects will 
become stronger and dominate for the Ln UC luminescence in nanoparticles (UCNPs) due to 
the more evident quenching effect  caused by surface lattice relaxation and absorbing ligands 
16. Hence, it is worthy considering that, the overall downgrade of the luminescence intensity 
can be mainly attributed to the surface quenching effect. Such effect will affect both the 
energy transfer between luminescence centers in the near-surface region and the activation 
centers in NPs. Therefore, extensive studies to find out the quenching-prohibition and related 
mechanism is the key to increase the UC luminescence efficiency. 
 
Based on our recent works 7, 10, 17, 18, two mechanisms are potentially influencing the 
enhancement of the efficiency for core-shell UCNPs: (1) the impact of the in-shell dopant 
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concentration effect, and (2) the correlations between local surface structures and 
corresponding intrinsic quenchers. For the mechanism-(1), the highly concentrated dopants 
within the shell layer can enhance the emission intensity with enlarged absorption cross-
section. But it may also lower down the intensity by quenching the luminescence center via 
continuous non-radiative multiphoton cross-relaxation channels among sensitizers. Therefore, 
mechanism-(1) is a dilemma that restricts researchers with the selection on dopants 8, 18. 
While for the mechanism-(2), the NP surface usually shows relatively low crystallization-
degree with much the surface lattice defect and relaxation, which could assist the surface 
quenching effect of the luminescence centers. It has been indicated that the UC luminescence 
intensity can be enhanced by coating the non-doped shell layer because the distance between 
surface and luminescence center has increased 17, 19, 20 and meanwhile, the surface quenching 
is also suppressed. Regarding these two different mechanisms, we address another discussion 
point that whether the arisen surface quenching effect will be simultaneously annihilated with 
increased thickness of non-doped shell layer. 
  
The core-shell nanostructure was originally imported for enhancing the UC efficiency with a 
higher quantum yield 21. A uniformly epitaxial grown shell over the core can effectively 
block the energy transfer from activator (RE-dopant ion) sites in the core to surface defects, 
capping ligands, and solvent molecules 7, 22, 23. With developed synthesis, the original role of 
shell is no longer to just be the passivation, and it can also accommodate the RE-ion doping 
and efficiently transfer the energy from the core to the shell to tune the color 3, 14, 24 or 
intensity of output UC luminescence 13, 25. Accordingly, core-shell nanostructural engineering 
introduces a new variable (core-shell recombination) into UC materials design. A recent 
quantum yield of core-shell LiLnF4 remarkably approaches to ~7% 26 with new route and 
strategy of alkali elements choices. 
 
In general, a designated synthesis with selective chemical doping is an effective strategy to 
modify the electronic structure and surface property of UCNPs such that their performance 
can be significantly improved 6, 22, 27-29. In detail combining with specific conditions of 
synthesis, the appropriate tuned dopant/trap levels within single- or multi-shell 3, 13, 14 by 
layer-by-layer epitaxial growth, precisely control of shell thickness or surface coating in the 
core-shell nanostructure 15, 17, 19, 30, 31 have been attempted out for controlling the required 
output UC luminescent properties. For the shell thickness impact 17, 19, 20, both homogenous 
and heterogeneous shell can passivate the surface quenching state on the core effectively 7. 
The perfect epitaxial growth of layer-by-layer multi-shell 31 can be distinguished from the 
core via various matured experimental techniques 19, 32-34. 
 
Nevertheless, with recent gradually concentrated on the interface 35-38, exact theoretical 
guiding mechanism of energy transfer at the interface for UC luminescence in core-shell 
structure is still not perfectly clarified and established. Guided by our recently developed 
density functional theory (DFT) calculation method 39-41, we have carried out a preliminary 
exploration on the decaying process, quenching mechanism and energy transfer dynamics via 
experimental characterizations. As previous work showed, the heterogeneous core@shell 
system has an intrinsic obstacle for fully efficiently transferring the energy between the core 
and shell parts. This barrier is found as the interface bonding induced gap states (IBIGS) 
reported previously42. Either the real entities transport (electrons and holes) or the non-real 
entities (radiative or non-radiative resonant energy transfer, i.e. LRET or FRET) could be 
hindered by the interface wrong bonds. However, for the homogeneous core@shell system, 
there would be no wrong bonds or less IBIGS effects as found in heterogeneous system. It is 
necessary to investigate the inter-layer regional band offset for charge transfer and doping 
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concentration effect induced both enhancement and quenching effects. To dates, terminating 
the quenching sites is still the significant manner to improve the UC energy transfer 
efficiency. Here, we illustrate one of the possible quenching effects induced by increased 
doping concentration of lanthanide ions in the shell layer from core@shell system.  
 
Conventionally, majority of previous works has been reached a consensus that the Yb3+ acts 
as sensitizer (S) while the activator (A) is for Er3+ (and Tm3+/Ho3+, etc.). The resonant 
upconverted energy is non-radiatively donated from Yb3+ onto the Er3+ site.  Such energy 
transfer between S-A pair is traceable by amount of works according to our review 7. Due to 
the energy level-matching between the transition of 2F7/2→2F5/2 (Yb3+) and 4I15/2→4I11/2 (Er3+), 
the resonant energy transfer efficiently occurs from Yb3+ to the Er3+. The upward energy 
excitations are ongoing to 4I11/2→2F7/2 or 4I13/2→4F9/2 of Er3+. With non-radiative relaxation, 
the subsequent green emissions are from 2H11/2 and 4S3/2 back to ground state of Er3+ (4I15/2), 
and the red emission of Er3+ is also achieved by de-excitation from 4F9/2→4I15/2. Such two-
photon UC process induced green and red emissions can be obtained simultaneously. 
 
Recently, high concentration doped Er3+ UC core@shell system has remarkably shown a role 
of sensitizer and achieve the UC red emission by self-sensitization43, through an alleviation of 
concentration quenching. Moreover, Liu et al further show the sensitization of Er3+ can be 
achieved by an energy transfer between Er3+-Er3+ pair via host intrinsic defect or impurity, 
especially to the Tm3+ dopant, which acts an energy confining effect to enhance such self-
sensitization44. Therefore, the in-core UC energy transfer efficiency can reach higher by 
relative lower power density of excitation based on current crafted UC core@shell systems. 
With inspired by the work of Liu et al 45, high concentration Ln3+ can be realized by 
substituting the sub-lattice and gives a clustering effect 45. This clustering effect is physically 
reasonable. Under equilibrium stage of synthesis, rich chemical potential may drive the 
dopant to be clustering within the host (e.g. β-NaLnF4). Those Ln3+ dopant clusters will 
exhibit different absorption behaviors at the excited states. The consequent energy transfer 
for UC luminescence may be influenced and differed from the original path given by low-
concentrated Ln3+ doping 4, 9, 46, 47. We accordingly propose a new energy transfer map as 
illustrated in Figure 1 (a) with following routes: 
 
Route-1: The highly doped ErY

3+ clusters (i.e. Er substitutes Y-site) stabilize within the core 
host matrix, and gain external NIR-laser excitations. 
Route-2: The excited energies will further be transferred onto the highly concentrated (YbY

3+, 
ErY

3+) co-doped clusters within the shell region. 
Route-3: Due to the abnormal absorption enhancement of YbY

3+ clusters, the energy UC will 
be continued from (YbY

3+, ErY
3+) to YbY

3+ clusters in the shell layer. 
Route-4: The upconverted energy at the YbY

3+ in the shell will be migrated backward to the 
ones within interface region, which is assisted by the the band-offset effect induced potential 
contrast between inter-layers. 
Route-5: The excited electrons at higher levels of YbY

3+ clusters will be de-excited back to 
the lower levels of ErY

3+ clusters, following with a secondary de-excitation from 4F9/2 to 4I15/2. 
 
Finally, the self-sensitized red-emission is achieved via Er3+→Yb3+→Er3+ along the above 
paths with assistance of interfacial band offset and abnormal enhanced absorption.   
 
Figure 1 (b) schematically demonstrates the dilemma of highly doped sensitizer in the shell. 
This dilemma means that it cannot only enhance the UC efficiency by larger absorption 
cross-section, but also suppress the energy transfer from sensitizer to activator (i.e. S-to-S 
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instead of S-to-A). In addition, over-suppression is ongoing to transfer the UC energy 
towards the surface quencher via the energy depletion channels. Figure 1 (c) illustrates the 
energy transfer between Yb3+ clusters are energetically favorable while there the energy 
barrier is facing at the path from Er3+ to Yb3+ clusters. This arises because the Yb3+ usually 
has larger absorption cross-section than the one in Er3+. The process occurred via routes (2, 3, 
4, and 5), especially to the route 4 and 5, can suppress the energy transfer from YbY

3+ cluster 
in the shell to the surface quenching centers as schematically elucidated in Figure 1 (d). This 
will rely on our designed energy transfer paths achieved by controlled doping within selected 
area at specific concentrations. The morphology is also a key to modulate the interfacial band 
offsets, in order to yield a contrast in chemical potentials between shell and core regions. 
With this design, the energy depletion channel from in-shell YbY

3+ cluster to surface 
quenchers is accordingly suppressed, and the UC luminescence efficiency is subsequently 
improved to a higher extent.  
 
Herein we argued two key points: (1) whatever the amount of the sensitizer dopant increased 
(e.g. ErY

3+), as long as the YbY
3+ doped, the abnormal absorption enhancement will always 

occur and the substantial (evident) energy transfer from YbY
3+ to YbY

3+ remained unchanged 
rather than the backward transfer from YbY

3+ to ErY
3+. Therefore, the energy transfer 

efficiency is still constrained. (2) However, as illustrated in Figure 1, if we used the routes (1-
to-5) of UC energy transfer, the excited energy will be easily transferred from the shell to 
core region by the homogeneous core@shell band offset at the interface region. This arises 
because the interfacial non-crystalization within that system will form a constant potential 
contrast. Indirectly, we actualize the newer Er3+→Yb3+→Er3+ transfer through an extended 
energy transfer path. This work provides a solid support and analytic theory for unraveling 
the energy transfer mechanism form our recent work on Er3+ self-sensitized UC luminescence.  
 
Calculation setup 
 
For calculation of electronic properties at the ground states, the density functional theory 
(DFT) calculation has been carried out. We used the CASTEP source code to perform 
calculations with DFT+U method 48. The hexagonal lattice with the 6P  space group is 
modeled for β-phase NaLnF4 (Ln=Y, Er, and Tm). The Na, Y, Er, Tm and F norm-conserving 
pseudopotentials are generated using the OPIUM code in the Kleinman-Bylander projector 
form 49, and the non-linear partial core correction50 and a scalar relativistic averaging scheme 
51 are used to treat the spin-orbital coupling effect. In particular, we treated the (4f, 5s, 5p, 5d, 
6s) states as the valence states of the Er and Tm atoms. The RRKJ method is chosen for the 
optimization of the pseudopotentials 52.  
 
For the all of the electronic states calculations in β-NaLnF4 (Ln=Y, Er, and Tm), we use the 
self-consistent determination for the U correction on the localized 4f orbitals to correct the 
on-site Coulomb energy of the electron spurious self-energy. In previous work, we have 
estalished a manner to determine the on-site electronic self-energy and related wavefunction 
relaxation in the semicore d or f orbitals in heavy elements with mixed valence, so as to 
obtained an accurate orbital eivenvalues for electronic structures and transition levels 39-41, 53-

59. It is ab-initio two-way crossover searching calculations by two different functionally 
compiled CASTEP-17 developing source codes40, 44, 60. The detail process was referred to the 
previous work, and the schematic theoretical determination process is demonstrated in Figure 
2. With our self-consistently determination process, the on-site Hubbard U parameters for 4f 
of Er and Tm and different 2p of F-sites are obtained respectively. Time-dependent DFT 
calculation has been further performed with two-electron based Tamm-Dancoff 
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approximation 61 imported from our self-consistently corrected ground state wavefunctions, 
which is significant for two-photon absorption (TPA) calculations.  
 
Further on the excited states, the related calculations for β-NaLnF4 doped with different 
trivalent lanthanide ions (Ln3+, from La to Lu) were examined by a series of TD-DFT 
calculations. These excitation energies correspond to the locations of the absorption peaks in 
the optical spectrum of a material and are more accurate than Kohn-Sham excitation energies. 
Some of the de-excitation paths between different energy levels correspond to the emission 
peaks from the output luminescence spectrum. The calculations were performed using the 
Tamm-Dankoff approximation 61. This method allows us to calculate the full set of optical 
properties with support of the excitation energies and corresponding transition probabilities. 
This study is also applicable to low-dimensional NaLnF4 systems, as extra effects such as 
boundary effects, quantum-confinement effects, and different coordination-induced mixed-
valence effects are necessarily taken into account. 
 
Results and discussion 
 
Here we start to discuss different UC properties induced by the clustering effect regarding the 
ErY

3+ single-dopant and (ErY
3+, TmY

3+) co-dopants. With developed TD-DFT code imbedded 
by the self-consistent orbital correction, the fine levels of excited states for β-NaYF4 with 
Ln3+ doped systems (Ln= Gd, Tb, Dy, Ho, Er, Tm, and Yb) have been extensively calculated 
(Figure 3). (Note, the relative error has been reduced into the magnitude of ~0.2 eV). At 
thermodynamic equilibrium stage, these high concentration dopants will form themselves 
into a cluster and locally aggregate within the Y sub-lattice. We name them as single-dopant-
cluster (SDC) and co-dopant-cluster (CDC) by the type of doping, respectively.  
 
Without TmY

3+ co-doping, we see the β-NaYF4:ErY
3+ (SDC) system can accommodate a two-

photon-absorption (TPA) scheme for exciting the electrons from the ErY
3+ center to a higher 

excited state. Actually, there has been reported that the Er3+ itself can achieve UC 
luminescence via multi-photon absorption (MPA) of 1490 nm pump photons 62. From the 
excited energy levels, the energetic interval of such TPA process is quite un-evenly 
distributed. This induces the TPA process for the first step excitation requires an over too 
large energy gap to pump-up the excited electrons to the higher states. 
 
In the case of (ErY

3+, TmY
3+) CDC within β-NaYF4, the energy intervals of TPA process is 

relatively reduced and the medium-energy-range (MER, 1~2.5 eV) excitation levels can be 
seen to be more evenly distributed than the system without Tm-doping. We confirm that, the 
(ErY

3+, TmY
3+) CDC system induces rather low excitation energy and with even higher 

probability for accommodating the excited electrons, where are shown in the energy of 
0.5~1.0 eV from Figure 3 (a). Moreover, the original excitation energy gap within the MER 
scale is filled with more excitation energy levels with substantially high-participated TmY

3+ 
ions within the (ErY

3+, TmY
3+) CDC system. Recent experiment shows that TmLn

3+ doped 
NaLnF4:Er3+ enhanced the Er3+-self-sensitization for the experimentally observed ~650 nm 
luminescence within near infra-red (NIR) range 43, 44. This can be explained by our work that, 
with same TPA process, the Tm3+-doped system reaches to an even higher energy state near 
the 2 eV. This process spontaneously results in an energy relaxation from higher to lower 
energy levels of ErY

3+ center. Thus, more excited electrons are accumulated to the ErY
3+-

activator-sites and an enhanced probability with less energy barrier of TPA is achieved. 
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The calculated relative oscillator strengths are compared between two systems (Figure 3 (b)), 
and find the TmY

3+ system re-aligns the absorptions for the UC. The excited electrons on 
these states are more evenly resonating and the absorption intensity turns to be overall higher 
than the system without Tm doping. This comparison further implies that, the Tm-doping 
reduces the energy barrier and merges more energy sourced from the host lattice. This will 
support the pumping-up the electrons to a higher state with a higher efficiency reached.  
 
We move on to other lanthanide dopants within the core@shell system. The Figure 3 (a) 
shows the excited energy of the interfering effects on the excited energy levels by these 
clustered co-dopants in the homogeneous core@shell system. In the single-dopant cases, 
YbY

3+ SDC has the relatively lower absorption energy level (first excited energy level) than 
the one found in ErY

3+ SDC. The (ErY
3+, TmY

3+) CDC also has the lower absorption energy 
than the ErY

3+ SDC, and close to the level of YbY
3+ SDC. Considering the (Er3+, Yb3+) CDC, 

this case presents similar absorption level to the YbY
3+ SDC only with about 0.2 eV higher.  

 
Figure 3 (b) shows that, the (Er3+, Yb3+) CDC in the core@shell system exists excitated 
energy absorption abnormality, showing a stronger oscillator strength at the energy level 
lower than the those of Er3+ dopant levels. The higher excited energy levels of YbY

3+ SDC 
shows the resonating virtual energy level high lying near 3.0 eV, in a good agreement with 
previous reported by Liu et al 45.  In that system, violet UC emission is obtained by high 
concentration of doping by (Yb3+, Er3+) which has subsequently clustered within the host 
matrix (KYb2F7) 45. The high absorbed excited energy level is lined with a virtual levels 
forming-up by YbY

3+ SDC proposed in our work, similar to the ones in cooperative energy 
transfer (CET) summarized previously7.  
 
As we know, the probability of energy absorption and upconversion transfer is monotonically 
increased with the strength of the oscillator strengths. The contrast in the oscillator strengths 
points out the most probable trend of energy transfer between SDSs or CDCs. If the ErY

3+ 
SDC is firstly excited by the external NIR laser source, the energy absorption can be achieved 
by the TPA process. The ErY

3+ SDC will further transfer the excited energy from higher to 
lower energy levels but with weaker to stronger oscillator strengths. Such trend of energy 
transfer can be reflected from ErY

3+ SDC to (Er3+, Yb3+) CDC (i.e. route-2 from Figure 1 (a)).  
 
This process arises because the pure ErY

3+ SDC energy transfer induced self-sensitization for 
UC luminescence has relative low efficiency than the assistance of other RE3+. As previous 
collaborative work shows this energy transfer must be assisted by an energy agglomeration 
center such as Tm3+ 44.  Accordingly, the ErY

3+ SDC will firstly transfer the energy absorbed 
from the external excitation to the (Er3+, Yb3+) CDC center for further upconverted energy 
transfer to higher levels under multi-photon absorption process (MPA) given by continuous 
NIR laser pumping source. Further shown in Figure 3 (c) that, the YbY

3+ SDC has rather 
strong oscillator strength which means the probability of energy absorption of external 
excitation is nearly four times higher than the (Er3+, Yb3+) CDC absorption. This abnormality 
in contrast leads to a continuous process that, the energy transfer is further ongoing to be 
upconverted to a higher energy level that YbY

3+ SDC occupied. 
 
With increased doping concentration of Yb3+ within the shell layer, the Yb3+ tends to 
aggregate nearby each other and form the SDC. The YbY

3+ SDC will quench the energy 
transfer among the medium energy range (MER) of UC luminescence. There will be also a 
trend to upconvert the absorbed energy towards rather high energy levels (above 2.5 eV), 
under the MPA laser stimulation. The lifetime of the UC luminescence at the MER will be 
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consequently shortened and the quantum yield will also be lowered. According to our 
analysis above, this negative effect has evidently been far beyond the positive contribution of 
Yb3+ concentration dependent energy absorption, resulting in a decreased intensity of UC 
luminescence. 
 
However, the quenching effect discussed above can be conversely utilized as another positive 
effect for enhancing the energy transfer along a different path, as proposed in Figure 1. If 
YbY

3+ SDC locates within the interface region, local non-crystallizations loose the parity-
forbidden 4f-4f transition. Meanwhile, the interface region with certain non-crystallizations 
can be also found in homogeneous core@shell system (Figure 4 (a) and (b)), since the local 
symmetry is different between core and shell layers. We find the system with such region 
possesses an evident and nearly constant valence and conduction band offsets, shown as VBO 
and CBO in Figure 4 (c) and (d). Recall the works reported by Dorenbos et al 63-65, among 
over 10000 host materials, inter-energetic distance between the lanthanide ions 4f levels and 
valence band maximum (VBM) is almost fixed. The only difference can be reflected by the 
energetic intervals between the 4f state and conduction band minimum (CBM), as well as the 
vacuum level of 4f state given by the Ln3+ dopants. Considering the existence of constant 
VBO and CBO, the Ln3+ ion levels is accordingly shifted, in which the lower symmetry can 
undertake the energy transfer from other layer 39. Then the energy from the shell to core 
region between inter YbY

3+ SDC is transferable with the interface band offset.  
 
On the other hand, the 4f state charge transfer can be also considered as a support for the UC 
luminescence energy transfer from the (Host:RE1

3+) to (Host:RE2
3+). Although the screening 

constant is large for lanthanide ions (Ln3+, Ln=La…Lu) but still less than one where the 
“lanthanide-contraction” found 66. Previous work demonstrated such physicochemical trend 41. 
Following on the electron transfer, some inter-ionic unknown redox process can be 
interpreted as local charge transfer between RE3+ and host 67. Therefore, the 4f level in the 
band gap is significant that overlaps with the host defects states. Further from previous report 
42, the IBIGS influences the ETU 4, 46 efficiency for UC luminescence. We have preliminarily 
discussed a “structural selection rule” assisted by the occurrence of the interface from the 
core@shell system 39. The different local symmetry of the P-6 symmetry lattice arises 
because of the different local coordination of the fluoride (F) site in β-NaLnF4 (Ln=Y, 
La…Lu). The energy transfers along the path from low to high symmetrical host lattice 
matrix 39. The broken symmetry at the interface of homogeneous β-NaYF4 allows transitions 
near the CB via the 5d→5d and 4f→4f simultaneously. Thus, the electronic relaxations for 
both dopant and host have been discussed. 
 
With further cross-section relaxation along the same 4f excited energy level but under the 
different vacuum level of two YbY

3+ SDCs staying within two different regions, i.e. shell-
layer and interface region, respectively. The difference in vacuum level that is produced by 
the band offsets is a perfect chemical potential contrast for 4f electrons of these two YbY

3+ 
SDCs at these two areas. The subsequent energy transfer actualized simply follows the trend 
from high chemical potential to lower levels. Therefore, a directed propagation of energy 
transfer via a contrast of chemical potential for those 4f-electrons staying at the same excited 
state energy levels belonging two different YbY

3+ SDCs (at shell and interface, respectively). 
The energy can be thus transferred from the shell into the core through the interface region.   
 
Conclusion 
 



10 
 

In summary, we have analyzed the aforementioned quench-path of UC luminescence and 
reflect one important phenonmenon that Yb3+ dopant is the dominated reason of determining 
the abnormal absorption enhancement rather than the concentration of the sensitizer dopant 
(e.g. Er3+). Instead of transferring energy back from Yb3+ to Er3+, the substantial energy 
transfer from Yb3+ to Yb3+ will sustain. Therefore,within a core@shell system, high 
concentrated Er3+ and Yb3+ co-dopant clusters constraint the efficiency for energy transfer 
upconversion (ETU). 
 
To highlight in this work, we utilize one quench-path of UC energy transfer to successfully 
design a new converse energy transfer pathway from the in-shell layer to the in-core area 
with assistance of energy potential reservoir given by the homogeneous core@shell band 
offset at the interface region. As a result, the Er3+ UC luminescence with self-sensitization 
has been realized indirectly through an extended energy transfer path, which afford a solid 
support by analytic theory on our recent work on Er3+ self-sensitized UC luminescence that 
illustrate the energy transfer mechanism. 
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Figure 1. Schematic principle is shown for demonstrating the self-sensitized energy transfer 
route for subtle interplay on enhancing and quenching effects between Er3+ and Yb3+ dopant 
clusters. (a) The proposed new energy transfer map routes (1-to-5), and the self-sensitized 
red-emission is achieved via Er3+→Yb3+→Er3+ along the above paths with assistance of 
interfacial band offset and abnormal enhanced absorption. (b) Schematic demonstration about 
the dilemma of highly doped sensitizer in the shell. This dilemma means that it cannot only 
enhance the UC efficiency by larger absorption cross-section, but also suppress the energy 
transfer from sensitizer to activator (i.e. S-to-S instead of S-to-A). (c) Illustration on the 
energy transfer between Yb3+ clusters are energetically favorable while there the energy 
barrier is facing at the path from Er3+ to Yb3+ clusters. (d) The process occurred via routes (2, 
3, 4, and 5), especially to the route 4 and 5, can suppress the energy transfer from YbY

3+ 
cluster in the shell to the surface quenching centers The red-filled arrow represents the non-
radiative resonant energy transfer (FRET) for output emission.  
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Figure 2 
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Figure 2. (a) Schematic diagram for the Hubbard projections of the self-energy and 
wavefunction relaxation of orbitals with different angular momentum (Lmax=0, 1, 2, 3). The 
crossover of self-energy and wavefunction relaxation are counteracted at the close-shell while 
with rigid non-zero shift ∆ for open-shell situations. (b) Simplification of the schematic 
diagram for Hubbard potential projections of reduced d-orbitals. (USE= self-energy Hubbard 
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projection; UR= wavefunction relaxation Hubbard projection; c= Close-shell; o= Open-shell; 
corrected Uin=horizontal axis of cyan line.). 
Figure 3 
 

a

 
 

b

 
 



14 
 

c

 
 
Figure 3. (a) Exited state energy levels of Ln3+ dopant clusters. (b) The relative oscillator 
strengths of dopant clusters. (c) Energy absorption abnormality induced by Yb3+ dopant 
clusters. 
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Figure 4 
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Figure 4. (a) Two principle directions for growth dynamics of core@shell UCNPs. (b) Local 
view on the host lattice of interface region from a core@shell system (β-NaYF4). (c) 
Dependent behavior and convergence of band offsets with related to the radial length 
relaxation. (d) Dependent behavior and convergence of band offsets with related to the 
tangential length relaxation. (e) New type of band offsets mechanism existing within 
interface region induced by the radial and tangential lattice relaxations in homogenous 
core@shell system (β-NaYF4). 
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Synopsis (19 words) 
 
The interplay on enhancing and quenching effects between Er3+ and Yb3+ dopant clusters in 
self-sensitized core@shell nanoparticles is studied. 
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