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Abstract： Broadband near-infrared （NIR） luminescent materials have shown great promise in applications such as 
optical communication， biomedicine， and optoelectronic devices.  However， the current research is focused on phos⁃
phors and glasses， and it is important to develop broadband NIR luminescent nanomaterials.  Here， we report an erbi⁃
um-sensitized core-shell nanocrystal design for broadband NIR emission.  Based on the structural design with suitable 
dopings of Tm3+ and Ho3+， the broadband NIR emission covering 1. 5-2. 1 μm region is achieved under 980 nm and 
808 nm excitations.  Moreover， the emission intensity is further enhanced by introducing Yb3+ and Nd3+ into the sam⁃
ple， respectively， and the energy transfer processes between them are systematically discussed.  Our results present a 
novel approach for developing broadband NIR luminescent materials and devices.
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铒敏化的纳米粒子宽带近红外发光

赵 宇， 黄今殊， 陆柯岑， 黄梦月， 周 博*

（华南理工大学  发光材料与器件全国重点实验室， 广东  广州  510641）

摘要： 宽带近红外发光材料在光通信、生物医学、光电器件等领域具有重要应用。目前，宽带红外发光研究主

要集中在荧光粉、玻璃等材料体系，开发宽带近红外纳米发光材料对于推动红外发光材料应用基础研究具有

重要意义。本文报道了一种铒基质敏化的近红外宽带发光核壳结构纳米晶。通过核壳纳米结构设计掺杂

Tm3+和 Ho3+，实现了铒基质敏化的 1.5~2.1 μm（980 nm 和 808 nm 激发）高效宽带近红外发光。通过分别引入

Yb3+和 Nd3+，进一步提升了近红外发光强度，分析了离子之间的能量传递过程。上述结果为宽带近红外发光材

料和器件开发提供了新思路与材料基础。

关 键 词： 宽带近红外发光； 镧系离子； 纳米粒子； 核壳结构； 能量传递

1　Introduction
Recently, broadband near-infrared （NIR） lumi⁃

nescence has received extensive attention in many 
fields including optical communication, bioimaging, 
infrared sensing and photoelectric devices due to its 

small scattering loss, deep penetration and high ener⁃
gy conversion efficiency[1-9].  The early research 
showed that lanthanide ions are good candidate for 
NIR emissions.  For example, Er3+ , Tm3+ and Ho3+ are 
capable of generating 1. 5 μm （4I13/2→4I15/2 transi⁃
tion）, 1. 8 μm （3F4→3H6 transition） and 2. 0 μm 
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（5I7→5I8 transition） emissions respectively, in sensi⁃
tizer-activator codoped systems[10-12].  However, these 
materials are usually concentrated on phosphors and 
glass materials with limitations such as narrow emis⁃
sion spectrum and big samples size.  In contrast, the 
luminescent nanoparticles can achieve broadband 
spectral emission through the rational design of the 
structure and surface modification of nanoparticles.  
Moreover, they have a flexible preparation process, 
making it convenient to prepare various miniaturized 
optical devices and sensors[13-18].  At present, the cur⁃
rent investigation of lanthanide doped nanoparticles 
on NIR luminescence is mainly focused on single dop⁃
ing of Er3+ （1. 5 μm） and Tm3+ （1. 8 μm）[7,19-20].  It has 
remained a challenge to realize broadband NIR lumi⁃
nescence covering 1. 5-2. 1 μm.  On the other hand, 
exploring more excitation wavelengths is also impor⁃
tant in addition to the regular 980 nm[21].  Recent re⁃
search has demonstrated that Er3+ possesses a greater 
variety of excitation wavelengths and can also serve as 
a sensitizer to activate the NIR emissions of other lan⁃
thanides[21-22].  Therefore, it is highly desirable to 
achieve broadband NIR emissions in the nanoparticles 

with rational structure design and selection of emit⁃
ters.

Here we describe a conceptual model to realize 
broadband NIR luminescence from erbium-sensi⁃
tized nanoparticles as illustrated in Fig. 1（a）.  In 
this design, Er3+ works as sensitizer to harvest the 
1 530, 980, 808 nm irradiation energy via its 
4I13/2←4I15/2, 4I11/2←4I15/2, 4I9/2←4I15/2 absorption transi⁃
tions （Fig.  1（b））.  Notably, the small energy gap 
between Er3+ and Tm3+/Ho3+ boost energy transfers be⁃
tween them with resultant NIR luminescence at 
1. 5 μm （Er3+）, 1. 8 μm （Tm3+） and 2. 0 μm （Ho3+） 
under multi-wavelength excitations.  We also estab⁃
lish a core-shell-shell nanostructure to enhance 
broadband NIR in which Tm3+ and Ho3+ are spatially 
separated to suppress unwanted energy interactions.  
More importantly, the Yb3+ and Nd3+ are designed to 
enhance the broadband NIR emissions under 980 
nm and 808 nm excitations, respectively.  Such 
broadband NIR emission from lanthanide doped 
nanoparticles holds substantial importance in fields 
such as energy conversion, multimodal diagnosis and 
treatment and high-dimensional encryption.

2　Experiment
2. 1　Materials

Lanthanide chemical reagents, including erbi⁃
um acetate hydrate （99. 9%）, thulium acetate hy⁃
drate （99. 9%）, holmium acetate hydrate （99. 9%）, 
ytterbium acetate hydrate （99. 99%）, yttrium ace⁃
tate hydrate （99. 9%）, neodymium acetate hydrate 
（99. 9%）, oleic acid （>90%）, 1-octadecene （>90%）, 

and cyclohexane, were all purchased from Sigma-Al⁃
drich.  Ammonium fluoride and sodium hydroxide 
（NaOH, ≥98%） were obtained from Alfa Aesar.  
Ethanol was purchased from Aladdin.
2. 2　Synthesis of Nanoparticles

The nanoparticles were synthesized using high-

temperature co-precipitation and thermal decomposi⁃
tion methods with some modifications.  First, 3. 5 mL of 

Fig. 1　（a）Schematic of erbium sensitized NaErF4∶Tm/Ho@NaYF4 core-shell nanostructure. Energy transfer processes for infra⁃
red emissions. ET1-7 represent Er3+ （4I11/2） → Tm3+ （3H5）， Tm3+ （3H5） → Er3+ （4I13/2）， Er3+ （4I13/2） → Tm3+ （3F4）， Tm3+ 

（3F4） → Ho3+ （5I7）， Er3+ （4I11/2） → Ho3+ （5I6）， Ho3+ （5I6） → Er3+ （4I13/2）， and Er3+ （4I13/2） → Ho3+ （5I7）， respectively
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oleic acid （OA）, 6. 5 mL of 1-octadecene （ODE）, 
and 0. 4 mmol of rare-earth acetate were added to a 
50 mL two-neck flask.  The mixture was heated at 
150 ℃ for 45 min and cooled down to the room tem⁃
perature.  Next, the temperature was raised to 50 ℃ , 
and 2 mL of 0. 5 mol/L sodium hydroxide （NaOH） 
solution and 4 mL of 0. 4 mol/L ammonium fluoride 
（NH4F） solution were added.  The mixture was 
stirred for 35 min, followed by heating to 100 ℃ un⁃
der vacuum to remove methanol.  Finally, the mix⁃
ture was heated at 290 ℃ under an argon flow for 
1. 5 h, followed by cooling down to room tempera⁃
ture.  The resulting core nanoparticles were collect⁃
ed by centrifugation, washed with ethanol for two 
times, and finally dispersed in cyclohexane.

The shell was prepared using the thermal de⁃
composition method.  5 mL of OA, 5 mL of ODE and 
a trifluoroacetate solution were added to a 50 mL 
two-neck flask.  The mixture was heated at 120 ℃ 
for 30 min.  After cooling to room temperature, the 
synthesized nanocrystal core solution was added.  
The mixture was heated to 110 ℃ under vacuum, fol⁃
lowed by stirring for 15 min.  Finally, the mixture 

was heated at 300 ℃ under an argon flow for 40 min, 
resulting in a 1 mol/L core-shell nanoparticle solu⁃
tion.  Other core-shell based nanoparticles were pre⁃
pared using the similar methods by using specific 
lanthanide precursors and seeds.
2. 3　Characterization

The transmission electron microscopy （TEM） 
images were obtained using a JEOL JEM-1400 plus 
microscope operating at 120 kV.  X-ray diffraction 
（XRD） patterns were collected using a Philips PW 
1 830 X-ray powder diffractometer.  Fluorescence 
spectra were measured using a Zolix fluorescence 
spectrometer （OmniFluo 900）, coupled with 808, 
980, 1 530 nm lasers.  The decay curves and quan⁃
tum yield were measured using the same fluores⁃
cence spectrometer .
3　Results and Discussion

At first, a series of NaErF4∶Tm（1%-10%）@ 
NaYF4 core-shell nanoparticles were synthesized 
（Fig. 2（a） and Fig. S1-2）, showing a uniform spher⁃
ical morphology and monodisperse characteristic 
with average sizes of 21. 2-25. 8 nm.  The percent 

Fig. 2　（a）TEM images of NaErF4∶Tm（1%-10%）@NaYF4 core-shell nanoparticles. （b）XRD patterns of NaErF4∶Tm（5%） core 
and NaErF4∶Tm（5%）@NaYF4 core-shell nanoparticles. The standard JCPDS card of hexagonal NaErF4 is also presented. 
Emission spectra of NaErF4∶Tm（1%-10%）@NaYF4 core-shell nanoparticles under 980 nm（c） and 1 530 nm（d） excita⁃
tions （Insets show the energy transfer processes between Er3+ and Tm3+）. （e）Decay curves of Er3+ at the 4I13/2 with Tm3+ 
concentrations. （f）Energy transfer efficiency from Er3+ to Tm3+
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sign （%） here denotes molar percentage concentra⁃
tion.  Unless otherwise specified, all percent signs in 
the following text shall adhere to this definition.  The 
XRD results verify the hexagonal phase of the sam ⁃
ples with good crystalline property （Fig. 2（b））.  As 
illustrated in Fig. 2（c）, the emission of Tm3+ at 1. 8 
μm from its 3F4→3H6 transition was observed under 
980 nm excitation, which depends closely on the 
doping concentration.  The initial increase in Tm3+ 
emission with lifting concentration can be under⁃
stood by an increase of Er3+→Tm3+ energy transfer.  
This is in accordance with the decrease of Er3+ 1. 5 
μm emission during this process.  The decline in 
emission observed at much higher Tm3+ content （>
5%） may be due to the occurrence of concentration 
quenching.  Under 980 nm excitation, there exists a 
cascade energy transfer from Er3+ （4I11/2） to Tm3+ 
（3H5） and Er3+ （4I13/2） and then Tm3+ （3F4）[23].  The 
non-radiative relaxation from 3H5 also helps the pop⁃
ulation of Tm3+ at 3F4 （Fig. 2（c））.  Similar results 
were observed under 1 530 nm excitation （Fig.  
2（d））, suggesting new excitations for NIR emis⁃
sions.  To reveal the specific energy transfer from 
Er3+ to Tm3+ , we further measured the lifetime of Er3+ 
at its 4I13/2 energy level under pulsed 1 530 nm exci⁃
tation （Fig. 2（e））.  It shows a decrease from 3. 48 

ms to 0. 82 ms with increasing Tm3+ concentrations 
from 0 to 10%, further confirming the occurrence of 
energy transfer from Er3+ to Tm3+ （Tab. S1）, and the 
energy transfer efficiency from Er3+ to Tm3+ can reach 
76. 43% when Tm3+ is 10% （Fig. 2（f））.

In order to realize broadband NIR lumines⁃
cence, the Ho3+ ions were further introduced in the 
sample by preparing the NaErF4∶Tm/Ho（5/0-10%）

@NaYF4 core-shell nanoparticles.  As shown in Fig.  
3（a）, typical emission band of Ho3+ at 2. 0 μm under 
980 nm excitation was observed, showing an initial 
increase and then a drop in luminescence intensity 
with Ho3+ doping concentrations.  The emissions of 
Er3+ and Tm3+ exhibit a decrease during this process 
（Fig. 3（b））.  The luminescence behavior under 
1 530 nm excitation is similar to that under 980 nm 
excitation （Fig.  3（c）-（d））.  When the doping con⁃
centration of Ho3+ is 0. 5%, its 2. 0 μm emission in⁃
tensity is comparable to that of the 1. 8 μm emission 
of Tm3+ .  This is important for the broadband NIR 
emission.  However, the emission of Tm3+ shows a de⁃
crease under both 980 nm and 1 530 nm excitations, 
implying that there would exist another energy trans⁃
fer channel between Tm3+ and Ho3+ , namely Tm3+ 

（3F4）→Ho3+ （5I7）.  To check it, we measured the life⁃
time of the 3F4 energy level of Tm3+ under pulsed 

Fig. 3　Emission spectra of NaErF4∶Tm/Ho（5/0-10%）@NaYF4 samples under 980 nm（a） and 1 530 nm（c） excitations. （b），

（d）Dependence of the NIR emission intensities on Ho3+ concentrations for （a） and （c） samples. （e）Decay curves of Tm3+ 
at the 3F4 state with different Ho3+ concentrations under 1 530 nm excitation. （f）Energy transfer efficiency from Tm3+ to Ho3+
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1 530 nm excitation.  As shown in Fig. 3（e） and 
Tab.  S2, it indeed shows a decrease from 3. 82 ms to 
1. 12 ms with increasing Ho3+ doping concentration.  
The energy transfer efficiency also shows an increase 
during this process （Fig. 3（f））.  It is worth noting 
that Ho3+ can also be activated by Er3+ directly, be⁃
cause the presence of Ho3+ results in a further de⁃
crease of the lifetime of Er3+ at 4I13/2 （Fig. S3）.  Al⁃
though the presence of Tm3+ helps bridge the energy 
gap between Er3+ （4I13/2） and Ho3+ （5I7） with en⁃
hanced 2. 0 μm luminescence of Ho3+ , it also results 
in a quenching of the NIR emission of Tm3+.

We next aimed to enhance the broadband NIR 
emissions of the samples by controlling the interac⁃
tions between activators.  As shown in Fig.  3（a） 
and Fig.  3（c）, the presence of Tm3+ and Ho3+ in Er 

sublattice caused detrimental decline of the emis⁃
sion intensity of Tm3+.  This means that Tm3+ can also 
transfer energy to Ho3+ in addition to the sensitizer 
Er3+ .  In this case, a spatial separation of Tm3+ and 
Ho3+ in two shell layers may help minimize such en⁃
ergy loss, as illustrated in Fig 4（a）.  Here, we de⁃
signed and synthesized the control samples of 
NaErF4∶Tm（5%）@NaErF4∶Ho（0. 5%）@NaYF4 and 
NaErF4∶Tm/Ho（5%/0. 5%）@NaYF4 samples.  As 
expected, the former sample indeed shows much bet⁃
ter Tm3+ emission intensity with around 2-fold enhan ⁃
cement by comparison to the latter sample （Fig.  
4（b））.  This result demonstrates the advantage of 
core-shell engineering to amplify emission intensity 
by suppressing the unwanted quenchable interac⁃
tions.

It has been well recognized that Yb3+ is a good 
sensitizer to activate lanthanide emitters upon 980 nm 
excitation. To further enhance the broadband NIR 
emission of the samples under 980 nm excitation, the 
NaYbF4 interlayer was inserted in the sample （Fig.  
5（a）） to enhance the absorption of 980 nm excitation 
due to its 2F5/2←2F7/2 absorption transition followed by 
the energy transfer to Er3+ （4I11/2）[14].  Subsequently, 
various energy transfer channels from Er3+ to Tm3+ and 
Ho3+ lead to their NIR emissions.  For this purpose, 
we designed and synthesized the control samples 
of NaErF4∶Tm/Ho（6%/1%）@NaYbF4@NaYF4 core-

shell-shell and NaErF4∶Tm/Ho（6%/1%）@NaYF4 core-

shell nanoparticles.  Interestingly, the NIR emission 
from the sample with NaYbF4 interlayer is greatly en⁃
hanced with around three showing an initial increase 
and then in comparison to the control sample without 

NaYbF4 interlayer （Fig. 5（b））.  The quantum yield of 
the 1. 5 μm emission of this core-shell-shell sample is 
13. 94%, under 980 nm excitation with a power densi⁃
ty of 51. 6 W/cm2, comparable to previous report[24].  
This result confirms that adding the NaYbF4 interlayer 
is an effective strategy to enhance the broadband NIR 
emission intensity by increasing the absorption of 980 
nm excitation irradiance.

Similarly, since Er3+ is also responsive to the 
808 nm excitation wavelength, we also attempted to 
enhance the NIR emissions under this excitation by 
designing the NaErF4∶Tm/Ho@NaYbF4@NaYF4∶Yb/
Nd core-shell-shell nanostructure（Fig. 5（c））.  Here 
Nd3+ was incorporated into the outer shell layer as an 
additional sensitizer to enhance the absorption of the 
808 nm excitation laser with subsequent energy transfer 
to Yb3+[25].  Note that the NaYbF4 interlayer not only 

Fig. 4　（a）Schematic of core-shell-shell structure to depress cross talk between Tm3+ and Ho3+. （b）Emission spectra of NaErF4∶
Tm/Ho（5%/0.5%）@NaYF4 and NaErF4∶Tm（5%）@NaErF4∶Ho（0.5%）@NaYF4 nanoparticles under 1 530 nm excitation
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serves as an energy migration channel to support en⁃
ergy flux but also helps reduce non-radiative pro⁃
cesses between the lanthanide dopants in core and 
in the outer shell region, since the codoping of Nd3+ 
and Er3+ usually resulted in serious quenching of the 
emissions of Er3+ .  Finally, it should be noted that 
suitable concentration of Nd3+ （e. g. , 30%） was ad⁃
opted to suppress the concentration quenching 
caused by cross-relaxation[21].  Another important is⁃
sue lies in the codoping of Yb3+ in the outmost shell 
layer, which can facilitate the energy transfer from 
Nd3+ to Yb3+ across the interfacial region.  As expect⁃
ed, the NIR luminescence exhibited a nearly two-

fold enhancement when compared to the sample 
without the Nd3+/Yb3+ in the outermost shell （Fig.  
5（d））.  The bright broadband NIR emission in 
nanoparticles under 808 nm excitation is important 
for biological imaging[26].
4　Conclusion

In conclusion, we have demonstrated a new 

design to realize broadband NIR emissions in lantha⁃
nide doped nanoparticles.  By using Er sublattice as 
the sensitizing host to absorb the external excitation 
energy, effective NIR luminescence of Er3+ , Tm3+ , 
and Ho3+ was realized under multiple excitations at 
808, 980, 1 530 nm.  Moreover, the Yb3+ and Nd3+ 
were further introduced with suitable nanostructures 
to enhance the absorption at 980 nm and 808 nm, 
respectively, resulting in further enhanced NIR emis⁃
sions at these two excitation wavelengths.  These 
observations confirm that there exist efficient energy 
transfer channels between Er3+ , and Tm3+ and Ho3+ to 
achieve their NIR emissions.  Our results present 
deep insight into the design of broadband NIR lumi⁃
nescent nanoparticles, which is contributable to fron⁃
tier applications such as optical communication, 
night-vision devices, and biological imaging.

Supplementary Information and Response Letter are 
available for this paper at:http://cjl.lightpublishing.cn/
thesisDetails#10.37188/CJL.20250055

Fig. 5　（a）Schematic of introducing Yb-interlayer for enhancing NIR emissions in the NaErF4∶Tm/Ho（6%/1%）@NaYbF4@NaYF4 
core-shell-shell nanostructure under 980 nm excitation. （b）Emission spectra of （a） sample and NaErF4∶Tm/Ho（6%/1%）

@NaYF4 under 980 nm excitation. （c）Schematic of introducing Nd/Yb-shell for enhancing NIR emissions in the NaErF4∶
Tm/Ho@NaYbF4@NaYF4∶ Yb/Nd core-shell-shell nanostructure under 808 nm excitation. （d）Emission spectra of 
（c） sample and NaErF4∶Tm/Ho（6%/1%）@NaYbF4@NaYF4 under 808 nm excitation
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