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Rare-earth elements are strong candidates for upconverting materials due to their relatively 
long-lived excited states.1-3 However, they are generally not efficient light absorbers.4-6 
One of the approaches to enhance the optical absorption is adding a sensitizer layer (i.e. an 
extra semiconductor layer or using organic dyes as sensitizer with stronger absorption 
properties).7 On the other hand, the surface quenching effect decreases the efficiency of 
optical emission. This project explores the creation of undoped shells, sensitizer shells on 
rare earth nanoparticles and studies the effect of the size of the shell, semiconductor shells 
and dyes on the optical properties. NaYF4:Yb0.20, Er0.02 nanoparticles are investigated 
specifically to reveal the effect of sensitizers on the absorption and emission properties. A 
solvothermal method is used to synthesize core NaYF4:Yb0.20, Er0.02 nanoparticles and 
NaYF4 doped core-undoped shell particles.8-13 XRD and TEM indicated that pure β-NaYF4 
nanoparticles were synthesized. The size of NaYF4 nanoparticles was monitored using 
reaction time. The emission spectrum revealed that growth of undoped NaYF4 shells 
enhanced the emission intensity of doped core-undoped shell particles. This is presumably 
because the shell inhibits the nonradiative transition and the surface quenching on the 
surface of NaYF4:Yb0.20, Er0.02 core nanoparticles. CdS shells and ligand exchange with a 
dye absorbing in NIR were investigated as potential methods to enhance the absorption 
properties of NaYF4:Yb0.20, Er0.02 nanoparticles. TEM revealed that CdS segregated to form 
heterostructure with NaYF4:Yb0.20, Er0.02 core nanoparticles instead of core-shell structure. 
This is likely due to the mismatch of CdS lattice to β-NaYF4. A NIR absorbing dye was 
coated to the NaYF4:Yb0.20, Er0.02 core nanoparticles via ligand exchange method. A color 
change was noticed after the ligand exchange with the nanoparticles. However, the 
emission properties and energy transfer process need further studies since the intensity at 
542 nm and 660 nm are not pronounced under 806 nm excitation and 980 nm excitation. 
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Introduction  
The rare earth elements have unique optical, catalytic, and magnetic properties 

because of their 4f, 5p, and 5d electrons.1-3 Research has shown that most rare earth 
elements have relatively long-lived excited states (10 µs-10 ms) because their 4f electron 
configurations generates various well-defined electronic levels.1-3 The long-lived excited 
states allow the sequential absorption of two or more photons, and emit a single photon 
whose energy is greater than the energy of absorbed photons.1-4 This process is called 
up-conversion (UC) process.1-4 The up-conversion process can be divided into three 
subclasses by the energy transfer mechanism: excited state absorption (ESA); energy 
transfer up-conversion (ETU); and photon avalanche (PA).5-7 In the ESA mechanism, two 
laser pumping processes are needed, while one laser pumping excites the ion from ground 
state to first excited state, and the other laser pumping excites the ion from first excited 
state to the second excited state.5 In the ETU mechanism, one laser pumping is needed.5 
The laser pumping first excites the sensitizer ion from ground state to the excited state.5 
Then, the sensitizer excites the activator to excited state via energy transfer process.5 
Materials with up-conversion luminescence characteristics have shown potential in 
various optical applications, such as solid-state lasers, low-intensity IR imaging, sensitive 
bio-probes, and bio-imaging.5 The up-conversion property, along with inherent low 
toxicity, provides opportunities for rare earth elements to be used in up-conversion 
luminescent materials for optics, electronics, photovoltaics, and medical sensor.1, 2,5,6  

 

 
Figure 1. Energy transfer diagram of β-NaYF4:Yb3+, Er3+.1 

 
Among various upconverting materials, β-NaYF4:Yb3+, Er3+ is one of the most 

efficient materials under near infrared (NIR) excitation.3-5 The energy transfer of 
β-NaYF4:Yb3+, Er3+ is shown in Figure 1. The 980 nm light excites Yb3+ ion from 2F7/2 
ground state to 2F5/2 excited state via absorption.3-8 Then, Er3+ ion is excited to high 
energy state by Yb3+ ion via energy transfer. When Er3+ ion relaxes, it emits photons at 
three wavelengths: 524 nm, 542 nm and 660 nm, corresponding to energy diagram levels 

980 nm 

Yb3+ Er3+ 

β-NaYF4:Yb3+, Er3+  

660 nm 

542 nm 
524 nm 

2
F5/2 

2
F7/2 

4
I
15/2

 

4
I
11/2

 

4
F

7/2
 

2
H

11/2
 

4
S

3/2
 

4
F

9/2
 



  

2 
 

of 4f-4f transitions as shown in Figure 1.3-9 In the energy transfer process, the amount of 
IR photons absorbed by Yb3+ is more than the amount if visible photos emitted by Er3+.3-9 

Current research has shown that lanthanide doped fluorides, such as NaYF4: 20% 
Yb3+, 2% Er3+, are the most efficient nanomaterials for up-conversion 
photoluminescence.5,6 However, the efficiency of energy transfer in β-NaYF4:Yb3+, Er3+ 
is still very low due to surface quenching effect and low absorption of rare earth 
elements.3,4,7 Thus, it is desired to suppress surface quenching effect by adding a shell or 
enhance the absorption by adding sensitizers, such as semiconductors or dyes. The 
sensitization process is shown by Figure 2. 

 

 
 

Figure 2. Sensitization process A) Light Absorption. B) Energy Transfer from 
Sensitizers to Core. C) Light Emission from Core.1 

 
During the sensitization process, the sensitizer absorbs lower energy photons and 

reaches to the excited state (Figure 2A).4 Then, it performs a non-radiative energy 
transfer to excite the core, as shown in Figure 2B.4 Eventually, the core emits a light and 
relax to ground state, as shown in Figure 2C.4 The energy transfer can occur as long as 
the sensitizer is doped in the crystal structure or attached to the core.4,7  

The goal of this project is to first explore the formation of undoped shell and 
sensitizers, such as semiconductor shells and dyes, on rare earth core nanoparticles; and 
then, studies the effect of the size of the shell, dyes and semiconductor shells on the 
optical properties. Firstly, NaYF4:Yb0.20, Er0.02 core nanoparticles (Figure 3A) are 
synthesized. Secondly, the core nanoparticles are used to synthesize 
NaYF4/NaYF4:Yb0.20, Er0.02 doped core-undoped shell nanoparticles (Figure 3B), 
CdS/NaYF4:Yb0.20, Er0.02 core-shell nanoparticles (Figure 3C), and 
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dye/NaYF4:Yb0.20, Er0.02 nanoparticles (Figure 3D). Thirdly, the optical properties of 
these nanoparticles are studied via absorption and emission spectrum.  
 

 
Figure 3. Target nanoparticles A) NaYF4:Yb0.20, Er0.02 core nanoparticles; B) 

NaYF4/NaYF4:Yb0.20, Er0.02 doped core-undoped shell nanoparticles; C) 
CdS/NaYF4:Yb0.20, Er0.02 core-shell nanoparticles; D) dye/NaYF4:Yb0.20, Er0.02 

nanoparticles.1 

 
There are several methods to synthesize rare-earth nanocrystals. Hydrothermal 

methods require high pressure vessels and relatively long reaction time, which makes it 
difficult to optimize the growth of nanoparticles.10-13 At room temperature, ionothermal 
and microemulsion methods have been developed.14-18 These methods use reactive 
precursors in immiscible solvents and rely on sonication or  vigorous stirring for 
nucleation and growth of nanocrystals.14-18 Solvothermal method uses high boiling point 
non-aqueous solvents to overcome thermodynamic barrier between crystal structures and 
shorten the reaction time so that the parameters can be tuned to optimize the nucleation 
and growth of nanocrystals.13,19,20  

The NaYF4:Yb0.20, Er0.02 core nanoparticles and undoped NaYF4 shell will be 
synthesis via the solvothermal method because of the relatively short reaction time and 
tunability of parameters. The reactions use rare earth chloride salts as precursors to 
enable control over monodispersity and size of the rare-earth nanoparticle.9, 21, 22 The 
reaction time determines the size of the nanoparticles in the growth solution.21-23 Another 
solvothermal method was chosen for CdS shell synthesis because of short reaction time 
and tunability of parameters. The reactions use cadmium oxide and trioctylphosphine 
sulfide as precursors to enable formation of CdS.24-26  
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Figure 4. Structure of IR-806 dye.28 

 
A ligand exchange will be used to synthesize dye-coated NaYF4:Yb0.20, Er0.02 core 

nanoparticles.27 IR-806 dye was chosen for the dye-coated system for three reasons 
(Figure 4). Firstly, the sulfonate group, highlighted in red, is a promising binding group 
to the surface of NaYF4:Yb0.20, Er0.02 core nanoparticles. Secondly, the absorption of IR-
806 dye is 803 – 809 nm, which was different than the reported absorption of Yb3+ ion 
(980 nm) in the NaYF4:Yb0.20, Er0.02 core nanoparticles.29 The absorption difference 
distinguishes the absorption of the dye and Yb3+ ion. Lastly, relatively short alkyl chains 
have higher possibilities to transfer energy to the surface of NaYF4:Yb0.20, Er0.02 core 
nanoparticles.30-31  
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Materials and Methods 
Chemicals 
Chemicals that are used in the project are all purchased from Fisher Chemicals and Sigma 
Aldrich. In the synthesis, the rare earth precursors are provided by rare earth chloride salt. 
Yttrium (III) chloride hexahydrate (99.999%) is purchased from Fisher Chemicals. 
Erbium (III) chloride hexahydrate (99.999%) and ytterbium (III) chloride hexahydrate 
(99.9%) are purchased from Sigma Aldrich. The sodium and fluoride precursors are 
provided by sodium hydroxide and ammonium fluoride. Sodium hydroxide (99.9%) and 
ammonium fluoride (99.9%) are purchased from Fisher Chemical. Oleic Acid (OA, 90%) 
and 1-Octadecene (ODE, 90%, technical grade) are both purchased from Sigma Aldrich. 
In the CdS synthesis, trioctylphosphine sulfide (TOPS), which is the sulfur precursor, is 
premade in the laboratory with a concentration of 1M. Liquid trioctylphosphine (TOP) is 
pre-prepared in the laboratory. Solid trioctylphosphine oxide (TOPO) (97%) and 
cadmium oxide (99.99%) are purchased from Sigma Aldrich. The IR-806 dye used in the 
synthesis is purchased from Sigma Aldrich. All of the purchased chemicals were used 
without further purification. Solvents were ACS grade or higher.  
 
Characterization 
All of the TEM imaging was performed on a JEOL JEM-1400 transmission electron 
microscopy (TEM) at 120 V and a magnitude of 30k - 50k. The absorption measurement 
was performed by an Agilent Cary 5000 UV-vis-NIR absorption spectrometer. For each 
NaYF4 sample, the absorption scans from 1050 nm to 200 nm with baseline correction. 
For dye, dye-coated NaYF4:Yb0.20, Er0.02 and CdS/NaYF4:Yb0.20, Er0.02, each scan was 
from 1200 nm to 200 nm with baseline correction. The room temperature up conversion 
emission spectrum was performed on an Edinburgh Instruments FLS 1000 fluorometry 
using a Xe 1200 light as the excitation source and PMT980 as detector. For all of the 
scans, the scan slit was set as 4 nm and offset slit was set as 2 nm. For NaYF4, each scan 
was performed under 980 nm excitation and detected from 500 nm to 700 nm with dwell 
time of 10 seconds. For dye coated sample, 2 different scans are performed. One of the 
scans is excited at 804 nm while the other is excited at 980 nm. The XRD is performed 
on a Rigaku SmartLab X-ray diffractometer with Cu Kα radiation (λ = 1.5416 Å) at 40 
kV and 30 mA with guidance software. 
 
Synthesis of doped NaYF4:Yb0.20, Er0.02 core nanoparticles 
In a 50 mL centrifuge tube, approximately yttrium (III) chloride (0.471 g, 1.32 mmol), 
ytterbium (III) chloride (0.157 g, 0.4 mmol), and erbium (III) chloride (0.0155 g, 0.04 
mmol) are dissolved in 10 mL methanol.10 Oleic acid (12 mL), and 1-octadecene (30 mL) 
were then added to the same centrifuge tube as the ligand and reaction solvent 
respectively.21,23 This formed the mixture A. The mixture A was then added to 125 mL 3-
neck flask and heated to 150 ˚C for 30 minutes under the vacuum. After heating, the 
mixture A was cooled to room temperature. Meanwhile, sodium hydroxide (0.200 g, 5 
mmol) and ammonium fluoride (0.296 g, 8 mmol) were added to another 50 mL centrifuge 
tube and dissolved in 10 mL methanol, which formed mixture B. 21,23 At room temperature, 
mixture B was added into mixture A and stirred for 60 minutes to form mixture C. Then, 
mixture C was degassed at 110 ˚C for 30 minutes. After degassing, the mixture C was 
heated in salt bath to 320 ˚C under the N2.22 In order to make core nanoparticles with 
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different sizes, the reaction times were set to 5 minutes, 10 minutes, 15 minutes, 20 minutes, 
25 minutes and 30 minutes. Once the reaction time reached, the solution was cooled to 
room temperature and washed by hexane and ethanol for three times to allow core 
nanoparticles to precipitate and further disperse in hexane. For each sample, the 
precipitated NaYF4:Yb0.20, Er0.02 core nanoparticles were dispersed in 10 mL of hexane to 
make NaYF4:Yb0.20, Er0.02 core nanoparticles mother suspension. 
 
Synthesis of undoped NaYF4 shell 
The NaYF4 shell synthesis is similar to the synthesis procedure for NaYF4:Yb0.20, Er0.02 
core nanoparticles. In a 50 mL centrifuge tube, yttrium chloride salt was dissolved in 
methanol and mixed with OA and ODE to form mixture D.21 The mixture D was then 
degassed at 150 ˚C for 30 minutes in a 125 mL 3-neck flask. After heating, the mixture D 
was cooled down to room temperature and mixed with a methanol solution of sodium 
hydroxide and ammonium fluoride to form mixture E.21,22 After stirring for 60 minutes, the 
mixture E is degassed at 110 ˚C for 30 minutes. After degassing, the flask was filled with 
N2 for 2 minutes at 110 ˚C. Then, the NaYF4:Yb0.20, Er0.02 core hexane suspension was 
injected to the mixture E at 110 ˚C to form mixture F.  After injection, the mixture F was 
degassed at 110 ˚C for 30 minutes before it was heated in salt bath to 320 ˚C under the N2 
for 30 minutes.22 After the reaction, the solution was cooled to room temperature and 
washed by hexane and ethanol for three times to allow nanoparticles to disperse in hexane. 
Each sample was dispersed in 10 mL of hexane to make hexane suspension of NaYF4 
doped core-undoped shell nanoparticles. In this reaction, the initial reactant inputs were 
calculated with the respect of the desired core-shell nanoparticle size. 
 
Synthesis of CdS/NaYF4:Yb0.20, Er0.02 nanoparticles 
CdO powder (0.060 g, 0.47 mmol), TOPO (6.000 g, 15.52 mmol) and oleic acid (0.8 mL) 
were added to a 3-neck flask and heated up to 340 ˚C under N2 for 30 minutes.24-26 The 
color change of the solution (from red to clear) indicates that CdO dissolved in TOPO and 
forms Cd precursor.24,25 The mixture was then cooled to 150 ˚C. After injecting 0.200 mL 
NaYF4:Yb0.20, Er0.02 core hexane suspension, the mixture was kept at 150 ˚C under vacuum 
for 60 minutes. After degassing, the mixture was heated to 350 ˚C under the nitrogen.24-26 
At 320 ˚C, TOP (3.5 mL) was injected into the flask. 24-26 Pre-prepared TOPS and TOP (1 
mL) were injected into the mixture at 330 ̊ C.24-26 The flask was kept at 350 ̊ C for 3 minutes 
for the grow of CdS. Once the reaction time reached, the solution was washed with toluene 
and acetone for three times to allow nanoparticles to disperse in hexane.  
 
Synthesis of Dye/NaYF4:Yb0.20, Er0.02 nanoparticles 
The IR-806 dye was dissolved in ethanol. Hexane (3 mL) was added to an aliquot of 
NaYF4:Yb0.20, Er0.02 core nanoparticle mother suspension (2 mL) to obtain 5 mL of 
diluted suspension of NaYF4:Yb0.20, Er0.02. The NaYF4:Yb0.20, Er0.02 suspension (5 mL) 
then was added into 5 mL of dye solution. The mixture was shaken gently and then 
stirred for 60 minutes.27 The mixture was washed by hexane and ethanol to allow the 
dye/NaYF4:Yb0.20, Er0.02 nanoparticles to be dispersed in 3:1 alcohol solution of 
isopropanol and ethanol. 
 
  



  

7 
 

Results and Discussion 
NaYF4:Yb0.20, Er0.02 core nanoparticles were synthesized by solvothermal method 

with controlled sizes and quality (Figure 5a). Rare-earth, sodium, and fluoride precursors 
were heated to 320 ˚C in ODE in the presence of OA, a ligand to control the dispersion of 
nanoparticles. Different reaction times were applied to tune the sizes of core 
nanoparticles. TEM characterizations were used to characterize the morphology and sizes 
of the NaYF4:Yb0.20, Er0.02 core nanoparticles, as shown in Figure 6. XRD was performed 
to determine the crystalline phase of the nanoparticle as shown in Figure 7. 

 

 
Figure 5. A typical solvothermal reaction to synthesize a) NaYF4:Yb0.20, Er0.02; b) 

NaYF421-22 

 
When the reaction time was set to 5 minutes, there was no noticeable nanocrystal 

in the solution, as shown in Figure 6A. As the reaction time increased to 15 minutes, 
small particles started to be observed with a size of 7.2 ± 0.5 nm, as seen in Figure 6B. 
When reaction time further increased to 25, 27 and 30 minutes, the particle grew bigger 
as seen in Figure 6C-E. The average sizes of the core nanoparticles were 18.3 ± 1.4 nm, 
20.3 ± 1.3 nm, 22.2 ± 1.7 nm, which corresponded to reaction times of 25 minutes, 27 
minutes and 30 minutes respectively. As the time increase to 30 minutes, a hexagonal 
morphology started to be observed, as seen in Figure 6E. This morphology was expected 
for β-NaYF4:Yb0.20, Er0.02 nanoparticles as its crystal structure was hexagonal.27,31 The 
XRD pattern in Figure 7 confirmed only β-NaYF4:Yb0.20, Er0.02 nanoparticles existed in 
the synthesized core system as all the diffraction peaks could be indexed to a pure beta 
phase NaYF4 crystal based on standard data from ICSD database 
(ICSD_CollCode259178).32  
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Figure 6. TEM images of NaYF4:Yb0.20, Er0.02 core nanoparticles with different reaction 
time. (A) 5 min (B) 15 min, average size 7 nm; (C) 25 min, average size 18 nm; (D) 27 

mins, average size 20 nm; (E) 30 min, average size 22 nm. 
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Figure 7. XRD pattern of NaYF4:Yb0.20, Er0.02 core nanoparticles. 

 
To investigate the effect of shell thickness to the optical properties of 

NaYF4:Yb0.20, Er0.02 core nanoparticles, four different sizes of shell were grown on the 18 
nm core nanoparticles. A similar solvothermal method was used to synthesize undoped 
NaYF4 shell on top of NaYF4:Yb0.20, Er0.02 core nanoparticles (Figure 5b). After injecting 
NaYF4:Yb0.20, Er0.02 core nanoparticles, yttrium, sodium, and fluoride precursors were 
heated to 320 ˚C in ODE in the presence of OA, a ligand to control the dispersion of 
nanoparticles. TEM images in Figure 8A showed the original 18 nm cores, while Figure 
8B-E showed the core-shell particles with 7 nm, 10 nm, 12 nm, and 17 nm shells 
respectively. XRD was performed to investigate the crystalline phase of NaYF4 doped 
core-undoped shell nanoparticles, as shown in Figure 9.  

Table 1 summarizes the sizes of 18 nm NaYF4:Yb0.20, Er0.02 core nanoparticles 
and NaYF4 doped core-undoped shell nanoparticles which were presented in Figure 9. 
The sizes of the core-shell nanoparticles were measured in two dimensions due to the 
geometry of hexagonal prisms. As shown in Table 1, the average particle diameter was 
24.6 ± 1.4 nm, 27.8 ± 1.8 nm, 30.4 ± 2.1 nm, and 35.6 ± 2.4 nm respectively, which 
corresponding to Figure 9B-E respectively. In Figure 9A, the 18 nm core nanoparticles 
had a less pronounced hexagonal morphology. As the shell grows, the nanoparticles 
started to have a more obvious hexagonal morphology. In Figure 9B-C, nanoparticles 
were clearly hexagons. In Figure 9D-E, the rectangular morphology was the side of 
hexagonal prisms. To ensure the core-shell nanoparticles were in the beta phase, XRD 
was performed.  As shown in Figure 10, all of the peaks could be assigned to beta phase 
NaYF4 crystal based on standard data from ICSD database (ICSD_CollCode259178), 
which indicated that core-shell nanoparticles stayed in beta phase.32 The TEM 
characterization and XRD pattern indicated that the shell successfully grew on the doped 
NaYF4:Yb0.20, Er0.02 core nanoparticles and did not deform into the alpha phase.  

10 20 30 40 50 60 70 80

In
te

ns
ity

 (a
.u

.)

2q (deg)

 18 nm NaYF4:Yb0.20, Er0.02 core

(100)

(110)

(101)

(200)

(111)

(201)

(210)

(002)

(300)

(211)

(102) (112)
(220)

(202)
(310)

(311) (302)
(212)

(401)



  

10 
 

 

  
Figure 8. TEM image of NaYF4:Yb0.20, Er0.02 core and NaYF4 doped core-undoped shell 
nanoparticles. (A) 18 nm NaYF4:Yb0.20, Er0.02 core nanoparticles; (B) with 7 nm NaYF4 
undoped shell; (C) with 10 nm NaYF4 undoped shell; (D) with 12 nm NaYF4 undoped 

shell; (E) with 17 nm NaYF4 undoped shell.  
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Figure 9. XRD pattern of NaYF4 doped core-undoped shell nanoparticles. 
 

Table 1. Average diameter and average width of 18 nm NaYF4:Yb0.20, Er0.02 core 
nanoparticles and NaYF4 doped core-undoped shell nanoparticles. 

  Avg. Diameter Avg. Width 
core 18.3 nm   

7 nm shell 24.6 nm 22.8 nm 

10 nm shell 27.8 nm 24.5 nm 
12 nm shell 30.4 nm 27.4 nm 
17 nm shell 35.6 nm 31.7 nm 

 
The optical properties of NaYF4 core-shell nanoparticles were investigated at 

room temperature. Figure 10 and Figure 11 showed the absorption and emission spectra 
of synthesized NaYF4 doped core-undoped shell nanoparticles.  

The absorption spectrum of NaYF4 doped core-undoped shell nanoparticles 
measured the range of 400 nm to 1200 nm (Figure 10). One sharp peak at 974 nm and 
three weak peaks at 528 nm, 542 nm, and 660 nm were observed in the absorption 
spectrum. The sharp absorption peak at 974 nm corresponds to the absorption of Yb3+ ion 
from 2F7/2 ground state to 2F5/2 excited state.3-8 The weak absorption peaks at 528 nm and 
660 nm correspond to the absorption of Er3+ ion from low energy 4I15/2 state to 2H11/2 and 
4F9/2 excited states respectively.3-8 The weak absorption peak at 377 nm corresponds to 
the absorption of Er3+ from 4G11/2 to 4F9/2.11,13 The absorption spectrum indicated that the 
Yb3+ and Er3+  were effectively doped in the NaYF4 crystal lattice. Before measuring 
emission spectra, all the samples were diluted until the peak intensity reached 0.052 AU 
at 974 nm.   
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Figure 10. Absorption spectrum of NaYF4 doped core-undoped shell nanoparticles 

dispersed in hexane.  
 
Figure 11 illustrates the up-conversion emission spectra of different size 

nanoparticles under 980 nm excitation. All of the spectra were measured at room 
temperature. The 980 nm light exited the Yb3+ from 2F7/2 ground state to 2F5/2 excited 
state. The emission peaks were found at 528 nm, 542 nm, and 656 nm, which 
corresponded to three relaxation process of Er3+: 2H11/2→4I15/2, 4S3/2→4I15/2, and 
4F9/2→4I15/2 respectively.3-7 In Figure 11a, the emission spectrum of original 18 nm cores 
is represented by a black line. The emission spectra of core-shell nanoparticles, 
represented by the four colored lines, exhibited higher fluorescence intensities at all three 
emission wavelengths compared to the cores, represented by the black line. Comparison 
of the colored lines indicate that the 35 nm doped core-undoped shell nanoparticles 
shown by the purple line had the highest intensity. Comparing to the red peak at 656 nm 
and green peak at 528 nm, the green peak at 542 nm has much higher intensity. In Figure 
11b, the peak intensity was shown in function of shell thickness. From Figure 11b, the 
trend showed that as the shell thickness increased, the intensity gradually increased. The 
observed fluorescence intensity indicates that the upconversion energy transfer was 
enhanced by introducing a layer of undoped shell as a protecting layer. The shell 
separated the core with surface ligands and solvent molecules, which inhibited the 
nonradiative transition and the surface quenching on the surface of NaYF4:Yb0.20, Er0.02 
core nanoparticles. 
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Figure 11. Emission spectrum of NaYF4:Yb0.20, Er0.02 core nanoparticles and NaYF4 
doped core-undoped shell nanoparticles under 980 nm excitation. a) Up-conversion 

fluorescence under the 980 nm excitation; b) Up-conversion fluorescence intensity with 
respect of shell thickness. 

 
In an attempt to further enhance the optical properties of NaYF4:Yb0.20, Er0.02 core 

nanoparticles, CdS semiconductor and IR-806 dye were added to NaYF4:Yb0.20, Er0.02 
system. The 18 nm NaYF4:Yb0.20, Er0.02 core nanoparticles were used to make 
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CdS/NaYF4:Yb0.20, Er0.02 core-shell nanostructures and dye coated system via a 
solvothermal was used (Figure 12). Cadmium precursor and TOPO was heated to 340 ˚C 
in the presence of OA, a ligand to control the suspension of nanoparticles. At 340 ˚C, 
TOPO melted and became TOP solvent. When cadmium precursor dissolved in TOP, the 
solution became clear. Then, NaYF4:Yb0.20, Er0.02 core nanoparticles were injected at 150 
˚C. The reaction was then heated to 350 ˚C in the presence of sulfur precursors to obtain 
the final product. 

 

 
Figure 12. Synthesis of CdS/NaYF4:Yb0.20, Er0.02.24-26 

 
TEM was used to characterize the morphology of the CdS/NaYF4:Yb0.20, Er0.02 

nanoparticles, as shown in Figure 13. The absorption and emission spectrum were 
performed at room temperature (Figures 14-15). 

 

 
Figure 13. TEM image of CdS/NaYF4:Yb0.20, Er0.02 nanoparticles. 

 
In Figure 13, the size of spherical particles was 17.8 ± 1.6 nm, while the size of 

triangular particles was 29.4 ± 2.4 nm in width and 33.2 ± 4.7 nm in height. The size and 
morphology of round particles indicated that these were unreacted NaYF4:Yb0.20, Er0.02 
core particles. From Figure 13, the triangular particles did not form a uniformed shell on 
the surface of NaYF4:Yb0.20, Er0.02 core nanoparticles. Instead, some of the triangular 
particles surrounded the round NaYF4:Yb0.20, Er0.02 core particles, and some of the 
NaYF4:Yb0.20, Er0.02 core particles merged into the triangular particles. The TEM image 
indicated that CdS/NaYF4:Yb0.20, Er0.02 formed heterostructures instead of core-shell 
structure. Then, absorption and emission spectra were measured to study the optical 
properties of synthesized CdS/NaYF4:Yb0.20, Er0.02 heterostructures. 

N2, 340 °C, 30 min1. 120 °C, 20 min
CdO (s)
Trioctylphosphine Oxide 
[TOPO] (s)
Oleic Acid [OA] (l)

Red Solution Clear Solution

3. 330 °C, 0.5 mL TOPS and 1 mL of TOP
4. 350 °C, 3 min

1. 150 °C
Clear Solution

CdS/NaYF4:Yb0.20, Er0.02 
nanoparticles

1. N2
2. 320 °C, 3.5 mL TOP

2. 2 mL NaYF4:Yb0.20, Er0.02  
3. Degas, 1 hr

2. Degas



  

15 
 

 
Figure 14. Absorption spectrum of CdS/NaYF4:Yb0.20, Er0.02 heterostructure dispersed in 

hexane. 
 
Figure 14 shows the absorption spectrum of CdS/NaYF4:Yb0.20, Er0.02 

heterostructure. A wide absorption band was observed starting 500 nm and reaching to 
UV range. This can be assigned to UV-vis absorption from CdS, as compared to the 
literature.25,33,34 However, the absorption of undiluted CdS/NaYF4:Yb0.20, Er0.02 
heterostructure at 980 nm was an order of magnitude lower than diluted NaYF4:Yb0.20, 
Er0.02 core and NaYF4 doped core-undoped shell nanoparticles (0.052 AU comparing to 
0.006 AU). Such a low absorption indicated that the Yb3+ ion did not have sufficient 
absorption in CdS/NaYF4:Yb0.20, Er0.02 heterostructure.  

The emission spectrum was measured under 980 nm excitation (Figure 15). The 
black line represents the emission spectrum of 18 nm NaYF4:Yb0.20, Er0.02 core 
nanoparticles. The red line represents the emission spectrum of CdS/NaYF4:Yb0.20, Er0.02 
heterostructure. There was no significant absorption or emission observed for the 
CdS/NaYF4:Yb0.20, Er0.02 heterostructure. (980nm excitation), compared to 18 nm 
NaYF4:Yb0.20, Er0.02 core nanoparticles. This is further evidence that the target core-shell 
structures were not formed.  
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Figure 15. Emission spectrum of 18 nm NaYF4:Yb0.20, Er0.02 core and CdS/NaYF4:Yb0.20, 

Er0.02 heterostructure under the 980 nm excitation. 
 
A ligand exchange approach was also used to coat IR-806 dye to the 18 nm 

NaYF4:Yb0.20, Er0.02 core nanoparticles as another attempt to enhance the optical 
properties. The nanoparticles suspension changed from transparent to red. The optical 
properties of both dye solution and dye/NaYF4:Yb0.20, Er0.02 system was investigated at 
room temperature.  
  

 
Figure 16. Absorption spectrum of IR-806 dye dissolved in 3:1 solvent of isopropanol 

and ethanol, and dye/NaYF4:Yb0.20, Er0.02 nanoparticles dispersed in same solvent. 
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In Figure 16, the red line was the absorption of dye solution in 3:1 solution of 

isopropanol and ethanol, while the black line was the absorption of dye/NaYF4:Yb0.20, 
Er0.02 nanoparticles. The dye solution has a very strong absorption band at about 804 nm, 
which was expected as the IR-806 dye had a strong absorption at 800-806 nm range. The 
dye/NaYF4:Yb0.20, Er0.02 nanoparticles had absorption peak at 804 nm, which was 
expected from the coated dye. The absorption spectrum also revealed that 
dye/NaYF4:Yb0.20, Er0.02 nanoparticles had strong absorption bands from 300-600 nm. 
The absorption peak at 520 nm was due to the absorption of Er3+ in NaYF4:Yb0.20, Er0.02 
core nanoparticles. The absorption spectrum explained the color change of the 
nanoparticles. In visible range (380-750 nm), dye solution had absorption in red zone 
(620-750 nm). As a complementary color of red, green was observed in dye solution. 
Meanwhile, dye/NaYF4:Yb0.20, Er0.02 core nanoparticles had strong absorption in 380-650 
nm, which left weak absorption in red zone (650-720). Thus, red was observed in 
dye/NaYF4:Yb0.20, Er0.02 nanoparticles rather than green. Based on absorption spectrum, 
the dye/NaYF4:Yb0.20, Er0.02 nanoparticles had absorption peak at 804 nm. The emission 
spectrum of dye-coated system was then performed under 804 nm excitation. 

 

  
Figure 17. Emission spectrum of dye/NaYF4:Yb0.20, Er0.02 nanoparticles (red) and 18 nm 

NaYF4:Yb0.20, Er0.02 core nanoparticles (black) under the 804 nm excitation. 
 
The emission spectra of dye/NaYF4:Yb0.20, Er0.02 were performed under 804 nm 

excitation. In Figure 17, black line represented the emission of 18 nm NaYF4:Yb0.20, 
Er0.02 core nanoparticles, while the red line represented the emission of 
dye/NaYF4:Yb0.20, Er0.02 system. Compared to the 18 nm core, the dye-coated system did 
not have stronger emission intensity at 524 nm, 542 nm and 660 nm. However, the 
absorption spectrum and the color change after ligand exchange indicated that there 
might be interaction between IR-806 dye and NaYF4:Yb0.20, Er0.02 core nanoparticles. 
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Conclusion 
 In this project, both NaYF4:Yb0.20, Er0.02 core and NaYF4 doped core-undoped 
shell nanoparticles were synthesized in controlled sizes and quality by the solvothermal 
method and characterized by TEM and XRD. The sizes of NaYF4:Yb0.20, Er0.02 core 
nanoparticles were ranging from 18-22 nm. Different sizes of undoped NaYF4 shells (7 
nm, 10 nm, 12 nm and 17 nm) were grown on the 18 nm NaYF4:Yb0.20, Er0.02 core 
nanoparticles to form NaYF4 doped core-undoped shell nanoparticles as an attempt to 
enhance the optical emission. The absorption and emission spectra of NaYF4:Yb0.20, 
Er0.02 core and NaYF4 doped core-undoped shell nanoparticles were measured at room 
temperature. From the emission spectrum, a sharp absorption peak was observed at 980 
nm, which corresponded to the absorption from Yb3+ ion. Weak peaks were also 
observed at 528 nm, 542 nm, and 660 nm, which corresponded to the excitation of Er3+ 
ion from ground state to the excited state. The emission spectra were measured under 980 
nm excitation. The emission peaks were found at 528 nm, 542 nm and 660 nm, which 
corresponded to emissions from Er3+ ion. The NaYF4 doped core-undoped shell 
nanoparticles had stronger emission intensity over NaYF4:Yb0.20, Er0.02 core 
nanoparticles. The emission intensity gradually intensified as the shell thickness increases 
from 7 nm to 17 nm. This was presumably because the undoped shell performed as a 
protecting layer and inhibited the surface quenching effect by separating the surface of 
doped NaYF4:Yb0.20, Er0.02 core with OA ligand and solvent. CdS semiconductor and 
IR-806 dye was added to NaYF4:Yb0.20, Er0.02 core as an attempt to enhance the optical 
absorptions. CdS/NaYF4:Yb0.20, Er0.02 system was prepared by another solvothermal 
method. TEM characterization indicated that CdS and NaYF4:Yb0.20, Er0.02 formed 
heterostructure instead of core-shell structure. The absorption spectrum revealed that the 
absorption of CdS was predominated in CdS/NaYF4:Yb0.20, Er0.02 heterostructure. 
According to absorption and emission spectra, CdS/NaYF4:Yb0.20, Er0.02 heterostructure 
did not have better optical properties under 980 nm excitation. IR-806 dye was coated to 
NaYF4:Yb0.20, Er0.02 core nanoparticles by ligand exchange method. The absorption 
spectrum confirmed that the dye/NaYF4:Yb0.20, Er0.02 nanoparticles absorbed strongly in 
380-650 nm and 800-804 nm ranges. It also revealed that the red color of 
dye/NaYF4:Yb0.20, Er0.02 nanoparticles was due to the weak absorption at red zone (650-
720). The absorption spectrum indicated that the dye enhanced the optical absorption of 
dye/NaYF4:Yb0.20, Er0.02 nanoparticles in 804 nm. 
 
Future Work 

To study the limit of the shell thickness to the optical properties, thicker undoped 
NaYF4 shells can be grown on the NaYF4:Yb0.20, Er0.02 core particles. Other 
semiconductors, such as CdSe, ZnS, PbS, can be tried as upconversion sensitizers for 
semiconductor sensitized nanoparticles. Other than semiconductors, more detailed 
studied for energy transfer between the dye and nanoparticles is needed, especially the 
emission properties of dye/NaYF4:Yb0.20, Er0.02 nanoparticles under NIR excitation. IR-
806 dye is soluble in water. An optimized synthetic method or ligand exchange 
conditions can be studied to make IR-806 dye/NaYF4:Yb0.20, Er0.02 nanoparticles soluble 
in water. Meanwhile, more organic dyes can be tried other than IR-806. Lastly, the 
downconversion of the NaYF4:Yb0.20, Er0.02 core nanoparticles can be studied with 377 
nm excitation. 
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Appendices 
Appendix 1. TEM images of 18 nm core NaYF4:Yb0.20, Er0.02 core nanoparticles. 

 
 

Appendix 2. TEM images of 20 nm core NaYF4:Yb0.20, Er0.02 core nanoparticles. 

 
 

Appendix 3. TEM images of 22 nm core NaYF4:Yb0.20, Er0.02 core nanoparticles. 
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Appendix 4. TEM images of 25 nm NaYF4 doped core-undoped shell nanoparticles. 

 
 

Appendix 5. TEM images of 28 nm NaYF4 doped core-undoped shell nanoparticles. 

 
 

Appendix 6. TEM images of 30 nm NaYF4 doped core-undoped shell nanoparticles. 
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Appendix 7. TEM images of 35 nm NaYF4 doped core-undoped shell nanoparticles. 

 
 

Appendix 8. TEM images of CdS/NaYF4:Yb0.20, Er0.02 nanoparticles. 

 
 

Appendix 9. TEM images of Dye/NaYF4:Yb0.20, Er0.02 nanoparticles after ligand 
exchange 
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Appendix 10. Emission spectra of NaYF4:Yb0.20, Er0.02 core nanoparticles. 
 

 
 

Appendix 11. Hexane suspension of 18 nm NaYF4:Yb0.20, Er0.02 core nanoparticles (left); 
Hexane suspension of CdS/NaYF4:Yb0.20, Er0.02 (right). 

 
 
Appendix 12. Hexane suspension of 18 nm NaYF4:Yb0.20, Er0.02 core nanoparticles (left); 

IR-806 dye dissolved in 3:1 solvent of isopropanol and ethanol (middle); 
Dye/NaYF4:Yb0.20, Er0.02 nanoparticles dispersed in toluene (right) 
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