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Abstract 

We prepared a Y2O3:Er,Yb nanoparticles by laser ablation in liquid. The laser used the 

second harmonic generation Nd:YAG (532 nm). A preparation process and measurement of 

upconversion properties were performed by varying the range of the energy density of the 

laser. Images from scanning electron microscopy (SEM) indicated that two types of 

nanoparticles existed in the product of laser ablation in liquid. We concluded the following: 

one type of nanoparticles was prepared from the nucleation of materials in a plume and the 

other was prepared by fragmentation. In the photoluminescence spectra, green (
2
H11/2, 

4
S3/2 → 

4
I15/2) and red (

4
F7/2 → 

4
I15/2) fluorescence were observed using a 980 nm laser diode (LD) as 

the excitation source. We confirmed that the fluorescence intensity increased with increasing 

energy density of the laser. Thus, we concluded that the number of the nanoparticles increased 

as the energy density of the laser was increased. 
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1. Introduction 

In recent years, rare-earth doped fluorescent materials have attracted much attention 

because of their unique optical properties and potential applications in the field of bio-imaging, 

color displays, and optical communications [1-5]. Articles on the upconversion fluorescent 

properties of rare-earth doped Y2O3 have been reported. The upconversion fluorescent 

materials are substances that emit visible light by irradiating near infrared as an exciting light 

[6-8]. Activators, such as Er
3+

, Tm
3+

, Ho
3+

, and Pr
3+

, function as the upconversion fluorescent 

materials [9-13]. Light of various colors is emitted depending on the rare-earth ions. Because 

Yb
3+

 has energy bands at 980 nm (
2
F5/2 → 

2
F7/2), it is often used as an effective sensitizer. In 

particular, Y2O3 as a host material has the same crystal structure as Er2O3 and Yb2O3 [14-16]. 

Y2O3 includes a comparatively high refractive index, low phonon energy, and high chemical 

and thermal stability.  

 Thus far, the chemical synthetic methods, such as solid state, hydrothermal, 

coprecipitation, and sol-gel methods, are well-known for preparing the upconversion 

nanoparticles [17-22]. In these methods, however, nanoparticles are easily aggregated by 

heating processes. It has been difficult to prepare the finely dispersed nanoparticles, and new 

synthetic methods are needed. Additionally, nanoparticles have been prepared in the gas-phase. 

Laser ablation, such as pulse laser deposition (PLD), has often been studied by researchers 

who fabricate nanoparticles on various targets [23-25].
 



We focused on laser ablation in liquid. This technology is for preparing the colloidal 

solution by irradiating the targets with a pulsed laser beam in liquid. Laser ablation in liquid 

has many advantages: the nanoparticles are formed easily; the nanoparticles are collected with 

high efficiency compared with preparation in the gas phase; and pure colloidal solutions can 

be prepared, compared with general chemical synthesis methods. Recently, many researchers 

have studied laser ablation in liquid, and various materials have been irradiated with this 

technology. Cotton et al. prepared a colloidal solution by irradiating the metal targets with a 

laser [26]. Mafune et al. prepared Au nanoparticles in a surfactant [27,28]. Hosokawa et al. 

irradiated organic materials with laser ablation [29]. Koshizaki et al. prepared a colloidal 

solution containing ceramics using this technology [30]. However, no research has yet been 

performed to prepare the upconversion colloidal solution by laser ablation in liquid. 

In this study, a Y2O3:Er,Yb colloidal solution was prepared by laser ablation in liquid. 

We used nanosecond laser pulses in the preparation of the nanoparticles. We investigated the 

relations between the particle size of the upconversion nanoparticles and the energy density of 

laser ablation in liquid. Subsequently, we evaluated the performance of the process by viewing 

the samples with a scanning electron microscope (SEM) and a transmission electron 

microscope (TEM). Additionally, the optical properties of the upconversion nanoparticles 

were measured with fluorescence spectrophotometer.  

 



2. Experimental methods 

2.1 Preparation of the target 

Y(NO3)3・6H2O (99.99% Kanto Chemical Co., Inc.), Er(NO3)3・5H2O (99.9% Mitsuwa’s 

Pure Chemicals), Yb(NO3)3・5H2O (99.9% Wako Pure Chemical Industries, Ltd.), and aqueous 

ammonia (28% Kanto Chemical Co., Inc.) were used as starting materials. We completely 

dissolved Y(NO3)3・6H2O (11.1 mmol), Er(NO3)3・5H2O (0.125 mmol) and Yb(NO3)3・5H2O 

(1.25 mmol) with deionized water. Aqueous ammonia (11 mL) was added dropwise to this 

solution. The prepared solution was aged for 24 h. The precipitations were dried at 900 °C for 

2 h. The dried powder was pressed into shapes and sintered at 1250 °C for 4 h. The targets 

were 9 mm in diameter and 3 mm in height. 

An overview of the synthesis scheme is given by the following reaction steps: 

RE(NO3)3 + 3NH4OH → RE(OH)3 + 3NH4NO3   (1) 

2RE(OH)3 → RE2O3 + 3H2O     (2) 

where RE indicates Y, Er, Yb. 

 

2.2 Preparation of the colloidal solution 

The Y2O3:Er,Yb colloidal solution was prepared by laser ablation in liquid. The target 

was placed on the bottom of the cell that was filled with 2 ml of deionized water. The 

Nd:YAG laser (Spectron Laser Systems Ltd., SL8585G) served as a light source for pulsed 

900 °C 



laser ablation and was operated with the second harmonic generation (wavelength: 532 nm) at 

a laser energy of 23.1 mJ/pulse and a repetition rate of 10 Hz. The average energy density of 

the laser was varied in the range of 0.20 – 1.61 J/cm
2
. The pulse width was 13 ns when 

measured with a fast PIN photodiode and a digital oscilloscope. The target was irradiated with 

the laser for 30 min. 

 

2.3 Characterizations 

We characterized the composition of the synthesized target and the prepared 

nanoparticles with an X-ray diffractometer (XRD, PANalytical X'pert-PRO-MRD). The 

average particle size was measured by Dynamic Light Scattering (DLS, Sysmex Co. Zetasizer 

Nano). The laser source of the DLS was a He-Ne laser (633 nm). The configuration of the 

nanoparticles was observed by scanning electron microscopy (SEM, Hitachi 

High-Technologies Co. S-4800) and transmission electron microscopy (TEM, JEOL Ltd. 

JEM-1010BS). The colloidal solution of Y2O3:Er,Yb was placed onto the elastic carbon 

supporting film. A powder of the Y2O3:Er,Yb targets was placed on a microscope stage. The 

elemental analysis of the nanoparticles was performed by energy dispersive X-ray 

(TEM-EDX) spectroscopy. Under irradiation with a 980 nm laser diode (LD), upconversion 

properties were measured using a fluorescent spectrophotometer (Hitachi High-Technologies 

Co. F-7000).  



 

3. Result and discussion 

Figure 1 shows the XRD patterns of Y2O3:Er,Yb in the synthesized targets and the 

prepared nanoparticles. The vertical bars below the patterns represent the standard diffraction 

data (ICDD-PDF-4 No. 01-079-1716). The synthesized targets and the prepared nanoparticles 

had a space group Ia3 of the C-type Y2O3 structure. These nanoparticles were prepared at an 

average energy density of 4.2 J/cm
2
. We found that the crystal phase of the nanoparticles 

prepared by laser ablation in liquid was the same as that of the targets. No additional peaks 

representing other phases were observed. 

Figure 2 shows the particle size as a function of the average energy density in laser 

ablation in liquid. The particle size was measured with DLS. This particle size was calculated 

from the scattering intensity of the fluctuation, which is dependent on the Brownian motion of 

the particle. The size distribution of DLS is provided in the supporting information (SI1). We 

found that the particle size increased with the increasing energy density of the laser. 

Yoshimura et al. showed a similar tendency [31]. 

We observed the configuration of the nanoparticles with SEM. In SEM images, 

nanoparticles on the order of 10
1
 to 10

2
 nm were observed. Figure 3 shows the SEM images of 

the synthesis targets and the nanoparticles prepared by laser ablation in liquid. Figure 3(a) 

shows the SEM images of the targets. Many aggregated nanoparticles on the order of a 10
2
 nm 



were observed. Figures 3(b), (c), and (d) show the SEM images of the nanoparticles. The 

average energy density in figures 3(b), (c), and (d) is 0.59, 1.06 and 1.61 J/cm
2
, respectively. 

In 0.20 and 0.35 J/cm
2
, the nanoparticles measuring on the scale of 10

2
 nm nanometers were 

not observed. In the range between 0.59 and 1.61 J/cm
2
, the nanoparticles on the scale of 10

2
 

nm were observed. During the preparation of the nanoparticles, the threshold average energy 

density ranged between 0.35 and 0.59 J/cm
2
. We found that the particle size increased with 

increasing energy density of the laser in a similar manner as DLS. The nanoparticles were 

aggregated to each other. The size of the primary particles was nearly unchanged by the 

energy density. We found that the size and configurations of the nanoparticles measuring on 

the order of 10
2
 nanometers was nearly the same as the size and configuration of the targets.  

SEM images showed nanoparticles measuring on the order of 10
1
 nm surrounding the 

larger nanoparticles. Figures 4(a) and (b) show the SEM images for the average energy 

densities of 0.59 and 1.61 J/cm
2
, respectively. At 0.59 J/cm

2
, dot-like nanoparticles were 

observed. At 1.61 J/cm
2
, worm-like nanoparticles were observed. These worm-like 

nanoparticles are called often nano-strings [32].
 

Figure 5 shows the TEM images for the average energy density of the 1.61 J/cm
2
. In 

Figure 4(b), nano-strings with lattice fringes were observed. The images confirmed that the 

direction of the lattice fringes varied. Figure 6 shows the EDX spectrum of the nano-strings. 

We performed an elemental analysis using the characteristic X-rays. The peaks of Y (Kab, Kβ, 



Lα), Yb (Lα, M), Er (LIIIab, Lα, M) and O (Kα) were identified. Additional peaks for Cu and C 

were attributed to the carbon-coated copper grid. Based on these findings, we concluded that 

the nano-strings comprised Y, Yb, Er and O. 

When targets are irradiated with a laser, a plume is prepared on the surface of the 

target [33,34]. Firstly, it has been known that a plume of high pressure was created on the 

target surface. The particles on the order of 10
2
 nm would be prepared at high pressure by 

fragmentation of the target. On the contrary, in the particles on the order of 10
1
 nm, nucleation 

would occur and they would be grown in the plume which consisted of materials such as 

atoms, electrons, ions and clusters. At low energy densities, the fine dot-like nanoparticles 

would be prepared. The number of dot-like nanoparticles increased with increased laser 

density. Subsequently, the dot-like nanoparticles were aggregated to each other. When a laser 

was irradiated again, the aggregated dot-like nanoparticles melted from the heat of laser. 

Finally, the nano-strings formed by these phenomena. S. Inasawa et al. also reported that 

nano-strings were prepared by laser irradiation [32]. 

Figure 7 shows the upconversion spectra of the nanoparticles prepared by varying 

the average energy density in laser ablation in liquid. The observation of green (
2
H11/2, 

4
S3/2 → 

4
I15/2) and red (

4
F9/2 → 

4
I15/2) fluorescence of Er

3+
 was confirmed. Figure 8 shows the energy 

level diagrams of Er
3+

 and Yb
3+

. In upconversion emission mechanisms, excited-state 

absorption (ESA) and energy-transfer excitation (ETU) have been reported [1-3]. A red 



emission has been reported as follows: a 980 nm LD excites Er
3+ 

from the ground state 
4
I15/2 to 

the excited state 
4
I11/2. Subsequently, a nonradioactive relaxation occurs from the 

4
I11/2 level to 

the
 4

I13/2 level. In the ESA, the photon energy of a 980 nm LD excites from the
 4

I13/2 level to 

the 
4
F9/2 level. In the ETU, the photon energy transfers from Yb

3+
 (

2
F5/2 → 

2
F7/2) to the Er

3+
 

(
4
I13/2 → 

4
F9/2). Finally, the red emission is observed from the 

4
F9/2 → 

4
I15/2 transition in the 

Er
3+

. Conversely, a green emission has been reported as follows: a 980 nm LD excites from 

the ground state 
4
I15/2 to the excited state 

4
I11/2. In the ESA, the photon energy of a 980 nm, LD 

excites from the
 4

I11/2 level to the 
4
F9/2 in the Er

3+
 level. In the ETU, the photon energy 

transfers from Yb
3+

 (
2
F5/2 → 

2
F7/2) to the Er

3+
 (

4
I11/2 → 

4
F7/2). Subsequently, a nonradioactive 

relaxation occurs from the 
4
F7/2 level to the

 2
H11/2 level or the

 4
S3/2 level. Finally, the green 

emission is observed in the 
2
H11/2, 

4
S3/2 → 

4
I15/2 transition. 

Figure 9 shows the fluorescence intensity as a function of the average energy density 

of laser. We confirmed that the fluorescence intensity increased with increasing energy density 

of laser. The size of the primary particle only slightly changed as a result of altering the energy 

density as shown in Figure 3. One reason for the increase in the fluorescence intensity could 

be a reduction in the surface defects by the aggregated particles due to the passivation of the 

surface defects of nanoparticles [35,36]. However, the fluorescence intensity would be 

increased primarily because the number of the nanoparticles increased with the increasing 

energy density [37]. 



 

4. Conclusions 

We successfully prepared Y2O3:Er,Yb nanoparticles by laser ablation in liquid. We 

observed the nanoparticles on the order of 10
1
 to 10

2
 nm in SEM images. We believe that the 

particles on the order of 10
2
 nm were prepared by fragmentation. Conversely, the 10

1
 nm 

scaled nanoparticles were prepared by a plume. Photoluminescent measurements indicated that 

the red (
4
F7/2 → 

4
I15/2) and green (

2
H11/2, 

4
S3/2 → 

4
I15/2) fluorescence were emitted. We 

confirmed that the fluorescence intensity increased with the increasing energy density of the 

laser. We concluded that the number of the nanoparticles increased with the increasing energy 

density by laser ablation in liquid. 
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Figure captions  

Figure 1. XRD pattern of targets (a), nanoparticles (b) and ICDD-PDF-4 No. 01-079-1716 of 

Y2O3. 

Figure 2. Particle size as a function of the energy density for laser ablation in liquid.  

Figure 3. SEM images of the targets and the nanoparticles. Targets (a), 0.59 J/cm
2
 (b), 1.06 

J/cm
2
 (c), and 1.61(d) J/cm

2
. 

Figure 4. SEM images at an average energy density of 0.59 J/cm
2 

(a) and 1.61 J/cm
2
 (b). 

Figure 5. TEM images of a nano-string. 



Figure 6. EDX spectrum of the nano-string in Figure 5. 

Figure 7. Upconversion spectra of nanoparticles. Energy density for laser ablation in liquid: 

solid line 1.61 J/cm
2
, dot line 1.06 J/cm

2
, broken line 0.59 J/cm

2
,
 
chain line 0.35 

J/cm
2
.  

Figure 8. Energy level diagrams of Er
3+

 and Yb
3+

. 

Figure 9. Fluorescence intensity as a function of the energy density of the laser. 

 

Supplementary data 

We indicate figures of size distribution histograms of the upconversion nanoparticles by DLS 

measurement and SEM image in the average energy density of the 0.30 J/cm
2
.  
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Figure 1. XRD pattern of targets (a), nanoparticles (b) and ICDD-PDF-4 No. 01-079-1716 of 

Y2O3. 
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Figure 2. Particle size as a function of the energy density for laser ablation in liquid. 
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Figure 3. SEM images of the targets and the nanoparticles. Targets (a), 0.59 J/cm
2
 (b), 1.06 

J/cm
2
 (c), and 1.61(d) J/cm

2
. 
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Figure 4. SEM images at an average energy density of 0.59 J/cm
2 

(a) and 1.61 J/cm
2
 (b). 

 



 

 

 

Figure 5. TEM images of a nano-string. 
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Figure 6. EDX spectrum of the nano-string in Figure 5. 
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Figure 7. Upconversion spectra of nanoparticles. Energy density for laser ablation in liquid: 

solid line 1.61 J/cm
2
, dot line 1.06 J/cm
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Figure 8. Energy level diagrams of Er
3+

 and Yb
3+
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Figure 9. Fluorescence intensity as a function of the energy density of the laser. 

 

 


