[2R2 Exflsks U H—FURI Y

Science Tokyo Research Repository

Od/dodn
Article / Book Information

Title Optical properties of highly crystalline Y203:Er,Yb nanoparticles
prepared by laser ablation in water

Authors Takashi Nunokawa, Osamu Odawara, Hiroyuki Wada

Citation Materials Research Express, vol. 1,

Pub. date 2014, 8

Note This is an author-created, un-copyedited version of an article accepted

for publication/published in Materials Research Express. IOP Publishing
Ltd is not responsible for any errors or omissions in this version of the
manuscript or any version derived from it. The Version of Record is
available online at http://dx.doi.org/10.1088/2053-1591/1/3/035043.

Note OO000000000OO0DOO0DOOood
This file is author (final) version.

Powered by T2R2 (Science Tokyo Research Repository)


http://t2r2.star.titech.ac.jp/

Title:

Optical properties of highly crystalline Y203:Er,Yb nanoparticles prepared by laser

ablation in water

Author names and affiliations:

Takashi Nunokawa, Osamu Odawara, Hiroyuki Wada

Interdisciplinary Graduate School of Science and Engineering, Tokyo Institute of

Technology, 4259 Nagatsuta-cho, Midoriku, Yokohama 226-8502, Japan

Corresponding author at:

Takashi Nunokawa

Phone/Fax: +81-45-924-5567

E-mail: nunokawa.t.aa@m.titech.ac.jp

Postal address: J2-41, 4259 Nagatsuta-cho, Midoriku, Yokohama 226-8502, Japan



Abstract

Y203:Er,Yb nanoparticles were prepared by laser ablation in water. We
investigated crystallinity, distribution of dopant, and optical properties of the prepared
nanoparticles. The full-width half-maximum (FWHD) of the crystalline peak of
nanoparticles measured by an X-ray diffractometer (XRD) barely changed. Further,
using scanning transmission electron microscopy—energy dispersive X-ray
spectroscopy (STEM-EDX), we confirmed the peaks of Y, Er, Yb, and O. Moreover,
on the basis of the optical properties of the nanoparticles, the emission of red (?Fo2 —
Tisn) and green (*Huiz, *Ssn — “lis2) was confirmed. We also investigated the
emission intensity as a function of the excitation power of 980 nm LD in the prepared
nanoparticles. The photon avalanche effect was observed at the excitation power of
100 mW. These results confirmed that uniformly Er-Yb-doped Y203 nanoparticles

were successfully prepared by laser ablation in water.
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Introduction

In recent years, rare-earth-doped phosphors have frequently been researched
because of their unique optical properties. As potential applications, the
functionalization of biomaterials %), solar cells ") and white LEDs ['%!!) are proposed.
Upconversion phosphors are materials that emit visible light by irradiating near-infrared
rays as excitation light. Therefore, researches in the field of biological functioning, such
as bio-imaging ['*) and photodynamic therapy (PDT)*®), have often been performed.
Further, the emission mechanism has been clear that the upconversion phosphors were
researched by F. Auzel [!>14],

As a significant problem in the preparation of fluorescent nanoparticles, a
uniform distribution of rare-earth ions in host materials is important. When rare-earth
ions are distributed heterogeneously in host materials, self-quenching occurs because of
the migrating excitation energy. Because the probability of non-radiative relaxation by a
trap state such as a surface defect increases, the luminous efficiency decreases. The
uniform distribution of rare-earth ions is a significant theme in the field of nanoparticles

[15, 16]

Further, fluorescent nanoparticles have been prepared by various wet chemical

19, 20

methods, such sol-gel method !> 18] hydrothermal synthesis method %% and reverse

4 21,22

micelle metho 1. In general, however, a sintering process is carried out for the



preparation of nanoparticles. In this low-temperature process, the luminous efficiency is

15:231 In contrast, at a high

degraded because the crystallinity of nanoparticles is low [
temperature, the particle size is increased by necking nanoparticles with each other ['>24],
It is difficult to prepare fine nanoparticles having a high luminous efficiency. Hence, we
have focused on laser ablation in water [>>32). This is a technology that nanoparticles are
prepared by irradiating a highly crystalline bulk target with a laser. Thus, the preparation
of the highly crystalline nanoparticles is possible. As a general mechanism, when a
target is irradiated with a laser, plume plasma is generated on the target. Then,
nanoparticles are prepared by quenching this plume plasma around a solvent [33-7],
Moreover, a shock wave is generated as an opposite reaction. After the quenching of the
plume plasma, cavitation bubbles are generated. Therefore, it is known that a high
pressure (in the order of a few gigapascals) is generated on the surface of the targets
[38-41] " The shock wave and the cavitation bubble have a significant effect on the
generation of nanoparticles.

Thus far, we have prepared Y203:Er,Yb nanoparticles by laser ablation in water
[42-44] " As a result, we have discovered that the nanoparticles having a particle size of a

few hundred nanometers can be prepared by using a shock wave and cavitation bubbles

and that the nanoparticles having a particle size of a few ten nanometers prepared by the



quenching of plume plasma. However, the details of the crystallinity and the distribution

of the dopant in nanoparticles prepared by laser ablation in water are not yet known.

In this study, we investigated the crystallinity and the distribution of the dopant

in nanoparticles prepared by laser ablation in water. For the preparation of the

nanoparticles, nano-second Nd:YAG laser was used. The crystallinity of the

nanoparticles was investigated by using an X-ray diffractometer (XRD). The

distribution of the dopant in the nanoparticles was investigated by using scanning

transmission electron microscopy-energy dispersive X-ray spectroscopy (STEM-EDX).

The optical properties of the nanoparticles were investigated by using a

photoluminescence spectrophotometer (PL).

Experimental section

Synthesis of target

A target was synthesized by using a general sol-gel method. As a start material,

Y(NO3)3'6H20 (99.99% Kanto Chemical Co., Inc), Er(NO3)3 5H20 (99.9% Mitsuwa’s

Pure Chemical), Yb(NO3)3 nH20 (99.99% Kanto Chemical Co., Inc.), and aqueous

ammonia (28% Kanto Chemical Co., Inc.) were used. Y(NO3)36H20 (11.1 mmol),

Er(NO3)3 5H20 (0.125 mmol), and Yb(NO3)3 nH20 (1.25 mmol) were dissolved in



de-ionized water. Aqueous ammonia (11 mL) was added to the solution. The prepared

solution was aged for 24 h. The precipitations were dried at 60 °C for 24 h. The dried

powder was calcined at 900 °C for 2 h. The calcined powder was pressed into shapes

and sintered at 1250 °C for 4 h. The target was 9 mm in diameter and 3 mm in height.

Laser ablation in water

The prepared target was placed at the bottom of a plastic cuvette, which was 45

mm in height and 10 mm in length and breath. The plastic cuvette was filled with 2 mL

of de-ionized water. The Nd:YAG laser (Spectron Laser Systems Ltd.;

SL8585G:wavelength = 532 nm, repetition rate = 10 Hz, and the pulse width = 13 ns)

served as a light source for pulsed laser ablation in water. Nanoparticles were prepared

by irradiating the targets with the laser.

Characterization

An X-ray diffractometer (XRD, Philips X’pert-PRO-MRD) was used for

measuring the crystallinity of the prepared nanoparticles. The prepared Y203:Er,Yb

nanoparticles were placed onto an elastic carbon supporting film. The film was dried at

60 °C for 1 h. The configuration of the nanoparticles was observed with a scanning

electron microscope (SEM, Hitachi High-Technologies Co. S-4800). In the elemental

analysis of the nanoparticles, scanning transmission electron microscopy—energy



dispersive X-ray spectroscopy (STEM—-EDX, JEOL Ltd. JEM-2100F) was used. Under
irradiation with a 980-nm laser diode (LD, THORLABS, Inc. TCLDMY), the
upconversion properties of the Y203:Er,Yb nanoparticles were measured by using a

photoluminescence spectrophotometer (PL, Hitachi High-Technologies Co. F-7000).

Results and discussion

Figure 1 shows the XRD patterns of the synthesized target and nanoparticles
prepared by laser ablation in water. Figures 1(a), (b), and (¢) show the XRD patterns of
the nanoparticles prepared in the fluence of 1.38, 2.43, 3.61 J/cm?, respectively. Figure
1(d) shows the XRD patterns of the prepared target. It was confirmed that the prepared
nanoparticles and the target had la3 C-type crystal structure of Y203 (PDF No.
01-089-5592). No additional peak representing any other crystal phase was confirmed
in the nanoparticles prepared by laser irradiation. The full-width half-maximum
(FWHD) of the peaks at 26=29.1° was 0.14 in the target. The FWHD of the peaks
(260=29.1°) of the nanoparticles prepared by laser ablation in water was between 0.11
and 0.14. Therefore, nanoparticles were prepared by laser ablation in water while

maintaining an almost high crystallinity of the target.



Figure 2 shows the SEM images of the nanoparticles after the laser irradiation.

Figures 2 (a), (b), (¢), and (d) show the SEM images at irradiations times of 5, 15, 30,

and 60 min, respectively. The nanoparticles having a particle size of a few tens of

nanometers were observed after laser irradiation. These nanoparticles were prepared by

quenching the plume plasma generated on the target surface by laser irradiation,

because the configuration and the size of the prepared nanoparticles were different from

those of the target particles. At irradiation times of between 5 and 15 min, dot-like

nanoparticles were observed. In an irradiation time of 30 min, on the other hand,

nano-strings, which have a network structure, were observed. In an irradiation time of

60 min, a network structure was generated by aggregating the dot-like nanoparticles.

From these results, we concluded that the irradiation time increased with an increase in

the number of dot-like nanoparticles. Thereafter, when the irradiation time crossed 30

min, the dot-like nanoparticles aggregated. Nano-strings were generated by heating the

aggregated dot-like nanoparticles.

Figure 3 shows the histograms of nanoparticles and nano-strings shown in

Figure 2. Figures 3(a) and (b) show the histograms of the particle size of the dot-like

nanoparticles at irradiation times of 5 and 15 min, respectively. When the irradiation

time was 5 min, the average particle size was 16.0 £ 3.7 nm. In the latter case, the



average particle size was 18.7 £ 5.5 nm. Figures 3(c) and (d) show the histograms of the
width of the nano-strings at irradiation times of 30 and 60 min, respectively. In the
former case, the average width of the nano-strings was 21.8 = 4.9 nm. In the latter case,
the average width of the nano-strings was 21.9 £ 4.9 nm. From Figures 3(a)—(c), we
observed that the irradiation time increased with a gradual increase in the particle size.
From Figures 3(c) and (d), we observed that the average width of the nano-strings
hardly changed. That is, nano-strings were generated by the aggregation of the dot-like
nanoparticles. The structure these nano-strings is known as the network structure
prepared by laser ablation in water >, However, the mechanism of the network
structure prepared by laser ablation in water has not yet been clarified. Hence, we
investigated why such a network structure was generated by the laser ablation in water.
First, dot-like nanoparticles are generated from quenching plume plasma by laser
ablation in water. The dot-like nanoparticles are moved randomly by Brownian motion
in solution. Second, the number of dot-like nanoparticles increases by additional pulsed
laser irradiation. Then, the dot-like nanoparticles collide with each other and neck each
other because if the heat generated by the laser irradiation. As a result, nano-strings are
generated. That is, Brownian motion is involved in the generation of the

abovementioned network structure.



Dot-like nanoparticles generated by quenching plume plasma were investigated
in detail by STEM-EDX. Figure 4(a) shows a TEM image of the dot-like nanoparticles.
Lattice fringes of the nanoparticles were observed. That is, highly crystalline
nanoparticles were observed. Then, lattice constant d of 3.06 A were observed. This
corresponded to the d222 lattice plane of cubic Y203. Therefore, it was found that this
dot-like nanoparticle was cubic Y203. Figure 4(b) shows an STEM image of the dot-like
nanoparticles. These dot-like nanoparticles were also observed in the TEM image
shown in Figure 4(a). Then, a line analysis of the nanoparticles shown in Figure 4(b)
was performed using EDX. Figures 4(c), (d), and (e) show the results of this line
analysis. The letters in Figure 4(b) correspond to the EDX spectra shown in Figures 4(c),
(d), and (e). The results of the EDX analysis revealed the Y (Ko, Kg), Er (LIIlwb), and Yb
(Lo) peaks. These nanoparticles were generated by quenching the plume plasma
prepared by laser irradiation. It was indicated to be recrystallized to Y203, after the
elements changed into the quenched plasma. From results of STEM-EDX, it was found
that uniformly Er-Yb-doped Y203 nanoparticles were prepared by laser ablation in
water.

Figure 5 shows a bright-field STEM (BF-STEM) image and the EDX mappings

of the nanoparticles prepared by laser ablation in water. Further, the aggregation of



nanoparticles having a particle size of a few hundred nanometers was observed. The
hydrodynamic diameter measured by dynamic light scattering (DLS) would be almost
same as particle size measured by STEM [*°l. Because the nanoparticles were similar to
the configuration and the size of the particles in the target, the nanoparticles depending
on these target particles were found [*7). The target was fragmented into nanoparticles by
the high pressure generated by the shock waves and cavitation bubbles upon laser
irradiation. Figure 5(a) shows a BF-STEM image of the nanoparticles prepared by laser
ablation in water. Figures 5 (b), (c), (d), and (e) show the STEM-EDX mappings. The
EDX mappings of Y (Kq), Er (LIIIab), Yb (Ly), and O (Kq) were observed. It was found
that Er and Yb had a uniform distribution in Y203. That is, the activator (Er) and the
sensitizer (Yb) were doped in the host materials (Y203).

The mechanism of formation of upconversion nanoparticles by laser ablation in

37, The first one is related to very fine

liquid would be classified into two models |
nanoparticles shown in Figure 4. The irradiation with laser beam to target would
generate temperature rise of target and cluster generation and cooling would promote
nucleation and particle growth. This mechanism is based on references [35, 36]. The

second one is related to coarse nanoparticles shown in Figure 5. The irradiation with

laser beam to target generates shock waves. They would cause fragmentation of sintered



target and generate coarse nanoparticles. Particle size and shape of coarse nanoparticle
was almost same as those of primary particle of target. Formation mechanism of coarse
nanoparticle would be different from that of fine nanoparticle.Figure 6(a) shows the
upconversion spectrum of the target upon irradiation with 980 nm LD. The red (*Fo» —
“Iis2) and green (*Hiiz, *S32 — “1i52) emissions were observed in the target. It was
found that Er and Yb were doped in the Y site of the targets. Therefore, it was clear that
the nanoparticles depended on the light emitted by the target particles. However,
whether the nanoparticles generated upon the quenching of the plume plasma emitted
light or not was not known. We investigated the optical properties of the nanoparticles
generated from the quenching of the plume plasma. Then, these nanoparticles were
separated from the nanoparticles that depended on the target particles by using a
membrane filter (Omnipore membrane filter, Filter Type: 0.1 um Merck Millipore). The
upconversion spectra of the nanoparticles generated by the quenching of the plume
plasma were measured under irradiation with 980 nm LD, as well as the target. As a
result, red (*Fo2 — “I1s2) and green (*Hiiz2, *S32 — *l152) emissions were observed in
the nanoparticles generated by quenching the plume plasma, as well as the target
(Figure 6(a)). Therefore, on the basis of the optical properties, it was found that the

nanoparticles generated by quenching the plume plasma doped Er and Yb in Y20s.



Figure 7 shows the energy-level diagrams of Er and Yb. The emission
mechanism was found by F. Auzel !*!4 First, the red emission (*Fon — *I152) was
considered. Upon irradiation with 980 nm LD, ?F72 — 2Fs;2 of Yb and *Iis2 — “Iii2 of
Er were excited. The energy transfer to Er happened because of the relaxation of Yb.
Then, non-radiative relaxation of *lii2» — *li32 occurred in Er. *Ii32 — *Fop of Er was
excited by the irradiation with 980 nm LD and the energy transfer of Yb. Thereafter, the
red emission happened by backing to the ground state (*Fo;2 — “I152). Second, the green
emission (*Hi112, *S32 — “Ii5») was considered. Upon irradiation with 980 nm LD, 115,
— ‘112 of Er was excited. *I112 — *F72 of Er was excited by the irradiation of 980 nm
LD and the energy transfer of Yb. The non-radiative relaxation of *F72 — *Hii2 and
*F72 — %8312 in Er occurred. Then, the green emission occurred due to backing to the
ground state (*Hi112, *S32 — *Ti512).

Compared to the emission intensity of the target, the emission intensity of
nanoparticles was lower than that of the target. In general, the specific surface area of
nanoparticles was increased more than that of the bulk. When the specific surface area
was increased, the amount of absorption of OH™ and CO3* increased. In particular, it
was easy to absorb OH™ on the surface of the nanoparticles prepared by laser ablation in

water. When molecules with high vibration energy, such as OH™ and CO3*, absorbed on



the surface of the nanoparticles, the thermal relaxation rate increased. As a result, the
emission intensity decreased 1.

Figure 8 shows the red emission intensity as a function of the excitation light
power (980 nm LD). In both the target and the prepared nanoparticles, the red
emission intensity increased with increasing excitation light power. In general, the

12, 51]

emission intensity increased next ! .

P "

em ex

where |, denotes the emission intensity; P

em ex?

the excitation power of a laser diode;
and n, the number of photons. However, the red emission intensity was dramatically
increased at an excitation power of 90 mW. Further, this phenomenon was also observed
in the case of the green intensity. This effect was called photon avalanche. This
mechanism is explained in [52]-[54]. The photon avalanche effect is a phenomenon that
occurs in the cross-relaxation section. Figure 9 shows the photon avalanche process. In
general, the red intensity is emitted by the absorbance of *Iis2 — *Ii12 and *Ti32 — *Fon
(excited-state absorption: ESA). However, a cross-relaxation section between *Fon —
T3z and “lisn — L3z is formed. Then, the electron population in the “I132 band is
increased by the formation of the cross relaxation section and the non-radiative

relaxation of *Iii2— “li3n2. The excitation of *I132—*Fo2 occurs upon irradiation with



980 nm LD. As a result, red light is emitted by *Fs> — “Iis2. Therefore, an increase in
this electron population causes a dramatic increase in the emission intensity. From these
results, it was found that the optical properties of the prepared nanoparticles exhibited

the same optical properties as those of the target particles.

Conclusions

Y203:Er,Yb nanoparticles were successfully prepared by laser ablation in water,
while maintaining the high crystallinity of the target. At various irradiation times, it was
found that nano-strings were generated within 30 min. In the TEM image, lattice fringes
of the nanoparticles were observed. Further, highly crystalline nanoparticles were
observed. When a line analysis of the nanoparticles was carried out by STEM-EDX, Y
(Ko, Kp), Er (LIIab), and Yb (L) peaks were observed. In the PL spectrum of the
nanoparticles, the red emission (*Fo2 — “Ii52) and the green emission (*Hiiz2, *S32 —
*Iis2) were confirmed, as well as the targets. The prepared nanoparticles exhibited a
photon avalanche effect. On the basis of these results, it was confirmed that uniformly

Er-Yb-doped Y203 nanoparticles were prepared by laser ablation in water.
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Figures

Figure 1. XRD patterns of the nanoparticles prepared in the fluence of 1.38 (a), 2.43 (b),

3.61 J/em? (c), and the synthesized targets (d).

Figure 2. SEM images of the nanoparticles prepared by the laser irradiation. Irradiation

times were 5 (a), 15 (b), 30 (c¢), and 60 min (d).

Figure 3. Histograms of nanoparticles and nano-strings shown in Figure 2.

Figure 4. TEM image of the dot-like nanoparticles (a), STEM image of the dot-like

nanoparticles (b), and line analysis of the dot-like nanoparticles by EDX (c),

(d), and (e).

Figure 5. BF-STEM image and EDX mappings of the nanoparticles prepared by laser

ablation in water: BF-STEM image (a), Y mapping (b), Er mapping (c), Yb

mapping (d), and O mapping (e).

Figure 6. Upconversion spectra of the target (a) and nanoparticles (b) upon irradiation

with 980 nm LD.

Figure 7. Energy-level diagrams of Er’*" and Yb*" in Y203 upon irradiation with 980 nm



LD.

Figure 8. Red emission intensity (660 nm) as a function of the excitation power of 980

nm LD: target (a) and nanoparticles (b).

Figure 9. General photon avalanche process of energy-level diagram of Er** ions in

Y20s.
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Figure 1. XRD patterns of the nanoparticles prepared in the fluence of 1.38 (a), 2.43 (b),

3.61 J/em? (c), and the synthesized targets (d).



Figure 2. SEM images of the nanoparticles prepared by the laser irradiation. Irradiation

times were 5 (a), 15 (b), 30 (c), and 60 min (d).
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Figure 3. Histograms of nanoparticles and nano-strings shown in Figure 2.
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Figure 4. TEM image of the dot-like nanoparticles (a), STEM image of the dot-like

nanoparticles (b), and line analysis of the dot-like nanoparticles by EDX (c),

(d), and (e).



Figure 5. BF-STEM image and EDX mappings of the nanoparticles prepared by laser

ablation in water: BF-STEM image (a), Y mapping (b), Er mapping (c), Yb

mapping (d), and O mapping (e).
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Figure 6. Upconversion spectra of the target (a) and nanoparticles (b) upon irradiation

with 980 nm LD.
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Figure 7. Energy-level diagrams of Er** and Yb*" in Y203 upon irradiation with 980 nm

LD.
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Figure 8. Red emission intensity (660 nm) as a function of the excitation power of 980

nm LD: target (a) and nanoparticles (b).
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Figure 9. General photon avalanche process of energy-level diagram of Er** ions in

Y20:s.



