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Abstract: We elucidate that the luminescence from Eu**-doped phosphor
excited by the electron collision can be modified on location near the
metallic nanoparticles. The Eu®'-doped phosphor was fabricated on the
nanoscaled Ag particles ranging of 5 nm to 30 nm diameter. As a result of
the cathodoluminescence measurements, the phosphor films on the Ag
particles showed up to twofold more than that of an isolated phosphor film.
Enhanced cathodoluminescence originated from the resonant coupling
between the localized surface plasmon of Ag nanoparticles and radiating
energy of the phosphor. Cathodoluminescent phosphor for high luminous
display devices can be addressed by locating phosphor near the surface of
metallic nanoparticles.
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1. Introduction

Localized surface plasmon resonance has attracted immense interest from many material
science researchers of rare-earth ions such as europium (Eu), terbium (Tb), and dysprosium
(Dy) [1]. Although rare-earth ions construct a luminescent center in biological sensing,
fluorescence imaging analysis, and display phosphors, the efficacy of their luminescence has
not yet been addressed [2-5]. The localized surface plasmon induced by a metallic
nanostructure can enhance the intensity of the photoluminescence of rare-earth ions [1]. Some
studies have examined the enhanced photoluminescence of rare-earth ions by using the
localized surface plasmon induced by metallic particles [6-9]. Reisfeld et al. showed that the
luminescence of Eu complexes can be increased when the electronic levels of the Eu complex
interact with the radiation field of silver (Ag) nanoparticles [6]. Zhu showed that the enhanced
fluorescence of Dy*" ions is due to the localized surface plasmon of Au colloidal nanoparticles
[7]. In addition, Fang et al. [8] and Wang et al. [9] reported that the luminescence of Eu** ions
dispersed in a solution could be enhanced when Ag nanoparticles are mixed in the solution.
However, most of the existing works are limited to the emission intensity of pure rare-earth
ions in the solution phase. Moreover, studies on enhanced luminescence mainly involve the
use of rare-earth ions under optical excitation of ultraviolet light. The results of those studies
fail to show the challenges of utilizing rare-earth ions in commercial display devices [9-11].

We demonstrate how metal-induced plasmon can enhance the cathodoluminescence of a
rare-earth ion doped phosphor system that is used in commercial display devices, such as a
field emission display or a carbon nanotube backlight unit. We used Ag nanoparticles as the
plasmon inducer and introduced a dielectric spacer to prevent luminescence quenching. Up to
twofold enhancement factor was obtained when the Ag nanoparticles were evaporated to a
thickness of 3.5 nm and spaced 20 nm from the light emitter. In addition, the distance
dependency on the plasmon-enhanced luminescence was investigated by varying the spacer
thickness in a range of 0 nm to 80 nm. The fact that the emission level is intensified as a result
of the excitation caused by a collision with an electron beam is an important finding since the
first report in self-emissive display technology.

2. Experimental

We used the test sample for the cathodoluminescence (CL) measurement as shown in Fig. 1.
The multilayer test sample consists of a phosphor layer (top), a dielectric spacer, Ag
nanoparticles, and a glass substrate coated with indium tin oxide (ITO, bottom). The ITO-
coated glass was selected for the adhesion of Ag particles and the front structure of field
emission displays. To induce localized surface plasmon resonance near the phosphor, we
fabricated the Ag nanoparticles (up to several dozen nanometers in size) below the phosphor
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layer by thermal evaporation method. The Ag nanoparticles were evaporated to a deposition
thickness ranging from 0 nm to 3.5 nm at a constant rate of 0.1 A/s. The Ag nanoparticles
were fabricated randomly as a way of ignoring the resonant interaction between the metallic
particles. As a dielectric spacer, magnesium oxide (MgO) was inserted between the phosphor
layer and the Ag particles. In this work, the dielectric spacer physically separates the light
matter and the Ag particles. We deposited the MgO spacer by means of e-beam evaporation.
The MgO spacer was evaporated to a deposition thickness ranging from 0 nm to 80 nm at a
constant rate of 0.3 A/s. The phosphor material used in this work is YVO,Eu®; it was
manufactured in the form of a transparent thin film. A 100 nm thick layer of YVO,:Eu®** was
deposited on the spacer, Ag particles, and ITO-coated glass by means of a RF magnetron
sputter at 150°C. The thickness measurements presented in this paper were obtained by using
a quartz crystal oscillator as a deposition monitor. The surface morphology of the evaporated
Ag nanoparticles was determined via scanning electron microscopy (SEM) with a FEI
(Netherlands) Sirion microscope. In addition, the influence of Ag nanoparticle on the surface
roughness of thin film phosphor was determined with the aid of Atomic Force Microscope
with a NanoMan AFM (Veeco, USA). The CL measurements were taken by a SEM with a
Gatan MonoCL3 system. The phosphor samples were excited by an electron beam from an
electron gun under an acceleration voltage of 5 kV and an electron beam current of 10.1 pA.
The localized surface plasmon resonance can be resulted in extinct of incident
electromagnetic wave. Thus, the extinction spectra enabled us to study the plasmonic
resonance caused by metallic nanoparticles [12]. An extinction spectrum of the Ag particles
was obtained with a Shimadzu spectrophotometer (UV-2550, Japan).
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Fig. 1. Graphical representation of the multilayer test sample: the phosphor layer, the dielectric
spacer (MgO), the Ag nanoparticles, and the ITO-coated glass substrate.

The surface status of randomly fabricated Ag nanoparticles in the present work was
confirmed through the SEM images shown in Fig. 2. The Ag particles were randomly
deposited on the substrate to a thickness of 0.5 nm to 3.5 nm after thermal evaporation at a
constant deposition rate. At a deposition thickness of 0.5 nm, the fabricated Ag particles had a
near-spherical shape with an average of 5 nm diameter. When the deposition thickness
reached 3.5 nm, the diameter of the Ag particles expanded to an average of 30 nm. The
distribution of the Ag particles also became dense, and the voids between the particles
disappeared. At this range of deposition thickness, the Ag particles failed to form a continuous
film; instead, they formed a cluster of isolated islands [13].
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Fig. 2. SEM images of Ag particles thermally evaporated on an ITO-coated glass substrate for
the following deposition thicknesses: (a) 0.5 nm, (b) 1.5 nm, (c) 2.5 nm, and (d) 3.5 nm, at
constant rate of 0.1 A/s.

Figure 3 shows the extinction spectra of randomly fabricated Ag nanoparticles in relation
to the evaporation thickness. The extinction spectra were measured under the fully fabricated
sample structure: the Ag particles were surrounded by a dielectric spacer (MgO) and ITO-
coated glass. The localized surface plasmon resonance can be modified according to the
dielectric materials around the metal particles. The extinction peak of the Ag nanoparticles
inserted between the MgO and ITO layers moved from 470 nm to 560 nm as the deposition
thickness of the Ag nanoparticles increased. The extinction spectrum of the Ag particles was
red-shifted and the half-bandwidth became broad; this behavior is remarkably in line with the
increase in size and distribution of the Ag particles. Moreover, the extinction spectra that
show an increase in the thickness of the Ag particle deposition deeply overlap the emission
area of the Eu**-doped phosphor.
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Fig. 3. The extinction spectra of Ag particles surrounded by a dielectric spacer (MgO) and the
ITO-coated glass substrate for the following deposition thicknesses: (a) 0.5 nm, (b) 1.5 nm, (c)
2.5nm, and (d) 3.5 nm.

3. Results and discussion: CL spectra of Eu**-doped phosphor

Figure 4 depicts the CL spectra of phosphor films measured under the excitation of a collision
with an energetic electron beam and wavelength-dependent enhancement factors. Among a
few of radiation peaks of the Eu®* ions, we focused on two radiation peaks: a magnetic dipole
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transition at 590 nm and an electric dipole transition at 620 nm [14]. The Eu®* ion is radiated
by the transition process of 4f-4f orbital electrons [15,16]. Since 4f electrons are electrically
shielded by electrons on the 5s and 5p orbit, the luminescent spectrum of Eu®* ions is not
dominantly governed by the host matrix. The CL intensity in Fig. 4(a) was plotted in relation
to the thickness of the Ag particle deposition at a distance of 20 nm from the dielectric spacer;
the reference for the plotting was isolated from the Ag particles. The emission intensity of
phosphor deposited on the Ag particles increased as the thickness of the Ag particle
deposition increased. The increased part of the emission wavelength was mainly observed at
around 620 nm. Furthermore, although the emission intensity showed a significant difference
on the existence of Ag particles, the spectral position of the radiation peaks remained
constant. This behavior implies that the emission wavelength of phosphor was not modified
by the insertion of Ag particles. Figure 4(b) shows that the enhancement at 620 nm by electric
dipole transition is higher than that at 590 nm by magnetic dipole transition. At 3.5 nm of Ag
evaporation, the difference in wavelength-dependent enhancement gets larger. To explore the
possibility that this enhancement originates from the localized surface plasmon resonance of
Ag nanoparticles, we calculated the asymmetric ratio by dividing the integrated intensity
around 620 nm by the integrated intensity around 590 nm. The asymmetric ratio of Eu®* ions
that is reflected by the increase or decrease in luminescence can be changed by coupling it
with the plasmon resonance [17]. Therefore, this can be used as good evidence for detecting
the localized plasmon medicated luminescence. As shown in the inset figure of Fig. 4(b), the
asymmetric ratio of up to 1.5 nm of Ag nanoparticles is the same as the reference, while the
asymmetric ratio increased after 2.5 nm of Ag nanoparticles that the CL intensity increased
significantly. Therefore, the enhanced cathodoluminescence is due to the increased
asymmetric ratio from the Ag nanoparticles.
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Fig. 4. (a) CL spectra taken at a dielectric spacer distance of 20 nm between the phosphor layer
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Figure 5 shows the enhancement factor of the emission intensity of Eu**-doped phosphor
films as a function of the thicknesses of the Ag nanoparticle deposition and the MgO
dielectric spacer. The enhancement factor was obtained by dividing the integrated emission
intensity of a sample with Ag nanoparticles by the integrated emission intensity of a reference
sample without Ag nanoparticles and a dielectric spacer. Figure 5(a) shows how the thickness
of the Ag nanoparticle deposition affects the enhancement factor of the emission intensity
when the thickness of the dielectric spacer is restricted to 20 nm. The enhancement factor
increases as the thickness of the Ag nanoparticle deposition increases. At a deposition
thickness of 3.5 nm, the enhancement factor increased up to 1.92 times. Figure 5(b) shows
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how the dielectric spacer influences the emission enhancement when the thickness of the Ag
nanoparticle deposition is 3.5 nm. In other words, the enhancement factor in Fig. 5(b) depends
on the distance between the light emitter and the Ag nanoparticles. Initially the enhancement
factor of the sample without Ag nanoparticles (square) is constant, regardless of the MgO
thickness. The thickness of the dielectric spacer does not change the emission intensity of the
Eu’**-doped phosphor. In contrast, the enhancement factor of the sample with Ag nanoparticles
(circle) reaches its maximum level at an MgO thickness of 20 nm; after that, the enhancement
factor decreases as the MgO thickness increases. The enhancement effect by the localized
surface plasmon became weaker for MgO thicknesses of up to 80 nm. Note that there was no
increase in the emission of the sample with Ag nanoparticles when the particles and light
emitter were not separated by the dielectric spacer. That is the reason the luminescence can be
quenched in the case of direct contact between the Ag nanoparticles and the light emitter.
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Fig. 5. The enhancement factors of the integrated CL intensity in relation to (a) the thickness of
the evaporated Ag and (b) the thickness of the dielectric spacer; and comparison of this ratio
with that of the reference sample without Ag nanoparticles.

The enhancement factor calculated in Fig. 5 can potentially change; owing to the Ag
nanoparticles, the potential change is more likely to be caused by the surface morphology than
the localized surface plasmon. To observe the surface morphology of the sample structure, we
used an atomic force microscope (AFM) to measure the roughness of a three-dimensional
cross section. The roughness of a 1 pm? area is calculated by the root mean square. Figure 6
shows that the phosphor films used in this work have a rough surface. Because of the
difficulty of distinguishing surface morphologies in three-dimensional AFM images, we
present the root mean square values of the roughness in Table 1. The reference sample
without the Ag nanoparticles or the dielectric spacer had a roughness of about 4.6 nm due to
the phosphor deposition. When the thickness of the MgO and Ag nanoparticle deposition is
increased, the differences of roughness are just 3.15 nm and 1.15 nm, respectively. The
difference in surface roughness can be negligible in relation to the total thickness of the
prepared sample.
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Fig. 6. The three-dimensional AFM images of the surface roughness of the fully fabricated
samples for the following thicknesses of Ag nanoparticles deposition: (a) 0 nm, (b) 0.5 nm, (c)
1.5 nm, (d) 2.5 nm, and (e) 3.5 nm, all samples have an MgO spacer of 20 nm. The measured
area is 1 um?,

Table 1. The Calculated Surface Roughness from AFM Measurements of the Phosphor
Film as the Following Thicknesses of Ag Nanoparticles and an MgO Deposition*

MgO_0nm MgO_20 nm MgO_40 nm MgO_60 nm MgO_80 nm
Ag_0nm 4.624 4831 7.772 5.925 6.629
Ag_0nm Ag_0.5nm Ag_1.5nm Ag_2.5nm Ag_3.5nm
MgO_20 nm 4.831 5.731 4.928 5.984 5.720
Unit: nm

*The roughness values are derived from the root mean square.

To understand the local field enhancement of electromagnetic near-fields due to Ag
nanoparticles, we carried out Finite Deference Time Domain (FDTD) calculation. Figure 7(a)
shows a schematic diagram for numerical analysis that uses the FDTD [1]. For an
approximate, Eu** ion doped phosphor was modeled as a 620 nm emitting point dipole. Also,
an Ag nanoparticle with a diameter of 30 nm based on SEM images shown in Fig. 2, which is
assumed to have a spherical shape, was placed 2 nm from the point dipole. The Ag
nanoparticle was located on the border between MgO and ITO layers. The point dipole source
was perpendicularly oriented to the metal surface along the Z axis. Figure 7(b) shows the
electric field distribution of only the isolated dipole source without any Ag nanoparticles,
while Fig. 7(c) shows the electric field distribution in the presence of an Ag nanoparticle.
Finally, Fig. 7(d) shows the ratios of the enhanced or quenched electric field intensity in the
X-Z plane around the Ag nanoparticle. Here, the local field enhancement factors were
estimated by dividing the field intensity in the presence of an Ag nanoparticle by the field
intensity of an isolated phosphor. All of the figures were represented in a logarithmic scale
(base 10) for clarity. As shown in Fig. 7(d), the near-field distribution of the emitting dipole in
the presence of Ag nanoparticles increased drastically. It is noteworthy that the enhancement
occurred when the Ag nanoparticle was embedded in MgO and ITO. This result means that
the Ag nanoparticle surrounded by a higher refractive index of MgO (n = 1.74) and ITO (n =
1.8) than air (n = 1) had a resonance with a red emission centered at 620 nm [18,19].
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Therefore, we believe that the Ag nanoparticle used in the present experiment can have a
plasmon resonance with a Eu**-doped phosphor, compared with the theoretical calculation.
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Fig. 7. Numerical analysis of the localized field enhancement on the resonance of an Ag
nanoparticle and the emitting dipole under the sample structure, (a) simulation configuration
for the FDTD calculation and the near-field distribution around this, (b) an isolated 620 nm-
radiating dipole, (c) the diameter of 30 nm of an Ag nanoparticle placed 2 nm from the
radiating dipole, and (d) the enhanced/quenched electric field intensity.

In this work, we revealed that Ag nanoparticles can modify the CL of Eu**-doped
phosphor in close proximity to the surface of the Ag nanoparticles. When the phosphor is
deposited on Ag nanoparticles surrounded by a 20 nm of MgO dielectric spacer, the emission
intensity of the sample with a 3.5 nm of Ag nanoparticles is 1.92 times larger than that of the
reference sample. We believe that this enhancement originates from the localized surface
plasmon resonance caused by the Ag nanoparticles. The extinction spectra show that the
plasmon resonance peak of the Ag nanoparticles is moved toward a long wavelength. This
behavior is due to an increase in the size of the Ag nanoparticles and a decrease in the voids
among the Ag nanoparticles. At an Ag nanoparticle deposition thickness of 3.5 nm, the
plasmon band of Ag nanoparticles deeply overlaps with the red emission of the Eu**-doped
phosphor, which means there is strong resonant coupling between the Ag nanoparticles and
the excited species under irradiation from the energetic electron beam. When Eu®* ions are
irradiated by the electron beam, the spontaneous emission of Eu** ions is mainly composed of
590 nm peak (*Dy— 'Fy) and 620 nm peak (*Do— 'F>) transitions. The radiation peaks at 590
nm and 620 nm contribute to the orange and red emission, respectively [5,17,20,21]. The CL
of Eu*" ions depends on the magnitude of the transition probability of luminescent ions.
Although there are several types of transitions, such as an electric quadrupole and a magnetic
dipole, the electric dipole transition is the most dominant. The electric dipole transition is
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hypersensitive to the polarizability of the ligand and to the site asymmetry caused by the
charge distribution. In addition, it can be modified by incorporating an electromagnetic wave
around the atom [22]. The 590 nm peak (*Dy—> 'F;) and 620 nm peak (*Do— F») of the Eu®*
ions are governed by the magnetic dipole and electric dipole transitions, respectively [1,5].
Modifying the probability of the electric dipole transition at 620 nm is a novel way to enhance
the red emission intensity of Eu**-doped phosphor. Figure 4 shows that the enhancement at
620 nm is larger than the enhancement at 590 nm, a fact that supports our belief. The localized
surface plasmon caused by the Ag nanoparticles induces the concentration and enhancement
of the local electric field around the metal nanoparticles, which increases the polarizability of
the ligand and the site asymmetry [23]. Figure 4(b) provides the evidence that the asymmetric
ratios of samples with Ag nanoparticles increased compared to the reference. Therefore, the
enhanced emission of Eu®*-doped phosphor can be attributed to the resonant coupling between
the localized surface plasmon and the electric dipole transition and also to the site asymmetry
caused by the local field enhancement. Remarkably, the CL intensity of the samples with Ag
nanoparticles increases as the thickness of the Ag nanoparticle deposition increases. It is also
strange that this enhancement only occurs when a dielectric spacer is inserted between the
light emitter and the Ag nanoparticles. If the light emitter is in direct contact with the Ag
nanoparticles, the luminescence of the light emitter can be quenched. To prevent
luminescence quenching, we deposited an MgO dielectric spacer onto the Ag nanoparticles
[24,25]. In our results, the CL intensity of the Eu**-doped phosphor reaches a maximum when
the MgO thickness is 20 nm and then decreases when the MgO thickness exceeds 20 nm. This
behavior explains why the localized surface plasmon of the Ag nanoparticles exerts an
influence within a few dozen nanometers and why the resonant effect decays exponentially
[24,25]. From these results, we predict that the surface plasmon enhanced
cathodoluminescence can be useful for a display device with the high luminous efficacy. In
addition, the surface plasmon mediated the Eu**-doped phosphor has the advantage in sight of
color purity. Since the radiation at 590 nm shows the orange emission, relatively strong
emission intensity at 620 nm can contribute the pure red emission.

4. Conclusion

In conclusion, this paper is the first to report that the red emission from Eu**-doped phosphor
under the pumping of an electron collision can be enhanced by coupling the localized surface
plasmon resonance with the radiation energy of CL phosphor. In addition, the enhancement
only occurs within a few dozen nanometers from the surface of the Ag nanoparticles,
depending on the thickness of the dielectric spacer. It is greatly significant that the CL
intensity can be enhanced by the localized surface plasmon caused by the metallic particles.
Further work is needed to implement high luminous display devices with metallic particles,
such as field emission display or a carbon nanotube backlight unit.
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