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Abstract
We report a localized surface plasmon enhanced upconversion luminescence in

Au/SiO,/Y,05:Yb* Er** nanoparticles when excited at 980 nm. By adjusting the silica spacer’s
thickness, a maximum 9.59-fold enhancement of the green emission was obtained. Effect of the
spacer distance on the Au-Y,0;:Yb*, Er** green upconversion mechanism was numerically sim-
ulated and experimentally demonstrated. In theory for radiative decay and excitation rates, they
can be largely enhanced at the spacer thicknesses of less than 70 and 75 nm, respectively, and the
quenching can be caused by the non-radiative energy transferring at the distance of less than 55

nm.
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Introduction

Fluorescence imaging using nanoparticles could
be a powerful tool for both biological studies and
clinical medical applications due to its potential of
convenience, high resolution and high sensitivity [1].
Conventional biolabels for imaging mainly include
organic dyes and quantum dots (QD). Unfortunately,
organic dyes are normally vulnerable to chemical and
metabolic degradation, limiting the long-term cell
tracking in experiments. On the other hand, possible
toxicity of residual QDs has been a wide and persis-
tent concern, even though much work has been un-
derway to synthesize less harmful QDs or to enhance
their biocompatibility [2]. Furthermore, excitation of
these traditional biolabels usually requires the use of
high energy photons such as UV radiation, which
actually results in a series of drawbacks: (i) low sig-
nal-to-noise ratio due to the significant au-
to-fluorescence from biological samples under UV
irradiation, (ii) low penetration depth due to the con-
siderable absorption and scattering effects for short

wavelength photons, and (iii) possible severe pho-
to-damage on cells and even the cell death further
caused by the long-term irradiation of such high en-
ergy photons [3]. Therefore, it is desirable to obtain
new fluorescent biolabels that can be excited by lower
energy infrared (IR) light, which will be much safer to
human body and can penetrate into tissues as far as
several inches. Upconversion luminescent nanoparti-
cles, which can convert long wavelength radiation
into short wavelength fluorescence via a two- or mul-
ti-photon mechanism, are emerging as a new class of
fluorescent biolabels [4-7]. Unfortunately, this up-
conversion process in general associates with low
efficiency.

Past researches have been extensively focused on
enhancing upconversion luminescence by using me-
tallic nanoparticles or nanostructures [8-12]. In 2009,
Yan et al obtained 2.3 and 3.7-fold enhancement for
green and red emissions in NaYF4:Yb3*, Er®* nano-
crystals by attaching them to Ag nanowires [13]. In
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2010, Benson et al. demonstrated a 3.8-fold upconver-
sion enhancement by catching a single NaYFs:Yb%*,
Er3* nanocrystal adjacent to an Au nanoparticle [14].
Zhang et al. showed that the enhancement factor of
approximately 2.6 can be achieved by attaching
NaYFs: Yb%*,Tm3 hexaplate nanocrystals to gold
nanoparticles [15], and a 4-fold upconversion en-
hancement was also found in Ag/Y>Os3:Er®* nanopar-
ticles [16]. Most impressively, a five-fold overall en-
hancement of upconversion emission was demon-
strated in NaYFs Yb%, Er®* nanocrystals when
coupled them with gold island films [17]. However,
all previously reported enhancement factors were less
than 5-fold, and in many cases, quenching was una-
voidable [18, 19], mainly due to the following reasons:
(1) frequency mismatching between the localized
plasmon resonance (usually determined by the used
metal, their shape, size, the dielectric environment,
and the spacer distance) and the used emis-
sion/excitation light, (2) a competition of a few pro-
cesses including a increase of the excitation rate by the
local field enhancement (LFE) [20], an enhancement of
radiative decay rate by the surface plasmon-coupled
emission (SPCE) and quenching that reduces the effi-
ciency caused by the non-radiative energy transfer-
ring (NRET) from the upconversion material to the
metal surfaces [21,22], all of which will be greatly
dependent on the spacing distance between the up-
conversion material and the metal [23-26].

In this research, we have adopted a series of
strategies with a goal to further enhance the upcon-
version luminescence: 1) instead of using Ag in many
previous researches, we selected Au nanoparticle,
considering a better overlapping between Au’s in-
trinsic plasmon resonance and the visible emission; 2)
the most widely used sensitizer Yb3* was co-doped
with the activator Er®*, first-timely in Y2Os as shell to
cap onto the SiO, spacer and the Au core in the
Au/SiOz/Y203:Yb3*, Erd* (core/spacer/shell)
nanostructure to be synthesized in this work. This
was intended to increase the absorption cross section
of Erd* ions around 980nm; 3) the SiO. spacer thick-
ness between Au and Y05:Yb3*, Er3* was intention-
ally changed with a goal to optimize the
core/spacer/shell structure, and also to compare with
the previous results [16]. In our results, a maximum
9.59-fold enhancement of green emission was ob-

Cit -

tained in ~30 nm Au/SiO2/Y205:Yb% Er®* nanoparti-
cles with an optimized distance, and the distance’s
effect on the excitation rate, the radiative decay rate
and the NRET were also simulated using a 3D-comsol
in details, which would help us to further understand
the enhancement process.

Experimental and characterizations

Synthesis of gold nanoparticles

Gold Nanoparticles were prepared using the
method introduced by Frens [27]. A mean diameter of
30 nm Au nanoparticles were prepared by rapidly
injecting a sodium citrate solution (1.3 mL, 38.8mM)
into a boiling HAuCly aqueous solution (100 mL, 0.3
mM) under vigorous stirring. After refluxing for 15
min., product was cooled to room temperature.

Synthesis of Au/SiO; nanoparticles

By a modified Stober method [28], the Au/SiO;
nanoparticles were synthesized. The freshly prepared
gold colloid solution (10 mL) was added to isopro-
panol (40 mL) in a 100 mL conical flask. Under vig-
orous stirring, ammonia (2 mL, 28~30%) and tetra-
ethoxysilane (TEOS) were subsequently added until a
homogeneous solution was formed. After stirring for
8h, the product was separated by centrifugation at
6000 rpm for 15 min. and washed with water until
pH=7.

Synthesis of Au/SiO2/Y,03:20at%Yb3+2at%Er3+*
(20/2%) nanoparticles

The final product was synthesized via homoge-
neous precipitation and calcination [29]. The
as-prepared 0.05g Au/SiO. nanoparticle was dis-
solved in 100 mL deionized water. After ultrasoniced
for 30 min., 1.78 mL (0.1M) Y(NOs3);, 0.20 mL (0.1M)
Yb(NOs)3, 0.02 mL (0.1M) Er(NOs)s solutions and 2.7g
urea were subsequently added to the solution, then
stirring 30 min. until uniform dispersion. The solution
was heated to 80°C for 5h with continuous stirring,
then isolated by centrifugation and washed three
times with water and ethanol. The final product was
obtained after dried under vacuum at 80°C for 12h,
and calcined for 3h at 800°C. Figure 1 shows the de-
tailed synthesis procedure of the Au/SiO/Y>05:Yb%*,
Er3* nanoparticles.

e (Y,_‘_“Yb\Er (OH)COJ'HZO Y,Oﬁ‘/b‘“Er"*
Cit ¥, £ 2
Cit > it —p i 800°C 3h
cie N i YNOy, “ar
Cit > Yb(Nos)J
Er(NO,),

Figure . Synthesis procedure of the Au/SiO2/Y203:Yb3*,Er3* nanoparticles.
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Synthesis of Y,03:Yb3*, Er3* (20/2%) hollow
nanoparticles

The Y,0s5:Yb3*, Er3* hollow nanoshells were
synthesized by using NaOH solution (5M) to etch
silica in the SiO»/Y>03: Yb%*, Er®* nanoparticles.

Characterization of physical properties

The sizes and morphologies of all samples were
observed by JEOL JEM-2011 transmission electron
microscope (TEM) under a working voltage of 200 kV,
as well as the EDX spectrum. The phase composition
and crystallinity of the samples were characterized by
XRD (Philips x"pert diffractometer employing Cu Ka
radiation (A=1.5405A). Ultraviolet-visible-near infra-
red (UV-Visible-NIR) absorption spectra were rec-
orded with a Shimadzu SolidSpec-3700.

The upconversion emission spectra were rec-
orded by use of Zeiss CLSM 710 confocal microscopy
with a 100x plan-Apochromat objective (1.4 oil)
equipped with a 980nm laser. All Au/SiO,/Y205:Yb%,
Er®* samples with different spacer thicknesses were
prepared in the same concentration in ethanol solu-
tion. We then spun 20uL from the bulk solution on a
cover glass substrate, in this effort we could suggest
all the samples have the same concentration. The up-
conversion luminescence data of such nanoparticles
was analyzed as follows: Firstly, we randomly choose
a luminescent area of 84.85umx84.85um from the full
image of total upconversion luminescence. Secondly,
we calculated the emission intensity per pm? from the
selected area. This process was repeated a few times
on different selected area positions, and then we av-
erage the emission intensity with the repeated times.
Finally, this averaged emission intensity per um? was
multiplied with the superficial area of a single
core/spacer/shell nanoparticle, and then we obtained
the approximate upconversion emission from a single
nanoparticle. This entire averaging process is statisti-
cally meaningful, and is necessary in our work be-
cause the setup we used cannot distinguish a single
nanoparticle.

Results and discussion

The nanoparticles were characterized by TEM,
EDX, XRD and HRTEM, as shown in Figure 2. Figure
2(a) shows a typical TEM image of the samples in
which well-dispersed Au nanoparticles with an av-
erage size of 30 nm can be clearly seen. After the sur-
face modification with a ~40nm thick SiO, dielectric
spacer, the Au/SiO, becomes more uniform than be-
fore and highly mono-dispersed (Figure 2(b)). Then, a
layer of ~12nm Y2O;: Yb% Er3*was coated on the
Au/SiO; surface (Figure 2(c)), which can be demon-

strated by the energy-dispersive X-ray microanalysis
(EDX, Figure 2(d)) and X-ray diffraction (XRD, Figure
2(e)) patterns. A HRTEM image of Y»Os:Yb% Er3*
layer indicates the adjacent lattice fringes distance of
0.306nm, which can be assigned to the {222} crystal
plane of the Y>Os bee phase (the insert of Figure 2(c)).
The XRD patterns show well-defined peaks, indicat-
ing the high crystallinity of the as-prepared nanopar-
ticles. Except the hollow Y205:Yb3*, Er3* (Figure 4(a)),
all of the patterns show Au characteristic peaks with a
fee structure according to the PDF 04-0784 [Fm-3m
(225)]. Because of the amorphous nature of the SiO»
layer, there are no corresponding diffraction peaks.
The Au/SiO2/Y>0s:Yb%, Er3* shows Y203 characteris-
tic diffraction peaks indicating a cubic structure with
a space group la-3(206) (PDF 01-0831), and the similar
diffraction peaks also exist in the hollow Y>Os:Yb%*,
Er3* patterns. Besides, TEM images of all the ~30nm
Au/SiO; and ~30nm Au/SiO/Y>05:Yb3*, Erd*
nanostructures with different silica thicknesses were
shown in Figure 3, which indicated that the thickness
of Y>0s3 shells are about 12 nm in all the samples.

In order to investigate the distance-dependence
of metal-enhanced upconversion luminescence in
Au/SiO2/Y205:Yb% Er3*nanoparticles with different
SiO; thicknesses. The samples were measured by the
Zeiss LCSM 710 confocal microscopy with a 100x
plan-Apochromat objective (1.40il) equipped with a
980nm laser. There are two main characteristic emis-
sion bands observed in Figure 4(a), corresponding to
2Hi1/2/4Ss/2-4115,2 (green emission at ~524nm, ~549
nm) and *Fg/2 -4115/2 (red emission at ~665 nm) radia-
tive transitions, respectively. Here, we defined a pa-
rameter EFgreen (enhancement factor for green emis-
sion) and EF:eq (enhancement factor for red emission)
by dividing integrated fluorescence intensities of
Au/Si02/Y205:Yb%, Er®* nanoparticles by those of
hollow Y>0;:Yb%, Er® nanoshells in the range of
500-560nm and 650-750 nm, respectively. In contrast
to hollow Y>03:Yb3*, Er®*nanoparticles, the green
emission intensity of all core/spacer/shell nanoparti-
cles is enhanced (EFGreen™>1) (Figure 4(b)) and the cor-
responding red emissions of all samples are quenched
(EF:ea<1), which is attributed to the surface plasmon
resonance frequency of Au nanoparticles having
strong overlap with green emission band (Figure 4(c)),
that is, an increase in emission rate by surface plas-
mon coupled emission (SPCE). SPCE is characterized
by the increase of upconversion intensity accompa-
nied by a decrease in the lifetime of upconversion
nanoparticles located in the proximity of the metallic
nanostructures. Therefore, decay curves of samples
with and without Au core (Y203:Yb3*, Er3* hollow
shell) have been also carried out. As shown in Figure
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5, Au/SiO2/Y>03:Yb%, Er®* nanoparticles exhibit
shorter lifetime compared with the corresponding
Y205:Yb%*, Erd* hollow shell, which supply direct
proof for the conclusion that the enhancement origi-
nates from the increased emission rate. With the in-
crease of SiO; thickness, EFgreen increased and reached
the maximum 9.59 when SiO; thickness is ~40 nm,
and the ratio of green to red emission Ig/r) tracks well
with the EFgren across the range of SiO» spacers,
demonstrating a preferential enhancement of the
green emission band. As mentioned in the introduc-
tion, the metal-enhanced/quenching fluorescence
resulted from a competition of processes including an
increase of excitation rate by LFE [20], an enhance-

A
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ment of radiative decay rate by surface plas-
mon-coupled emission (SPCE) and the quenching
caused by NRET from upconversion materials to
metal surfaces [21, 22]. Near the metal surface, the
upconversion intensity fall rapidly as the NRET from
the emitters to the metal occurred. With the increase
of the distance, SPCE and LFE became dominant and
the EF reached the maximum at about 40 nm. Because
the enhancement of emission and excitation rate cause
by SPCE and LFE is proportion to the square of lo-
calized electric field, and the electric field decreased
with the distance increase, the upconversion lumi-
nescence became weaker beyond the 40 nm distance.
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Figure 2. TEM images of (a) ~30nm Au (b) ~30nm Au/~40nmSiOz2 (c) ~40nmAu/~40nmSiO2/~10nmY203:Yb3*,Er3+ (the insert is HRTEM
image of lattice fringes of the Y203:Yb3*, Er3* layer) (d) EDX in a selected area of Au core and (e) XRD patterns of discussed samples (*

represents Au diffraction peaks).

Figure 3. TEM images of (a) ~30nmAu/~25nmSiOz; (b) ~30nmAu/~25nmSiO2/~12nmY203:Yb3*, Er3*; (c) ~30nmAu/~30nmSiOz; (d)

~30nmAu/~30nmSiO2/~12nmY203:Yb3+Er3*; (e)

~30nmAu/~40nmSiO2;  (f)

~30nmAu/~40nmSiO2/~12nmY203:Yb3+Er3*; (g)

~30nmAu/~45nmSiO2; and (h) ~30nmAu/~45nmSiO2/~12nmY203:Yb3+ Er3+.
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Figure 4. (a) The upconversion spectra in Au/SiO2/Y203:Yb3*,Er3+ nanoparticles with different SiOz thickness and the hollow Y203:Yb, Er
(b) the plots of EFgreen, EFred and I(Gr) verse silica thickness (the integral of green emission intensity from 500nm to 560nm, the integral of
red emission intensity from 650nm to 750nm); (c) UV-VIS absorption spectra of all the discussed samples.

2 b G 7
=I5 (b)
3‘5 < = ):':vfg:.::_:::':ﬂﬂ'—.'nnuonlaﬁuAll_n_
= 00 AALAAAAAAAAAAAAAALAA
<
= o)
L5 ;
= Yt (d)
o (9}
OO
(2]
e)
1 1
0 2 4 6 8 10

Time (ps)

Figure 5. Decay curves for (a) Y203:Yb3*Er3* hollow shells;
(b)Au/~45nmSiO2/Y203:Yb3* Er3+;
(c)Au/~40nmSiO2/Y203:Yb3*,Er3+;
(d)Au/~30nmSiO2/Y203:Yb3+*,Er3+
(e)Au/~25nmSiO2/Y203:Yb3+,Er3* nanoparticles.

and

To understand deeply the distance-dependence
of upconversion luminescence in Au/SiO,/Y>05:Yb%,
Er3* nanoparticles, the electric field enhancement fac-
tor E=|Egual/|Eo, where Egus and E, were the electric
field with and without gold, was calculated by
3D-comsol, as presented in Figure 6. We studied a
very general case by 3D-comsol: the Au nanoparticles
were imbedded in a homogeneous, lossless SiO> me-
dium, supposing the Au nanosphere is small as
compared to the light wavelength. In Figure 6, d is the
distance to the surface of Au nanospheres. The wave-
length-dependence of electric field is similar with the
measured absorption spectra of Au nanoparticles (see
Figure 4(c)), and the greatest electric field strength
was found to 8.9 at 525 nm. With the increase of d, the
electric field falls rapidly, and near to unity at 4=90
nm. The detailed unit-less parameters: the electric
field enhancement factor at 549 nm and 980 nm (E 549,

and E9smn), and the overall enhancement factor of
emission intensity at 549 nm, Ls49,m, are listed in Table
1.

Table I. The detailed list of the electric filed enhancement
factor at 549 nm and 980 nm (E;,, and Eg,,) and en-

hancement factor at 549 nm (Lypm) for the
Au/SiO,/Y,0,:Yb,Er nanoparticle.
dnm)| 25 | 30 40 45
E, | 1.82 | 1.68 | 149 | 1.37
E,. | 120 | 1.16 | 1.11 | 1.07
Legoun | 151 | 2.14 | 959 | 3.51

The enhancement factor in the excitation (L.x)
and emission (L) rates as a funtion of the distance
between Au and Y203:Yb3*,Er3* (d) could be expressed
as [30]:

Lex(d) = Lex(d=0) eXp(—dA{ex) +1 .. (1)
Lon(d) = Lan(@=0) exp(<dRen) +1  ...(2)

Ren and Rey is the characteristic distance over which
Len(d=0) and L.(d=0) decrease to 1/e exponentially,
respectively.

The enhancement factor of excitation and emis-
sion rate by surface-plasmon-coupled emission is also
proportional to the square of corresponding electric
field enhancement [26]. Hereby, we analyzed our ex-
perimental upconversion intensity at 549 nm at vari-
ous distance from the plasoninc metal-nanostructured
surface. By fitting the experimental data with equa-
tion 1 and equation 2, the values of the free parame-
ters Len(d=0)=5.7, Le(d=0)=1.3, Ren=16.2 nm and
Rex=23.9 nm were obtained. Near the metal surface,

http://www.thno.org



Theranostics 2013, Vol. 3, Issue 4

287

the fluorescence intensity fall rapidly due to
non-radiative energy transfer from the fluorescence
materials to the metal surface. A complete, classical
theory of NRET has been published by Campion et al..
When d</, the expression of the unitless parameter
quenching factor (Q) caused by NRET is as follows
[31]:

Q= wer/ar
= { arxIm[(&—&)/(&x+€1)]x A3} | [873%(&1)¥2x4d 3x ax]
= {Im[(e—&1)/(er+&1)]xA 3} | [3273%(&1)32xd?]
...(3)

Where weris nonradiative rate, wr is the radiative rate
constant, A is the emission wavelength;
£1(549nm)=1.46, is the dielectric constant of the spacer
layer, and &(549nm)=0.306+2.88i, is the complex die-
lectric constant of the metal [32].

The enhancement of excitation and radiative
decay rate (Lex, Lem) and the quenching factor by NRET
(Q) are plotted as a function of Au-Y>O3 nanoparticle
distance, as shown in Figure 7. It is apparent from
distance-dependent plot that the radiative decay rate
could be enhanced even at a distance of ~0 nm, and
the enhanced excitation takes place below 75 nm. The
quenching factor by NRET (Q) decreased rapidly as
the distance increased, and near to L., and L., at a
distance of 55 nm.

1600
I400 . D
400

10 20 30 40 50 60 70 80 90
Distance (nm)

—
[
=
=

0

8
7
6
5

gold ‘ /

Wavelength (nm)
g &

4
3
2

=)
[—3
<

1

Figure 6. Electric field enhancement (E) dependence as a function
of the wavelength and distance to a ~30nm diameter Au nano-
particle surface.

Distance (nm)

Figure 7. Changing of excitation rate Lex(S') and radiative decay
rate Lem(S'), and the quenching factor by NRET (Q), as a function
of the spacing distance from the metal surface.

Conclusions

In conclusion, plasmon-enhanced upconversion
luminescence was observed in Au/SiO»/Y>0s:
Yb3*,Er®* nanoparticles. With the increase of silica
dielectric thickness, the green emission intensity in-
creased and reached a maximum 9.59-fold enhance-
ment when silica thickness is ~40 nm, which at-
tributed to the competition of non-radiative energy
transfer (NRET) from Y»O3:Yb%*, Er®* to Au core, en-
hancement of radiative decay rate by surface plas-
mon-coupled emission (SPCE) and an increase of ex-
citation rate by local field enhancement (LFE). The
distance’s effect on the enhancement factor of radia-
tive decay and excitation rate and quenching factor by
NRET was simulated. The radiative decay rate could
be enhanced even at a distance of 70 nm, and the en-
hanced excitation rare takes place below 75 nm. The
quenching factor by NRET (Q) decreased rapidly with
the distance increase, and is near to L., and L., at a
distance of 55 nm.
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