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Control of upconversion luminescence by
gold nanoparticle size: from quenching to
enhancement†
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Metallic nanostructures have the potential to modify the anti-Stokes emission of upconverting nanoparticles (UCNPs) by coupling their plasmon resonance with either the excitation or the emission wavelength of the UCNPs. In this regard gold nanoparticles (AuNPs) have often been used in sensors for UCNP
luminescence quenching or enhancement, although systematic studies are still needed in order to design
optimal UCNP–AuNP based biosensors. Amidst mixed experimental evidence of quenching or enhancement,
two key factors arise: the nanoparticle distance and nanoparticle size. In this work, we synthesize AuNPs of
diﬀerent sizes to assess their inﬂuence on the luminescence of UCNPs. We ﬁnd that strong luminescence
quenching due to resonance energy transfer is preferentially achieved for small AuNPs, peaking at an optimal
size. A further increase in the AuNP size is accompanied by a reduction of luminescence quenching due to an
incipient plasmonic enhancement eﬀect. This enhancement counterbalances the luminescence quenching
eﬀect at the biggest tested AuNP size. The experimental ﬁndings are theoretically validated by studying the
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decay rate of the UCNP emitters near a gold nanoparticle using both a classical phenomenological model
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and the ﬁnite-diﬀerence time-domain method. Results from this study establish general guidelines to consider
when designing sensors based on UCNPs–AuNPs as donor–quencher pairs, and suggest the potential of
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plasmon-induced luminescence enhancement as a sensing strategy.

1.

Introduction

Over the last few years, lanthanide doped upconverting nanoparticles (UCNPs) have emerged as promising materials due to
their capacity to exhibit photon upconversion.1–4 UCNPs are
able to absorb low-energy photons in the infrared or near
infrared (NIR) range and emit high-energy photons in the
UV-Vis range. This process can take place through diﬀerent
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mechanisms, with energy-transfer upconversion (ETU) and
excited-state absorption (ESA) being by far the most
common.5–7 These mechanisms involve multistep absorption
of two or more photons by an intermediate meta-stable state
which promotes the population of a higher excited state from
which upconversion emission occurs.8 This gives rise to high
conversion eﬃciency with no need for intense coherent excitation or ultra-fast laser sources, which are required for other
nonlinear multiphoton processes. In addition, the large antiStokes shifts, and the lack of photo-bleaching and blinking
provide special features to these nanoparticles which make
them ideal candidates to create sensors and bioassays powered
by UCNPs.9,10 Many of these sensors exploit the so-called resonance energy transfer (RET) as the action mechanism to detect
a specific target molecule.11,12 This is normally based on the
energy transfer from the excited state of a UCNP (donor) to the
ground state of a molecule or other material which acts as an
acceptor, resulting in a variation of the UCNP luminescence.13
Plasmonic nanostructures placed in close proximity to
UCNPs have been demonstrated to be an excellent tool for
tuning the upconversion luminescence by enhancing or
quenching the luminescence intensity.14 Signal enhancement
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is usually achieved by matching the metallic nanostructure
surface plasmon resonance (SPR) wavelength with the excitation wavelength of the UCNP, typically ∼980 nm. This leads
to an increased excitation rate due to a local field enhancement near the metal nanostructure. Luminescence enhancement can also be achieved by increasing the radiative decay
rate of the emitters (Purcell eﬀect). This happens when the
SPR wavelength of the metallic nanostructure matches the
emission wavelength of the UCNPs. In addition to luminescence enhancement, when the latter condition is fulfilled, a
short-range eﬀect may arise through non-radiative RET from
the emitter ion to the metal nanostructure, namely, the
quenching of luminescence.
Most experimental evidence has revealed that the luminescence of UCNPs can be enhanced by interactions with several
types of plasmonic metallic nanostructures such as silver
nanogratings,15 gold pyramid arrays,16 gold nanohole arrays,17
disk-coupled dots-on-pillar antenna arrays,18 metal–insulator–
metal nanostructures,19 gold nanorods,20 and gold nanotriangles.21 In addition, there are a few examples of studies on the
transition from luminescence quenching to enhancement by
changing the distance between the upconverting emitter and
the metallic nanostructure.22–26
Due to its feasibility, spherical metal nanoparticles (NPs)
are commonly used to engineer nanomaterials with novel
metallic, electronic and optical properties. Within the context
of tuning the UCNP luminescence, it is worth noting that
metal NPs (typically Ag and Au) exhibit plasmon absorption in
the 400–600 nm range, far away from the excitation wavelength
of UCNPs. Thus, in principle, one would expect that this
would limit the eﬀect of metal NPs on UCNP excitation
enhancement. However, diﬀerent eﬀects of metal NPs on
upconversion luminescence have been found. Schietinger et al.
found plasmon enhanced luminescence in a single 30 nm diameter UCNP coupled to a AuNP of similar or larger size
(60 nm).27 There, a reduction of the upconversion luminescence rise and decay times was observed, an indication that
both the excitation and emission processes are aﬀected by the
plasmon resonance of the AuNP. The luminescence of 180 nm
diameter UCNPs has been also enhanced by Au nano-seed
coatings.28 In this case, the authors attributed the eﬀect to an
increase of the emission rate by surface plasmon-coupled
emission. Note that this coupling occurs when the upconversion emission band overlaps the plasmonic resonance. On the
other hand, luminescence quenching was found in other
studies. For example, Zhang et al.29 reported luminescence
quenching in a dispersion of 120 nm diameter UCNPs with a
20 nm-thick silica shell interacting with 9.4 nm-diameter
AuNPs. Luminescence quenching induced by non-radiative
RET was also demonstrated in UCNPs interacting with AuNPs
of similar or smaller sizes.30,31 In fact, non-radiative energy
transfer between UCNPs and AuNPs has been proposed for
melamine
detection30
and
emitter–quencher-based
31
bioassays.
Amidst the wide variety of experimental evidence regarding
the control of upconversion luminescence by surface plasmon
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nanostructures, two key ingredients for the particular properties of the hybrid systems arise: the size of the subsystems
and the distance between them. Indeed, these two are not
completely independent factors. As a single UCNP contains
multiple Er3+ emitter ions distributed throughout, the extent
of the eﬀects experienced by each emitter due to its proximity
to a AuNP is conditioned by the relative sizes of the AuNP and
the UCNP. This work points out the crucial importance of the
size of the metal NPs in the plasmon-controlled luminescence.
We study the luminescence of UCNPs interacting with AuNPs
from well below to above the size of the UCNP. In addition, we
develop an in-depth theoretical study that highlights the relevance of the donor ion distribution inside the UCNP in order
to explain our experimental findings. This analysis is performed from two diﬀerent perspectives where the distances
between the individual ion donors and the metallic NP are
explicitly considered. Our primary goal is to characterize from
a fundamental point of view the competition between diﬀerent
plasmon-induced mechanisms as the size of the AuNP
increases. This reveals optimum AuNP sizes to design luminescence quenching- or enhancement-based nanosensors.

2. Experimental section
2.1.

Chemicals

Gold(III) chloride hydrate 99.995%, sodium citrate tribasic
dehydrate ≥99.0%, polyvinylpyrrolidone (PVP) 40k, YCl36H2O
99.99%, YbCl36H2O 99.998%, ErCl36H2O 99.9%, 1-octadecene
(1-ODE) technical grade 90%, oleic acid (OA) technical grade
90%, NH4F 98%, NaOH 98%, methanol 99.9%, n-hexane 97%,
tetraethyl orthosilicate 98%, NH4OH ACS reagent 28–30%,
IGEPAL CO-520 and (3-aminopropyl)-triethoxysilane (APTES)
99% were acquired from Sigma-Aldrich. Absolute ethanol
99.5% was purchased from PanReac AppliChem. All chemicals
were used as received without further purification.
2.2.

Synthesis of AuNPs

Au4 nm was obtained using the following procedure.32 480 μL
of 5 mM HAuCl4 were mixed with 1.68 mL of deionized water
and 2 mL of PVP40K (7 mg mL−1) for 10 minutes. 200 μL of
freshly prepared 0.1 M NaBH4 were added dropwise under vigorous magnetic stirring and the solution rapidly changed from
colorless to a deep brownish color. Prior to use, the synthesized nanoparticles were aged until the UV-Vis spectrum
remained unchanged and the color of the solution was brownish-red. The AuNPs were used in further experiments without
washing.
The synthesis of Au14 nm was carried out using the following protocol.33 In a 250 mL two-necked round bottom flask
99.2 mL of H2O and 0.8 mL of 25 mM HAuCl4 were mixed, and
the resulting solution was boiled. At this point, 1 mL of trisodium citrate (3 mM) was added and the solution rapidly
turned colorless. After 5 minutes the solution color changed to
black-blue, and finally after 5 minutes to deep red. The solution was kept at this temperature for 10 more minutes, cooled
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down to room temperature (RT), and stored for further
experiments.
The synthesis of AuNPs with bigger sizes (Au21 nm to
Au66 nm) was carried out following a step-by-step seedmediated growth process described by Bastús et al.34 First,
gold seeds were synthesized by adding 1 mL of HAuCl4
(25 mM) into a round-bottom flask connected to a Liebig condenser, containing 150 mL sodium citrate (2.2 mM) at 100 °C
under stirring. The reaction was allowed to proceed until a redwine color was obtained. Then the solution was cooled to
90 °C, 1 mL of HAuCl4 (25 mM) was added, and the growth
reaction ran for 30 min. This step was repeated again to yield
Au21 nm. Next, a 55 mL Au21 nm aliquot was extracted and
stored, and 53 mL Milli-Q water and 2 mL sodium citrate
(60 mM) were added to the flask in order to prepare the repetition of a new growth round over Au21 nm. After two consecutive growth rounds, each consisting of three steps of 1 mL
HAuCl4 addition/30 min reaction time (90 °C), a later extraction of 55 mL of the product and a final addition of 53 mL
Milli-Q water and 2 mL sodium citrate (60 mM), Au36 nm was
obtained. One, two and four additional growth rounds were
required to obtain Au41 nm, Au52 nm, and Au66 nm, respectively.
2.3.

Synthesis of UCNPs

NaY0.78F4:Yb0.2,Er0.02 UCNPs were synthesized using the
thermal coprecipitation method.35 In a three-necked roundbottom flask were placed 236 mg of YCl3, 78 mg of YbCl3, and
7.8 mg of ErCl3 with 15 mL of 1-octadecene and 6 mL of oleic
acid. The solution was heated at 140 °C until all solid was dissolved under a nitrogen atmosphere. Then, the solution was
cooled to RT and a 10 mL methanol solution with 110 mg of
NaOH and 157 mg of NH4F was added dropwise under vigorous magnetic stirring over 15 minutes. The mixture was stirred
for 15 minutes, then heated at 80 °C for 15 minutes under a
nitrogen flow, and finally kept under vacuum for 15 minutes at
80 °C to ensure the removal of water/methanol traces. The
flask was placed in a heating mantle and heated at 320 °C for
45 minutes under a nitrogen atmosphere. Finally, the solution
was cooled to RT, the solution was split into 4 tubes and a
solution of methanol–water with a ratio of 2 : 1 was added. The
solution was centrifuged at 8500 rpm for 10 minutes, the
supernatant discarded, the pellet was resuspended in a small
aliquot of n-hexane, and the process was repeated two
additional times. The pellet was dispersed in n-hexane and
used in the next step.
The above synthesized NaY0.78F4:Yb0.2,Er0.02 UCNPs were
covered with a thin layer of silica using the following
method.36 Briefly, 240 mg of IGEPAL CO-520 was mixed with
4.2 mL of n-hexane, 0.8 mL of the UCNPs (20 mg mL−1), and
40 μL of NH3 at 29%. The suspension was sonicated until a
clear and colorless solution was obtained. Finally, 20 μL of
TEOS was added to the solution and stirred for 1 day at RT.
The core–shell UCNPs@SiO2 were centrifuged at 8500 rpm for
10 minutes, the supernatant was discarded and the solid was
resuspended with absolute ethanol and centrifuged two
additional times. These core–shell UCNPs@SiO2 were stored
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in absolute ethanol at a concentration of 4 mg mL−1 and used
as a reference (non-APTES-UCNPs). Finally, we dispersed core–
shell UCNPs@SiO2 in 5 mL of absolute ethanol and 30 μL of
APTES was added to the solution and stirred for 1 day at RT.
The modified core–shell UCNPs@SiO2-NH2 were centrifuged at
8500 rpm for 10 minutes, the supernatant was discarded and
the solid was resuspended with absolute ethanol and centrifuged two additional times. The core–shell UCNPs@SiO2-NH2
were stored in absolute ethanol at a concentration of 4 mg
mL−1 and used for further experiments (APTES-UCNPs).
2.4.

Morphological characterization

Electron microscopy images were acquired in transmission
mode (TEM) using a JEM 1010 microscope (JEOL, Japan)
working at 80 kV and equipped with a Gatan (USA) digital
camera (model 782).
2.5.

Optical characterization

Absorbance spectra of AuNP aqueous dispersions at diﬀerent
concentrations were measured with a Varian Cary 300 Bio
UV-Vis spectrophotometer with 10 mm path length cuvettes.
The emission of the UCNPs was measured with an upconversion fluorescence home-built system. The excitation laser
beam comes from a pigtailed 10 W CW laser (JDSU, L49897603) operating at 976 nm and provided with a current and
temperature controller (ILX Lightwave, LDX-36025-12 and
LDT-5525B, respectively). The laser beam is transmitted
through a long-pass dichroic filter (Semrock, FF757-Di01), and
then focused on the sample with a 10× objective. The upconversion luminescence coming from the sample is reflected by
the dichroic mirror towards a short-pass filter, which blocks
the IR reflected radiation (Semrock, FF01-775/SP). Then, the
beam is focused into an optical fiber connected to a monochromator (Horiba Jobin Yvon, iHR320). The monochromator
is equipped with a photomultiplier tube (Hamamatsu, R928)
and uses a 1800 gr per mm grating blazed at 500 nm. In order
to characterize the laser intensity at the sample, we measured
the laser power with a thermal sensor power meter (Thorlabs,
S310C) and the beam size (FWHM) using the slit scan technique,37 the size being around 300 μm. In our measurements,
we used an excitation laser current of 2 A, which corresponds
to a laser power close to 1 W at the sample position. Then, the
laser intensity on the sample was around 1.4 kW cm−2. This
allows us to ensure that the laser operates below the excitation
saturation intensity of the transition 2F7/2 → 2F5/2 of the Yb3+
ions, which is Isat = ħω/(2σYτY) = 3 kW cm−2, where τY = 2 ms is
the excited level lifetime, σY = 1.7 × 10−20 cm2 is the absorption
cross-section, and ħω the transition energy (resonant with an
excitation laser wavelength at 976 nm).
Upconversion luminescence spectra of APTES-UCNPs and
non-APTES-UCNPs, and their combination with the diﬀerent
AuNPs were measured as follows: three consecutive spectra
were collected at 2-minute intervals. Then, we computed the
average intensity of the integrated area of the spectra within
the green emission band, and we took the maximum deviation
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as the error. Results presented without error bars correspond
to a single representative measurement.
Luminescence lifetimes were measured using the timeresolved photon counting method. The laser current controller
allows generating light excitation pulses of 40 μs with a repetition rate of 125 Hz. The luminescence emission at 540 nm
is detected by the photomultiplier tube, which is directly connected (without using a pre-amplifier) to a 50 Ω input of a
digital oscilloscope (Agilent, DSO9104A). A signal from the
laser current controller is used to trigger the oscilloscope. We
developed a Matlab program which analyzes directly in the
oscilloscope each recorded signal in real-time. This code simulates the discriminator and the multichannel counter.38 Upon
analysis of more than 5000 trigger signals, we obtain a luminescence decay curve. The luminescence decay time was
obtained by fitting the decay curve to a single exponential
function (see ESI† section S1 for details).

3. Results and discussion
In order to study the eﬀect of the AuNP size on the upconversion luminescence, we synthesized AuNPs with diameters
ranging from 3.9 nm to 66 nm. Absorbance spectra for
aqueous dispersions of the synthesized AuNPs with diﬀerent
sizes are shown in Fig. 1A. For 3.9 nm-diameter AuNPs the
presence of a shoulder located around 500–520 nm indicates
the incipient appearance of the localized surface plasmon.39–41
As the AuNP diameter increases, the localized surface plasmon
resonance is slightly red-shifted. For each AuNP size, the nanoparticle concentration in the aqueous dispersion used in the

Fig. 1 (A) (Left axis) Absorbance spectra of aqueous dispersions of
AuNPs with diﬀerent sizes. All curves were normalized to the absorbance at 400 nm. (Right axis, gray curve) Luminescence spectrum for
the UCNP ethanol dispersion when excited at 976 nm. (B) Energy level
diagram for Yb3+ and Er3+ ions. Blue lines represent the ETU mechanism
which populates the green emission levels 2H11/2 and 4S3/2 with a
976 nm laser. The luminescence emission from these levels is represented by a solid green line. Solid lines represent the radiative decays
while wavy lines are the non-radiative decays to the next lower level.
The RET process from the green levels to the AuNP is also shown.
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Table 1 Characteristics
experiments

of

the

AuNP

dispersions

used

in

the

Name of
AuNPs

Diameter 2a a
(nm)

Concentrationb
(NPs/mL)

Zeta potential
(mV)

Au4 nm
Au14 nm
Au21 nm
Au36 nm
Au41 nm
Au52 nm
Au66 nm

3.9 ± 0.8
14 ± 2
21 ± 3
36 ± 4
41 ± 4
52 ± 5
66 ± 9

1.58 × 1014
1.66 × 1012
1.24 × 1012
5.14 × 1011
4.1 × 1011
2.14 × 1011
1.09 × 1011

−28.3 ± 0.8
−42 ± 4
−38.7 ± 0.8
−32.5 ± 0.9
−31 ± 3
−34.1 ± 0.5
−32 ± 2

a

From TEM images. b From absorbance at 400 nm.

experiments is roughly determined by measuring the absorbance at 400 nm.42 Results are presented in Table 1.
To prepare the UCNPs@SiO2, first we produced monodisperse UCNPs of NaYF4:Yb,Er and oleic acid as a capping
agent. TEM images show highly monodisperse UCNPs with an
average diameter of 18 ± 2 nm (Fig. 2A). The hydrophobic
UCNPs were covered with a thin silica shell using a reversemicroemulsion method,36 which made them hydrophilic. A
silica shell thickness of 3.8 ± 0.5 nm was determined from
TEM images (Fig. 2B). The upconversion luminescence emission spectrum of core–shell UCNPs@SiO2 under a 976 nm CW
excitation laser is shown in Fig. 1A (gray curve, right axis). Two
green emission peaks near 525 nm and 540 nm are observed
which correspond to the 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 transitions of the Er3+ ions, respectively. Fig. 1A demonstrates very
good overlap between these green emission bands and the
localized surface plasmon resonance wavelength of the AuNPs.
The energy level scheme of the system, including the upconversion process by means of energy transfer from Yb3+ ions to
Er3+ ions and the interaction with the AuNPs, is shown in
Fig. 1B.
After separately characterizing each of the nanoparticle
components for our hybrid system of interest, we prepared
UCNPs with amine-group functionalized silica shells
(UCNPs@SiO2-NH2). The amine groups on the UCNPs@SiO2
directly bind to the AuNP surface by interacting with the AuNP
original ligands (citrate or PVP), yielding AuNP-decorated
UCNPs. Amines have lone electron pairs which can also coordinate to the surface of the AuNPs. At pH below 10, primary
amines exist predominantly as positively charged R-NH3+
groups. In our case, the pH range of the colloidal solution
resulting from the mixing of the AuNPs and the UCNPs@SiO2NH2 was 6.5–7. Consequently, the interaction between the
positively charged UCNPs@SiO2-NH2 (zeta potential = 33.3 ±
0.3 mV) and the negatively charged AuNPs (see the zeta potential values in Table 1) is preferentially electrostatic, rather than
coordinative. Fig. 2C, D and E show highly monodisperse
UCNPs@SiO2-NH2 decorated with AuNPs of diﬀerent sizes
(Au4 nm, Au21 nm, and Au66 nm, respectively).
In order to determine the volumes of the diﬀerent AuNP
dispersions suitable for influencing the green luminescence of
UCNPs, spectral measurements were taken after addition of an
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Fig. 2 (A) TEM image of NaYF4:Yb,Er UCNPs, with the inset showing a particle diameter histogram, (B) TEM image of NaYF4:Yb,Er@SiO2-NH2
UCNPs, with the inset showing a silica shell thickness histogram, and (C–E) TEM images of NaYF4:Yb,Er@SiO2-NH2 UCNPs after attaching (C) Au4 nm,
(D)Au21 nm, and (E) Au66 nm NPs.

increasing volume of the AuNP aqueous dispersion to a fixed
volume of the UCNP ethanol dispersion, until no further modification of the luminescence intensity was observed. We mixed
100 μL of an ethanol dispersion of UCNPs@SiO2-NH2
(APTES-UCNPs) at 0.1 g L−1 (6.4 × 10−9 M) in a 3 mm length
cuvette with an increasing volume of the AuNP aqueous dispersion. Because the interaction between UCNPs and AuNPs
occurs when APTES is present in the system, we used another
ethanol
dispersion
containing
UCNPs@SiO2
(nonAPTES-UCNPs) as a reference. The reference samples were prepared in exactly the same way, i.e., 100 μL of UCNPs@SiO2 in
ethanol at 0.1 g L−1 mixed with an increasing volume of the
AuNP dispersion. This reference was used as a control to
isolate the eﬀects arising from the interaction between UCNPs
and AuNPs, since in both samples all conditions, characteristics, volumes and concentrations of the NPs are the same,
but the direct interaction between them is only promoted
when APTES is present. A comparison of the luminescence
spectra of both samples (APTES-UCNPs and nonAPTES-UCNPs) in the presence of AuNPs allows the optical
response due to the specific UCNP@SiO2-NH2/AuNP interaction to be clearly distinguished.
First, we focus on AuNPs with a size similar to or smaller
than the UCNPs. Let us analyze in detail the case corresponding to Au21 nm NPs. Fig. 3A shows the upconversion
luminescence spectra for the APTES-UCNP and non-
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Fig. 3 (A) Luminescence spectra for 100 μL dispersions of
APTES-UCNPs (red solid line), and non-APTES-UCNPs (blue dashed
line), before and after the addition of 8 μL of Au21 nm. (B) Intensity (integrated luminescence spectrum) as a function of the AuNP dispersion
volume added to APTES and non-APTES UCNPs. (C) Luminescence
spectra for the APTES-UCNPs normalized to the corresponding spectra
for the non-APTES-UCNPs for added volumes of the Au21 nm dispersion.
(D) Luminescence quenching eﬃciency, QE, as a function of the volume
of the Au21 nm dispersion added to the UCNPs.
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APTES-UCNP dispersions. The luminescence intensities of
both samples are the same before adding the AuNPs and globally decrease when a volume of 8 μL of the Au21 nm dispersion
is added. However, a stronger luminescence decrease occurs
for the APTES-UCNPs. This can be attributed to the attachment of the AuNPs to the APTES-UCNPs and the luminescence
energy transfer between them, which leads to luminescence
quenching. This behavior remains for additional volumes of
the AuNP dispersion, as shown in Fig. 3B. In order to quantify
this plasmon-induced luminescence quenching, we normalized the spectra of the APTES-UCNPs with the integrated
spectra of the non-APTES-UCNPs for the same AuNP added
volume (see Fig. 3C). This allows us to identify the eﬀects
induced by plasmon-interactions, since other eﬀects, such as
solvent-induced luminescence quenching, are removed.
Finally, we calculate the quenching eﬃciency, QE, as the relative change of the luminescence intensity as follows:
QE ¼ 1 

IA
;
INA

ð1Þ

where IA and INA are the upconversion luminescence intensities for the APTES-UCNP and non-APTES-UCNP samples,
respectively. Fig. 3D shows the QE as a function of the volume
of the AuNP dispersion added to 100 μL UCNP ethanol dispersion. Initially, when small volumes are added, the QE
increases until it reaches a plateau where QE ∼ 35% and the
ratio of intensities IA/INA ≃ 0.65. A qualitative similar behavior
was found for smaller AuNPs (Au4 nm and Au14 nm), and even
for a little larger AuNPs (Au36 nm). However, if the AuNP size is
much larger than the size of the UCNPs, the behavior of the
upconversion luminescence turns out to be rather diﬀerent as
shown below.
Fig. 4A shows the upconversion luminescence spectra for
the APTES-UCNP and the non-APTES-UCNP dispersions. In
both cases, a global decrease of luminescence takes place
when we add a volume of 8 μL of the Au66 nm dispersion, as
observed in the case of Au21 nm. However, in this case, quenching is reduced when the AuNPs are attached to the
APTES-UCNPs. This seems to indicate that a plasmon-induced
phenomenon, directly related to the interaction between the
AuNPs and the UCNPs, leads, for this particular AuNP size, to
luminescence enhancement. Indeed, when increasing the
volume of the AuNP dispersion, this behavior is reproduced,
as can be seen in Fig. 4B. Although most of the previous
studies on plasmon-enhanced luminescence of UCNPs are
based on excitation enhancement, in our case, this mechanism is not expected to occur, since the excitation wavelength
is far away from the AuNP plasmon resonance. Still, we performed two additional tests in this regard. Fig. S2† analyzes
the luminescence rise time for both APTES-UCNPs and nonAPTES-UCNPs with Au66 nm NPs. Our results confirm that both
samples follow the same temporal behavior, which corroborates the absence of plasmon-induced excitation enhancement in our experiments. Fig. S3† shows the absorbance
spectra of these two UCNP-Au66 nm NP samples, which reveal
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Fig. 4 (A) Luminescence spectra for 100 μL dispersions of
APTES-UCNPs (red solid line), and non-APTES UCNP (blue dashed line)
dispersions, before and after the addition of 8 μL of Au66 nm. (B) Intensity
(integrated luminescence spectrum) as a function of the AuNP dispersion volume added to APTES and non-APTES UCNPs. (C)
Luminescence spectra for the APTES-UCNPs normalized to the corresponding spectra for the non-APTES-UCNPs for added volumes of the
Au66 nm dispersion. (D) Luminescence quenching eﬃciency, QE, as a
function of the volume of the Au66 nm dispersion added to the UCNPs.

that the UCNP–AuNP interactions mediated by APTES do not
aﬀect the plasmon resonance.
Once again, in order to clearly identify the luminescence
enhancement due to the interaction of UCNPs with AuNPs, we
normalized the spectra of the APTES-UCNPs with the integrated spectra for the non-APTES-UCNPs with the same added
volume of AuNPs (see Fig. 4C). Finally, we calculated the
quenching eﬃciency as a function of the added volume of the
Au66 nm dispersion (see Fig. 4D). In this case, a negative value
of QE is achieved, which actually characterizes enhancement
eﬃciency. After an initial growth, the QE roughly reaches a
plateau where QE ∼ −30% and, thus, the associated enhancement factor is IA/INA ≃ 1.25. In view of these results, we conclude that for large enough AuNPs, although the RET phenomenon is expected, it seems that another plasmon-induced
luminescence enhancement phenomenon is dominant.
Last, in order to get information about the competing
eﬀects within samples with diﬀerent AuNP sizes, we plot QE as
a function of the ratio between the total masses of AuNPs and
UCNPs present in the sample under characterization. This
allows us to directly identify the dominant eﬀect as a function
of AuNP-size, while keeping the same Au mass in the sample.
Results collected in Fig. 5 indicate that the interaction of the
small AuNPs with the UCNPs gives rise to luminescence
quenching, whereas the interaction of the large AuNPs produces the opposite eﬀect, namely, luminescence enhancement. As mentioned before, these results show clear features
of the existence of two competing eﬀects governing the optical
response of the system. The interplay between these two
plasmon-induced phenomena leads to a transition from
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system. In all simulations we use a mesh size small enough to
discretize the AuNP-diameter with at least 20 pixels (simulations with higher resolutions were checked to validate the
mesh size).
In our model we consider an emitter at a distance d from
the surface of a spherical AuNP with radius a, whose dielectric
function ε is obtained from previously reported experimental
data.45 Then, we compute the radiative and non-radiative
decay rates, normalized to the original radiative decay rate (in
the absence of the AuNP) Γ0R , for two diﬀerent emitter dipole
k
k
configurations: emitter dipole parallel (ΓR , ΓNR ) or perpendicu?
?
lar (ΓR , ΓNR ) to the AuNP surface. The resulting decays can be
expressed as follows:

Fig. 5 Upconversion luminescence quenching eﬃciency, QE (from eqn
(1)), as a function of the total mass of AuNPs normalized to the total
mass of UCNPs. Diﬀerent curves correspond to diﬀerent AuNP sizes.

luminescence quenching to luminescence enhancement.
Furthermore, a maximum quenching eﬃciency is achieved for
an optimum AuNP size, above which the QE decreases (see
Fig. 5). Indeed, there is an intermediate range of AuNP sizes
where both plasmon-induced phenomena roughly compensate
each other to lead almost zero quenching (Au41 nm – Au52 nm).
When the AuNP size used in the experiments exceeds this critical range, the enhancement phenomenon clearly dominates
leading to negative values of QE.
3.1.

Theoretical interpretation

For an accurate theoretical interpretation of the experimental
findings, we performed a combined study of the emission of
an UCNP interacting with an AuNP at a wavelength that
matches the localized surface plasmon resonance of the latter.
As a starting point, we study the decay of a single emitter near
a gold nanoparticle using two strategies: the classical phenomenological model proposed by Gersten and Nitzan, which
leads to analytical expressions,43 and the finite-diﬀerence
time-domain (FDTD) method (FDTD-Solutions software,
Lumerical Inc.).44 The first model describes the emission of a
classical point dipole in proximity to an AuNP, by means of
the gold macroscopic electromagnetic dielectric response. In
particular, its radiative decay is obtained through the power
radiated by the electric dipole moment of the system, whereas
the non-radiative decay is calculated by means of the Joule
heating power in the AuNP. By contrast, the FDTD method is
based on the numerical integration of the full vectorial
Maxwell equations in the system, and therefore, no truncated
multipole expansion for the field is needed. These simulations
are more demanding in terms of computational resources but
they allow us to validate the results obtained using the previously approximated phenomenological model. Calculation of
the decay rates is performed in a similar way to that in the
Gersten and Nitzan’s model, i.e., by registering the total and
the radiated power emitted by a classical dipole outside the
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where c is the speed of light and ω is the green luminescence
frequency under consideration. Last, we average both emitter
configurations ( parallel and perpendicular to the AuNP
surface) to obtain the total radiative ΓR and non-radiative ΓNR
decay rates. Fig. 6 presents the simulated decay rates for the
two representative AuNP sizes according to our experiments:
Au21 nm for luminescence quenching and Au66 nm for lumine-

Fig. 6 Simulated radiative ΓR (solid line) and non-radiative ΓNR (dashed
line) decay rates of an emitter as a function of its distance to the AuNP
surface for two AuNP sizes: Au21 nm (blue) and Au66 nm (red). Symbols
correspond to the decay rates obtained through FDTD simulations. The
emission wavelength under consideration is 540 nm.
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scence enhancement. Note that the size of the AuNP significantly aﬀects the behavior of the decay rates as a function of
the distance to the emitter. Indeed, our results suggest that
large AuNPs can aﬀect emitters at a larger distance from their
surfaces than the small AuNPs. More interestingly, for large
AuNPs a significant increase of the radiative decay rate takes
place, and therefore a relevant Purcell eﬀect competes with
RET. In Fig. 6 we also plot the radiative ΓR and non-radiative
ΓNR decay rates calculated through the FDTD simulations
(symbols), which reproduce the behavior obtained within the
analytical classical model.
As we show in Fig. 6, the decay rates of a single emitter
strongly depend on the distance of the emitters to the AuNP
surface. Therefore, in order to theoretically calculate the
quenching eﬃciency of the UCNP, we consider a random
uniform distribution of multiple emitters (Er3+ ions) inside the
UCNP interacting with the AuNP.46 The quenching eﬃciency
of a single emitter is evaluated by considering its emission
enhancement (or quenching) I/I0 related to the change of its
quantum yield as follows:47,48
QEEr ¼ 1 

I
;
I0

I
η
Γ R =Γ 0R

¼ ¼
;
0
I0 η0
Γ R =Γ R þ Γ NR =Γ 0R η0 þ 1  η0

ð6Þ

where η (η0) represents the intrinsic quantum yields of the
emitter in the presence (absence) of the AuNP. Note that η (η0)
measures the probability of a single excited Er3+ ion to be deexcited radiatively in the presence (absence) of the AuNP. As
previously discussed, the excitation enhancement in eqn (6) is
considered negligible.
By evaluating eqn (6), we first compute the quenching
eﬃciency for every single Er3+ ion, QEEr, which implicitly
depends on its distance to the AuNP surface by way of the
corresponding decay rates. Afterwards, the quenching
eﬃciency of the UCNP was calculated by averaging the
eﬃciency of each Er3+ ion inside the UCNP : QE = 〈QEEr〉NEr. In
our simulations the number of Er3+ ions inside the upconverting nanoparticle is NEr = fErmNA/W ≃ 715, where fEr = 0.019 is
the fraction of Er3+ ions, W = 205.3 g mol−1 is the molar weight
of NaYF4:Yb/Er, and m = 1.28 × 10−17 g is the mass of the
UCNP (with no silica shell).
Fig. 7 shows the simulated QE as a function of the AuNP
diameter for diﬀerent values of the intrinsic quantum yield η0
(solid lines). A rough estimation of the intrinsic quantum yield
of η0 ≃ 0.08 results from considering a typical radiative lifetime
for the excited-green level (4S3/2) in the millisecond range, and
its measured luminescence lifetime which is ∼80 μs (shown
later). It is worth noting that this value agrees with previous
considerations by Bhuckory et al. based on FRET measurements of UCNPs with diﬀerent core/shell architectures where
values of η0 between 1% and 30% were estimated.49 Here, we
consider values of η0 close to the value estimated from our lifetime measurements and within the reported range. In all
cases, the general trend of the luminescence quenching

This journal is © The Royal Society of Chemistry 2019

Fig. 7 Simulated (lines) and experimental (symbols) upconversion
luminescence quenching eﬃciency versus the AuNP diameter.
Simulated QE curves for diﬀerent values of η0: 0.15 (red line), 0.1 (black
line), 0.05 (blue line) and 0.025 (green line). Solid lines were obtained
through the Gersten and Nitzan model after averaging the contribution
of all the Er3+ ions inside the UCNP. Dotted lines were obtained by
means of FDTD simulations using a single emitter (ion) at a ﬁxed distance from the AuNP surface (12 nm). Experimental QE data for diﬀerent
mass ratios of AuNPs–UCNPs: 0.025 (triangle), 0.05 (star), 0.1 (circle)
and 0.25 (square).

eﬃciency is as follows: the QE initially increases and, after
reaching a maximum value, it decreases with the increase of
the AuNP size. Therefore, there is an optimum AuNP size to
reach the maximum quenching, which agrees with the experimental findings. This is a crucial result regarding the design
of an optimum UCNP–AuNP pair to develop RET-based applications. Another interesting feature is the transition from
luminescence quenching to enhancement as the AuNP diameter increases. The occurrence of such a transition depends
on the value of the intrinsic quantum yield η0. In fact, for the
lowest values of η0 used in Fig. 7, the luminescence enhancement is achieved for AuNP sizes of the order of those used in
the experiments. For comparison purposes, symbols shown in
Fig. 7 indicate the experimental values of QE for a fixed mass
ratio between the AuNPs and the UCNPs (see Fig. 5).
Remarkably, very good agreement between experiments and
simulations takes place. To reinforce our theoretical results,
we have also developed simulations using FDTD, although in
this case we used a single Er3+ ion placed at a distance of
12 nm from the AuNP surface (corresponding to roughly the
center of the UCNP). The FDTD-simulated QE curves are also
plotted in Fig. 7 (dashed lines) for diﬀerent values of η0. These
FDTD results corroborate the main general trends found with
the phenomenological model: the existence of an optimum
AuNP size for maximum quenching, and a transition between
quenching and enhancement with the gold particle diameter.
Still, its quantitative agreement is not perfect due to the averaging process carried out with the classical model. Indeed,
this discrepancy reveals the relevance of analyzing the problem
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as a multiple emitter system interacting with the AuNP. It is to
be noticed that there could be other intrinsic deviations due to
the approximations of the model as well.
For further analysis of this phenomenon, Fig. 8 shows the
distribution of Er3+ ions ( points) inside an 18 nm UCNP with a
silica shell of 3.8 nm, as in the experiments, in contact to a
AuNP placed at the north pole of the UCNP. The enhancement
factor of every Er3+ ion, (η/η0)Er, is represented by its color
specified by the color bar shown in the figure. Results for a
21 nm-diameter AuNP (left panel) and for a 66 nm-diameter
AuNP (right panel) are plotted. For Au21 nm we observe that the
ions placed at the north hemisphere exhibit a strong quenching whereas the rest of the ions do not experience any eﬀect.
However, for Au66 nm most of the ions show enhancement and
only a few ions very close to the north pole exhibit quenching.
This is also indicated in the lower panel of Fig. 8 where the
distribution of the quenching eﬃciency for each Er3+ ion is
plotted as a function of its distance to the AuNP surface for
both AuNP sizes. These results, after averaging, are consistent
with the trends shown in Fig. 7.
According to this interpretation, larger UCNPs are expected
to show a smaller net quenching or enhancement eﬃciency.
Note that the luminescence contributed by the diﬀerent ions
inside the UCNP depends on their distance to the AuNP
surface. Thus, the ions in larger UCNPs are expected to contribute within a larger QE range, i.e., a smaller proportion of
ions within the nanoparticle experience strong enhancement
or quenching. The resulting averaged eﬀect will reduce the
final values of QE accordingly. To address this issue we
measured the QE of a mixture of 100 μL of an ethanol dispersion of 34 nm-diameter UCNPs covered with a 4.4 nm silica
shell at 0.1 g L−1 with an increasing volume of AuNP aqueous
dispersions. We considered AuNP sizes chosen as those providing maximum quenching (Au14 nm) and maximum enhance-

Fig. 8 (A–B) Simulated distribution of the enhancement factor of each
individual Er3+ ion (η/η0)Er for a AuNP with 21 nm diameter ( panel A) or
with 66 nm diameter ( panel B) placed at the north pole of the UCNP. (C)
Simulated quenching eﬃciency for each Er3+ ion, QEEr, as a function of
its distance to the AuNP surface for both AuNPs: Au21 nm and Au66 nm.
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ment (Au66 nm); see Fig. 5. Results plotted in Fig. S4† show a
significant reduction of the quenching and enhancement
eﬀects, as expected from our theoretical interpretation regarding the eﬀect of the AuNP size on larger UCNPs.
3.2.

Luminescence lifetime analysis

So far, we have established that intensity quenching or
enhancement of the green luminescence of UCNPs is due to
the interplay between two plasmon-induced eﬀects: luminescence non-radiative RET and enhancement of the radiative
decay rate (Purcell eﬀect). Since both phenomena aﬀect the
total decay rate of the excited green levels 2H11/2 and 4S3/2 (see
Fig. 1B), the green luminescence lifetime is expected to change
due to the AuNP proximity. Thus, luminescence decay signals
for Er3+ ions at 540 nm (2H11/2,4S3/2 → 4I15/2) were measured
for an additional validation of our study. In Fig. 9A and B we
plot the luminescence decay signals for the APTES-UCNP and
non-APTES-UCNP ethanol dispersions before (left panels) and
after (right panels) adding 8 μL of the AuNP aqueous dispersion. Results for the two cases used so far as representative
of luminescence quenching, Au21 nm (Fig. 9A), and luminescence enhancement, Au66 nm (Fig. 9B), are shown.
In all cases luminescence signals show an initial increase
and a signature of the ETU mechanism exciting Er3+ ions from
excited Yb3+ ions within the UCNPs, followed by a roughly
exponential decay. As expected, the upconversion luminescence of APTES-UCNP and non-APTES-UCNP samples leads to
the same decay rate in the absence of AuNPs (Fig. 9A and B,
left panel). However, in the APTES-UCNP sample the interaction between the AuNPs and the UCNPs mediated by APTES
leads to a slightly faster decay in comparison with the nonAPTES-UCNP sample. In particular, this eﬀect reduces the
luminescence lifetime from τNA = 81.3 ± 0.8 μs (83 ± 1 μs) to τA

Fig. 9 Normalized luminescence decay curves at 540 nm in a semilog
scale for APTES-UCNP (solid red circles) and non-APTES-UCNP (open
blue squares) dispersions with Au21 nm (A), and Au66 nm (B). The left
(right) panel corresponds to 100 μL of 0.1 g L−1 UCNP ethanol dispersion
before (after) adding 8 μL of the AuNP aqueous dispersion.
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= 76.5 ± 0.8 μs (77.2 ± 0.6 μs). The relative change in the
luminescence lifetime due to the interaction with the AuNPs
of both sizes is 1 − τA/τNA ≃ 6–7%. Thus, this reduction is a
clear confirmation of the occurrence of a plasmon-induced
modification of the upconversion luminescence of the UCNPs.
Let us theoretically interpret the latter experimental results
by keeping in mind that a modification of the total decay rate
of the excited green level (2H11/2 and 4S3/2) is not directly reproduced in the upconversion luminescence lifetime. In contrast,
the upconversion luminescence dynamics is a complex process
involving many more mechanisms than the radiative and nonradiative decay rates from the green level, such as for example
the energy transfer from Yb3+ ions to Er3+ ions, or other decay
rates from intermediate energy levels. Therefore, in order to
account for the upconversion luminescence dynamics we use
the following rate equations which describe the main physical
mechanisms (see Fig. S5† for further details):
dN1
dt
dN2
dt
dN3
dt
dN4
dt
dN1Y
dt

¼  Γ 1 N1 þ Γ 21 N2  K3 N1 N1Y ;
¼  Γ 2 N2 þ Γ 32 N3 þ K2 N0 N1Y  KB2 N2 N0Y  K4 N2 N1Y ;
¼  Γ 3 N3 þ Γ 43 N4 þ K3 N1 N1Y ;
¼  Γ 4 N4 þ

ð7Þ

K4 N2 N1Y ;

Γ Y1 I
ðN Y  N1Y Þ  K2 N0 N1Y þ KB2 N2 N0Y
2Isat 0
 K3 N1 N1Y  K4 N2 N1Y :

¼  Γ Y1 N1Y þ

Here Nj is the density of Er3+ ions in the energy level j,
where the subscripts j = 0, 1, 2, 3, and 4 represent the 4I15/2,
4
I13/2, 4I11/2, 4F9/2, and 4S3/2 energy levels of Er3+ ions, respectively. Fast-decaying levels such as 4F7/2 and 4I9/2 were not taken
into account. The energy level 2H11/2 usually is considered as a
single level together with the 4S3/2 level since they are very
close in energy. NY0 and NY1 are the densities of Yb3+ ions in the
energy levels 2F7/2 and 2F5/2, respectively. Γjl is the decay rate
from level j to level l whereas Γj (ΓYj for Yb3+ ions) is the total
decay rate of the energy level j. On the other hand K2, K3 and
K4 are the coeﬃcients of the RET from the Yb3+ ion (donor) to
the levels 2, 3, and 4 of the Er3+ ion (acceptor), respectively. KB2
is the coeﬃcient of back energy transfer from the Er3+ ion in
level 2 to the Yb3+ ion. The interaction of the Er3+ ions with the
AuNP is introduced by means of an additional decay rate ΓAu
40
from the green level 4 to the ground level 0. This additional
decay is expected to be much larger than Γ40 in order to
account for both the non-radiative energy transfer to the AuNP
and the increase of the radiative decay rate due to the Purcell
eﬀect.
In our simulations, we consider decays and RET coeﬃcients
of the order of those found in the literature (see section S5 in
the ESI† for details). In addition, we used a value for the intrinsic quantum yield associated with the green emitting level η0 =
Γ40/Γ4 ∼ 0.04 in agreement with the one in Fig. 7. This value is
chosen so that N4 population decay matches the experimental
luminescence lifetime (≃85 μs). Within these considerations,
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we solved eqn (7) using an explicit Runge-Kutta method in
MatLab.50 First, we analyze the time evolution of the
population N4 for a value of the decay rate of ΓAu
40 = 15Γ40. This
value is roughly estimated from the decay rate curves shown in
Fig. 6 for an Er3+ ion placed at a distance to the AuNP surface
of 12 nm (close to the UCNP center). In Fig. 10A we plot the
time evolution of the population N4 when the system is excited
with a pulse laser of 40 μs which is exponentially fitted such as
the experimental data. Such numerical analysis is performed
in the absence and in the presence of the additional decay
associated with the AuNP, and the obtained decay time results
are τ0 = 86 μs and τ = 80.5 μs, respectively (see Fig. 10A). Thus,
our simulations reproduce a relative change of the 4S3/2 level
population lifetime of 1 − τ/τ0 ≃ 0.064, which agrees with the
experimental results. Note that the change in the green emitting level population lifetime, induced by the AuNP, is only of
∼6%, despite the fact that the modification induced in its total
decay rate Γ4 is 1 − Γ4/(Γ4 + ΓAu
40 ) ∼ 38%.
As a final analysis, we study the global behavior of the
UCNP in proximity to the AuNP by taking into account the
population N4 decay curve for all the Er3+ ions inside the
3+
UCNP. Therefore, we consider a diﬀerent ΓAu
ion,
40 for every Er
according to its distance to the AuNP surface. The green emitting level population lifetime is then evaluated by averaging
the population lifetime obtained for each ion 〈τEr〉NEr. In order
to have an idea of the eﬀect induced in every Er3+ ion inside
the UCNP, Fig. 10B shows the distribution of the ratio of the
4
S3/2 lifetime in both the presence and absence of a Au21 nm
NP placed at the UCNP north pole, (τ/τ0)Er. As shown, the ions
placed at the north hemisphere are the most influenced by the
Au21 nm NP and, therefore, their decay becomes faster (from
10% to 5% of the relative change). In contrast, the eﬀect on
ions at the south hemisphere is negligible. By averaging the
lifetime of all ions inside the UCNP, our calculations give rise
to a relative change in the lifetime of 5% (7%) in the case of
Au21 nm (Au66 nm) NPs. Both values are in perfect agreement
with those experimentally found for the luminescence
lifetime.

Fig. 10 (A) Simulated normalized decay curve of the population N4 of
energy level 4S3/2 in the absence (blue line) and in the presence (red line)
of an AuNP. An additional decay rate of ΓAu
40 = 15Γ40 accounts for the
eﬀect of the AuNP in the model. (B) Simulated distribution of the ratio of
the N4 population lifetime in the presence and absence of a Au21 nm NP
for every Er3+ ion inside the UCNP, (τ/τ0)Er. The AuNP is placed at the
north pole of the UCNP and its eﬀect on every ion is simulated with a
distance-dependent ΓAu
40 .
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3.3. Optimization of quenching/enhancement performance:
the role of the SiO2 shell thickness and UCNP size
Finally, let us use our theoretical model to discuss a general
guideline for optimum design of UCNP–AuNP hybrid systems.
We study the quenching/enhancement eﬃciency as we change
both the UCNP size and the SiO2 shell thickness covering the
UCNP. First, we analyze the eﬀect of the silica shell by considering UCNPs with the same size as the one used in the experiments (18 nm of diameter) but with a tunable SiO2 shell thickness. For the sake of simplicity, we assume that the intrinsic
quantum yield η0 does not significantly change with the SiO2
thickness for shells beyond a few nanometers and, therefore,
we consider the same value η0 = 0.06 for all cases. Fig. 11A
shows a contour plot of the quenching eﬃciency as a function
of the AuNP size and the SiO2 shell thickness. There, we
observe that thinner shells provide larger quenching as
expected since RET will be stronger when reducing the distance between the Er3+ ions and the AuNP surface. Therefore,
a UCNP will theoretically achieve the best quenching performance without a SiO2 shell. Experimentally, however, no SiO2
shell will be impractical because a shell is needed to attach
functional groups and to shield the outermost luminescent
ions from solvent interactions. The optimum quenching is
achieved for AuNPs of size around 20 nm. On the other hand,
luminescence enhancement occurs for large AuNPs. This
enhancement increases with the SiO2 thickness since in that
case most of the Er3+ ions are too far to suﬀer strong quenching and, in contrast, they exhibit enhancement. Fig. 11A shows
that the optimal scenario for enhancing luminescence results
from a SiO2 thickness of around ∼12 nm.

Nanoscale

Last, let us analyze the role of the UCNP size in the quenching/enhancement performance. In our simulations we vary the
size of the UCNP, while keeping the SiO2 shell thickness constant and equal to the experimental value of 3.8 nm. However,
the quantum yield of UCNPs is expected to change with the
particle size. In fact, the green luminescence decay rate of
UCNPs Γ4 has been found to increase linearly with their
surface area to volume ratio.51–53 Thus, we use the linear fit
obtained by Lim et al.51 (see their Fig. 3) to compute Γ4 and
estimate the intrinsic quantum yield values η0 = Γ40/Γ4. Here, a
radiative decay time of 1/Γ40 ≃ 1 ms was considered. Fig. 11B
shows a contour plot of the quenching eﬃciency as a function
of AuNP and UCNP diameters. There, it is demonstrated that a
stronger change in luminescence will arise in smaller UCNPs.
In particular, the optimum quenching is achieved for the
UCNP with the smallest size and for AuNPs with a diameter of
around 15 nm. Again, luminescence enhancement occurs for
large AuNPs. Small UCNPs exhibit optimum enhancement
since increasing the UCNP size will aﬀect ions inside the
UCNP diﬀerently (as shown before), resulting in a decrease of
the overall enhancement.
As a summary, an optimum quenching-based biosensor
will use small UCNPs capped with a thinner silica shell to favor
the proximity of all the Er3+ ions to the AuNP surface, and
AuNPs big enough to produce a significant eﬀect at long distances but not too large to produce luminescence enhancement, that is, between 15 and 20 nm. We show a schematic
view of this optimum system in Fig. 11C where we plot the
quenching eﬃciency of an emitter as a function of the distance
from the surface of a 20 nm-gold nanoparticle. Moreover, the
design of a hybrid-system based on luminescence enhancement
will require larger AuNPs, with diameters above 50 nm. These
AuNPs will produce quenching at short distances from their
surface, and luminescence enhancement at intermediate distances. Thus, the ideal system will be such that all ions inside
the UCNP belong to the maximum enhancement region.
Therefore, small UCNPs capped with a silica shell which avoids
the quenching region will result in optimum performance.
Fig. 11D shows a schematic view of this optimum enhancement
system for a gold nanoparticle of 65 nm diameter.

4.

Fig. 11 Contour plot of the simulated upconversion luminescence
quenching eﬃciency as a function of the AuNP diameter and (A) the
SiO2 shell thickness of a UCNP with a diameter of 18 nm; and (B) the
diameter of a UCNP with a SiO2 shell thickness of 3.8 nm. Schematic
view of optimum (C) quenching and (D) enhancement performance.

13842 | Nanoscale, 2019, 11, 13832–13844

Conclusions

A careful selection of UCNP–AuNP pairs is crucial for achieving
optimal results in resonant energy transfer nanosystems for
sensing and biosensing applications. This study highlights the
role of the relative sizes of nanoparticles in the plasmonassisted upconversion luminescence of NaYF4:Yb,Er@SiO2
UCNPs. We employed AuNPs with diameters ranging from
4 nm to 66 nm, well below and above the UCNP size in our
experiments, which was 18 nm. AuNPs were adsorbed on the
UCNP surface via amine groups on the UCNP 3.8 nm thick
silica shell. We found a continuous transition from quenching
to luminescence enhancement due to the AuNP size. Due to
competing plasmonic eﬀects, increasing the AuNP size leads
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to a reduced quenching eﬃciency until reaching the opposite
eﬀect, i.e. luminescence enhancement. Furthermore, UCNP–
AuNP coupling leads to a reduction of the upconversion
luminescence lifetime, indicative of an increase of the total
decay rate for the excited UCNPs.
We found a AuNP–UCNP pair with diameters ∼14 nm and
18 nm, respectively, to be optimal for a luminescence quenching detection strategy, since it provides the largest detection
dynamic range stretching from 0% to 40% quenching. On the
other hand, the luminescence enhancement observed with
66 nm AuNPs, as well as the room for improvement by using
larger AuNPs and better tuning the UCNP/AuNP distance,
suggests the potential of sensors based on luminescence
enhancement as an alternative strategy.
Our experimental findings were theoretically reproduced
using a classical phenomenological model and a direct integration of the full vectorial Maxwell equations. Both approaches
show a competition between RET and the Purcell eﬀect as the
AuNP size increases, which eventually leads to luminescence
enhancement for large enough AuNP diameters. Our theoretical
analysis reveals that small values of the UCNP intrinsic
quantum yield favor the appearance of the quenching-toenhancement transition for smaller AuNP sizes. Moreover, we
pinpoint the role of Er3+ ion spatial distribution in the UCNPs.
By averaging the contribution of each of the ions to the quenching or enhancement eﬃciency, we quantified the total eﬀect in
very good agreement with the experimental evidence.
Finally, a complete general analysis of the optimization of
the hybrid system for maximum quenching or enhancement
was carried out in the framework of the developed theoretical
model. Gold nanoparticles with diameters of 15–20 nm and
small UCNPs with very thin SiO2 shells are found to provide
the best results if biosensing based on luminescence quenching is pursued. On the other hand, a biosensor based on
luminescence enhancement would need AuNPs bigger than
50 nm, combined with small UCNPs and SiO2 shells slightly
above 10 nm.
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