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A nano-heterostructure composed of the noble metal Au and the semiconductor W;g049 enhances the
localized electric field due to the strong coupling of localized surface plasmon resonance (LSPR). The
Au/W.gO49 nano-heterostructures have been further explored to enhance the upconversion
luminescence (UCL) of NaYF4:Yb,Er nanoparticles. An enhancement up to 1108-fold is achieved for the
overall UCL intensity of Er®*, which is primarily due to the improvement of the excitation field and partly
due to the coupling of LSPR with emission light. Finally, based on the intense UCL caused by the
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rhodamine 6G (R6G) using SERS signal monitoring and fluorescence sensing is established. This novel
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Introduction

Localized surface plasmon resonance (LSPR) of noble metals
and some heavily doped semiconductor nanostructures with
fascinating photophysical phenomena has attracted signifi-
cant interest in research areas such as electronics, photonics,
catalysis, biology and sensing.'® Upon resonance, the electric
field at the surface of the nanoparticle is strongly enhanced,
resulting in molecules in the vicinity exhibiting enhanced
absorption and emission, Raman scattering, and nonlinear
optical properties. Surface-enhanced Raman scattering (SERS)
which can provide fingerprint information with high sensi-
tivity has been widely studied for application as an ultrasen-
sitive spectroscopic tool for the detection of low-abundance
analytes.”® More recent studies have focused on intense
localized electric field enhancement exploitable for SERS-
based molecular characterization and sensing applications.
Surprising research results such as a low detection limit of
107'® M for rhodamine 6G (R6G) are obtained by SERS
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concentration range of 107 M to 103 M can potentially be applied in accurate molecular detection.

analysis.”** Despite a low detection limit being consistently
achieved, the quantitative comparison of the SERS intensities
as a function of analyte concentration demonstrates a linear
concentration range from about 107'° to 1077 M as a general
result in the literature.>'* This makes the SERS-based detec-
tion applicable for quantitative detection of analyte molecules
in a narrow concentration window.

Rare-earth doped upconversion nanoparticles (UCNPs)
have attracted much attention because of the unique optical
properties and great application in biological imaging, solar
cells, fluorescent probes and other fields.”**®* During the
development of its application, the detection of UC fluores-
cent probes based on fluorescence resonance energy transfer
and specific interaction was conducted.'®*® UC fluorescent
sensors have advantages such as small molecular volume,
good biocompatibility, high sensitivity and good linear rela-
tionship, and thus may be used in quantitative biodetection.
The sweeping applications of UCNPs in fluorescent probes
have made researchers realize the importance of improving
UCL efficiency.*>* LSPR has been employed to improve the
UC efficiency and further increase the detection sensitivity of
fluorescent molecular probes.”?>*® Classic noble metals have
light trapping ability only in the visible region and within
a narrow range, which cannot simultaneously match the
excitation and emission bands of UCNPs.””"*° In recent years,
LSPR has been observed in some heavily doped semi-
conductor nanostructures, such as Cu,_,S, Sn-doped In,03,
WO;_,, and MoOj;_,. Heavily doped semiconductors generally
have a lower density of free charge carriers than noble metals

This journal is © The Royal Society of Chemistry 2020


http://crossmark.crossref.org/dialog/?doi=10.1039/c9ta13466b&domain=pdf&date_stamp=2020-02-17
http://orcid.org/0000-0001-9942-058X
http://orcid.org/0000-0002-5172-9622
http://orcid.org/0000-0002-0165-4335
http://orcid.org/0000-0001-5180-7267
http://orcid.org/0000-0002-1980-8929
https://doi.org/10.1039/c9ta13466b
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA008007

Published on 27 January 2020. Downloaded by Changchun Institute of Optics, Fine Mechanics and Physics, CAS on 4/7/2021 8:22:32 AM.

Paper

and as a result exhibit longer-wavelength (lower energy)
LSPR.**** Such optical features make plasmonic semi-
conductors a potential choice for coupling with noble metal
nanostructures, and the optical properties of these metal-
semiconductor heterostructures will differ substantially from
the sum of those of their components. Here, we utilize the
dual plasmonic mode generated by Au/W;3049 hetero-
structures as optical antennae to enhance the UCL in
a multilayer-structured film consisting of NaYF, nanoparticles
(NPs) as the luminescent layer. The hybridization of Au
nanorods (NRs) and W;30,, nanowires (NWs) synergistically
improves the electric field environment around UCNPs to
overcome the limitations of a single LSPR mode, raising the
UCL enormously. Another key design characteristic of the
NaYF,/Au/W,;30,49 multilayer-structured composite film is its
ability to achieve SERS enhancement simultaneously. Using
this unique feature, we develop a novel R6G molecule detec-
tion process, which achieves qualitative to quantitative
detection with high sensitivity by using SERS signal moni-
toring and UC fluorescence sensing.
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Results and discussion

As schematically shown in Fig. 1A, the plasmonic composite
film of NaYF, NPs/Au NRs/W;30,49 NWs is prepared by simple
self-assembly. First, W;30, NWs are grown on FTO glass to
achieve a single plasmonic layer via the solvothermal process.
Next, random assembly of Au NRs onto the W;30,9 NW layer
surface forms the Au NRs/W;30,9 NW heterostructure film
through a solvent evaporation process. Based on a similar
fabrication method, NaYF, NPs are self-assembled on the top
surface of the Au/W;30,49 plasmonic composite film, forming
the UCL layer. Scanning electron microscopy (SEM) images
show the side views of the above films (Fig. 1B). It can be seen
that the W,;30,0 NWs align in random orientations on the FTO
glass like a patch of greensward. The Au NRs and the NaYF, NPs
are densely distributed and intercalated into the W;30,9 NWs
hierarchically forming the NaYF,/Au/W;3049 multilayer struc-
ture (see the locally magnified views). The randomly tilted
growth of W;30,49 NWs on the film enabled the majority of self-
assembled Au NRs to directly come into contact with the side
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Fig. 1 (A) Schematic of the formation process of the NaYF4 NPs/Au NRs/W;5049 NW hybrid film. (B) SEM images of the side view of the W1g049
NW film (a), side view and locally magnified view of Au NRs deposited on the W;3049 NW film (b), and side view and locally magnified view of
NaYF4 NPs deposited on the Au NRs/W1g049 NW film (c). (C) XRD patterns and (D) EDS pattern of the NaYF4 NPs/Au NRs/W;8049 NW composite
film; the inset shows the elemental distributions of the NaYF4/Au/W1g049 composite film depending on the depth along the vertical direction of
the film. (E) Extinction spectra of the Au NRs (a), W18049 NWs (b), and Au NRs/W1g049 NWs (c).
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surface of the W,30,9 NWs, which is helpful for the formation of
interactions between the two domains in the Au/W,30,¢ heter-
ostructures. To show more accurate distributions between the
W;5040, Au and NaYF, within the synthesized composite film,
the elemental mapping images of a cross-section of NaYF,/Au/
W;3049 are also given in Fig. S1, ESL.T The X-ray diffraction
(XRD) patterns (Fig. 1C) confirm that the composite lumines-
cent film consists of W;3049, Au and B-NaYF, phases, and the
diffraction peaks of SnO, are ascribed to the FTO glass
substrate. No secondary phase is observed in this film,
demonstrating that there is no interaction among the respective
three layers. The above results can also be confirmed through
the elemental composition obtained by performing energy
dispersive spectrometry (EDS) for the hybrid film, where NaYF,
NPs/Au NRs/W;3049 NWs are assuredly extant, and Er’* cannot
be distinguished using this system because of its low doping
content (Fig. 1D). The elemental distributions in the corre-
sponding cross sectional SEM image of the NaYF,/Au/W,;50,
composite film are obtained through EDS and indicate that the
NaYF, and Au are in direct contact with the W, 30,9 NWs to form
a heterostructure layer with a depth of about 1 pm on the top
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surface of the film. Fig. 1E shows the comparison of extinction
spectra of the Au NRs/W;30,9 NW composite film and indi-
vidual Au NRs and W;3049 NWs films. The extinction spectrum
of the Au NR film exhibits a longitudinal (L-) LSPR peak at
980 nm, while the W;30,9 NW film shows an intense LSPR band
across the visible and NIR region. Interestingly, the curve profile
of the Au/W,30,5 composite film is not the summation curves of
the LSPR bands between the Au NR and W;30,9 NW films, and
the composite dual LSPR band not only further elevates the
extinction intensity of noble metal nanoparticles, but also
exhibits an extensive extinction range for the plasmonic semi-
conductor. These results suggest that double plasmonic-
coupling occurs in the Au NRs/W;3049 NW composite film,
and it simultaneously shows two types of LSPR in a single
system.

Under the irradiation of incident light, a strong excitation
field is generated around the Au NRs/W;30,9 NW coupled
system, which interacts with the adjacent UC light field, thereby
increasing the luminescence intensity (Fig. 2A). Tuning the
LSPR peak to match the excitation field tends to better enhance
the UCL,**** and thus the desired enhancement effect for UCL is
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Fig. 2 (A) The schematic diagram of plasmonic enhancement of UCL. (B) Extinction spectra depending on the aspect ratio of Au NRs. (C)
Calibration curve between the experimental L-LSPR peak position and the aspect ratio of Au NRs. (D) Dotted line diagram of enhancement
factors of different transitions as a function of the L-LSPR peak of Au NRs in the NaYF4/Au/W1gO4g film. (E) Luminescence enhancement factors
of different transitions as a function of the grain sizes of NaYF4 NPs. (F) UC emission spectra of the (a) NaYF, (b) NaYF4/W1g040, (c) NaYF4/Au, and
(d) NaYF4/Au/W15049 films. (G) UCL enhancement factors of the (a) NaYF4/W18040, (b) NaYF4/Au, and (c) NaYF4/Au/W1g049 films.
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achieved through making targeted specific adjustments
depending on the peak position of the excitation light. The L-
LSPR of Au NRs is precisely adjusted from 780 to 1095 nm by
controlling the aspect ratio of Au NRs during the experiment
(Fig. S2, ESIY). As the aspect ratio increases, the L-LSPR wave-
length of Au NRs undergoes a red shift phenomenon (from
730 nm to 780 nm, 830 nm, 880 nm, 930 nm, 980 nm, 1030 nm,
and 1095 nm), while the transverse wavelength shows little
dependence on the aspect ratio (Fig. 2B). We find that the L-
LSPR peak exhibits a normalized linear relationship with the
aspect ratio of Au NRs as shown in Fig. 2C, which could be
regressed as A = 98.14AR + 488.7, where A is the L-LSPR peak
position and AR is the aspect ratio value. Subsequently, Au NRs
with different L-LSPR peaks are assembled on the surface of the
semiconductor W;30,9 NW films to form Au/W;30,¢ hetero-
structure films. NaYF,:Er®',Yb®" NPs are selected as a model
emitter to approach the plasmonic nanostructure in the UCL
experiments. Typical green emission (*Hyy/,"S3/5-"I15/2 transi-
tions) and red emission (*Foj,-"I;5/, transition) from Er**-yb**
are shown in the UC emission spectra (see Fig. 2F(a)). Just as
expected, the UCL intensity exhibits a dramatic improvement
when the emitters approach the Au/W;304 nano-
heterostructures via plasmonic energy transfer. The enhance-
ment factors as a function of L-LSPR peak position of Au NRs in
the NaYF,/Au/W;5049 hybrid film at different emission wave-
lengths are shown in Fig. 2D. As is evident from Fig. 2D, the
enhancement factors of UCL for different aspect ratios of Au
NRs show large variation. When precisely tuning the L-LSPR
position to the same wavelength as the incident light (980
nm), the UCL enhancement factors reach their maximum at all
the three emission wavelengths.

The strong double effect occurs when the noble metal Au
NRs are assembled on the surface of the semiconductor W;30,44
NW layer, representing an enhanced and widened LSPR band.
In the case of the extinction spectrum of the Au NRs/W;30,0 NW
composite film (Fig. 1E), the LSPR peak of Au NRs is located at
approximately 980 nm, matching the wavelength of the pump-
ing light of UC well. After the formation of the Au/W;30,49 het-
erostructure film, we optimize the UC luminescent layer based
on the luminescence enhancement principle. The area of the
LSPR-induced near-field effect is quite limited, so emitters of
different sizes are prepared, and UC emission dependence on
the emitter size is explored. The NaYF, NPs with a singly-
dispersed and homogeneous nanostructure (6 nm, 15 nm,
30 nm, and 50 nm) are used to demonstrate the coupling effect
of dual LSPR through fluorescence measurement under the
same excitation power and test parameters (Fig. S3, ESIt). The
UCL intensity of the 6 nm NaYF, NPs is the weakest among
those of all the NaYF, NP samples (Fig. S4, ESIf), which is
mainly due to the effect of surface defects in nanocrystals, to our
knowledge. On the other hand, the effective interaction
distance for the LSPR-enhanced near-field effect is limited. The
decrease in particle size ensures that most of the luminescent
centers are positioned within the effective interaction distance,
inducing a more effective enhancement of UCL. So the optimal
UCL enhancement factor is achieved in the case of 6 nm NaYF,
NPs after plasmonic sensitization via the Au/W;3049 plasmonic

This journal is © The Royal Society of Chemistry 2020
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composite film, and then the enhancement factor decreases
sharply with the increasing size as shown in Fig. 2E. Although
6 nm NaYF, NPs exhibited an optimal enhancement factor,
15 nm NaYF, NPs show the largest UCL intensity after coupling
with Au/W;40, in our work (Fig. S4, ESIt).

To investigate the synergistic LSPR induced UC enhance-
ment in this work, we carry out a comparative study of UC
emission measurements in the case of NaYF, NPs (6 nm)
deposited on different substrates as shown in Fig. 2F. Note that
the average densities of NaYF, NPs on the different substrates
are nearly the same. It is clear that the typical green and red
emissions from NaYF, NPs are observed under 980 nm excita-
tion, and the intensity ratio of green to red emission (Igreen/Irea)
is =5.5, resulting in a weak green color output (see the inset of
Fig. 2F(a)). The UC emissions are significantly improved after
coupling with plasmonic nanostructures. For the NaYF, NPs/
W,5040 NWs, the overall UCL intensity of Er’" increases 134
times, originating from 244 times in Hyy,,-"1;5/,, 103 times in
S,,5-"15/, and 243 times in *Fq/,-"1;5/, transitions. For the NaYF,
NPs/Au NRs, the overall UCL intensity increases 232 times,
originating from 388 times in *Hj;;-"Li5, 250 times in
S,5-"Iis;, and 275 times in “Fo),-"I;5,, transitions. No other
emission peaks are observed indicating that the plasmonic-
coupling has no essential effect on the UC transition process,
and the plasmonic nanoparticles have no characteristic emis-
sion relative to UCL, as shown in Fig. 2G(b and c). When
coupled with Au/W;30,9 heterostructures, it is exciting to
observe that the overall UC emission is enhanced 443 times (967
times in *Hy,-"I15/, 390 times in *S;/,-"1;5,, and 552 times in
*Fy/5-"115, transitions) in the 6 nm NaYF,/Au/W;50,, composite
film, which is superior to using both the single plasmonic
layers, and a bright green emission is also spectacular in the
micro-area photograph as seen in the inset of Fig. 2F(d). In
addition, the overall UC enhancement is not the simple
summation of the two single LSPR effect results, which is
consistent with the extinction spectrum results. Fig. 2G further
depicts the variation of the enhancement factors for the NaYF,
NPs coupled with different plasmonic layers at different emis-
sion wavelengths. It is noteworthy that the spectral distribution
of Er’" does not change much in the NaYF,/Au film, and the
three emissions contribute equally to the overall UC enhance-
ment. In contrast, the spectral distribution varies significantly
in the NaYF,/W;30,0 and NaYF,/Au/W;30,, films as shown in
Fig. 2F and G. The luminescence intensity ratios of *Hy;,-"1;5/»
to *Sz;-"I1s/2 (Rus) in the NaYF,/W;504 film increase signifi-
cantly in comparison to those in the NaYF,/Au film, indicating
different populating channels of Er*" in the plasmonic Au and
W;5040-based films; the easier population of *H,,,, occurs in
the NaYF,/W;530,4¢ plasmonic hybrids.

To deeply comprehend the electric field enhancement by
LSPR coupling between Au NRs and W;30,9 NWs in the heter-
ostructure film, simulations of the electric field distribution
surrounding isolated W;3049 NWs, a single Au NR, and a Au NR
in contact with a W;30,9 NW under 980 nm excitation via the
FDTD method are performed as shown in Fig. 3A. The isolated
W50, NWs are simplified as a bundle-like nanostructure
consisting of three nanowires, and the maximum localized

J. Mater. Chem. A, 2020, 8, 4040-4048 | 4043
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Fig. 3 Electric field distributions of the simulation models of (A) W1g049 NWs (a), Au NRs (b and c), and Au NRs/W3049 NWs (d, e and f) under
980 nm excitation. (B) Calculated electromagnetic field strength among W;8049 NWs, Au NRs, and Au NRs/W1gO49 NWs at different contact
positions. (C) The enhancement factor of UC luminescence dependent on the thickness of the PVP spacer. (D) Time-resolved decay curves of
the (a) NaYF4 NP film and (b) NaYF4 NPs/Au NRs/W;5049 NW hybrid film under 980 nm excitation.

electric field enhancement intensity (|E|*/|E,|?) of W150,40 NWs
can reach 4.2 at the plasmonic “hot spots”. For the single Au
NR, the induced electric field distributions are dependent on
the electric field direction. A smooth electric field distribution
appears around the Au NR with an |E|*/|Eo|? value of about 7.2
for the transverse electric field direction (Fig. 3A(b)). For the
longitudinal mode, a dipole-like plasmon resonance as
demonstrated by the electric field distribution appears as
shown in Fig. 3A(c), and the enhancement factor of |E|*/|E,|>
reaches 129. Considering the actual situation in which the Au
NRs are deposited randomly on the W;3049 NW film, three
contact types are selected according to the relative position
between Au NRs and the x-axis of W;3049 NWs, namely parallel,
45° and vertical contact models (Fig. 3A(d-f)). Upon resonance
excitation to drive the LSPR coupling of Au/W,30,, three of the
contact models achieved enhancement of the localized electric

4044 | J Mater. Chem. A, 2020, 8, 4040-4048

fields at the plasmonic “hot spot” regions near the Au/W;30,
interface. The distribution of the electric field with a maximum
enhancement of 20.5 times at the hot spots is observed when
the Au NR is parallel to the x-axis of W;30,9 NWs. Furthermore,
when the Au NR touches the x-axis of W;30,9 NWs at an angle of
45°, a 1126 times increase of the electric field intensity is ob-
tained. Finally, the maximum electric field intensity enhance-
ment (|E|*/|Eo|*) could reach 2697 at the Au/W;50,, interface
with the vertical contact type. It is confirmed that strong plas-
mon coupling caused by plasmon hybridization is generated in
the Au/W,30,49 heterostructure under 980 nm excitation, which
consequently enhances the extinction performance on the
scattering effect of incident light.

The direct contact of plasmonic metal-semiconductor het-
erostructures with UCNPs results in reverse energy transfer,
which is non-radiative energy transfer, thereby quenching the

This journal is © The Royal Society of Chemistry 2020
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luminescence.***® However, this situation can be ameliorated
through employing the polyvinyl pyrrolidone (PVP, K30, M,, =
44 000-54 000) polymer as the intermediate layer to modulate
the distance between the plasmonic nanostructure and the
UCNPs (Fig. 3C). The optimum thickness of the intermediate
layer is 2 nm (see Fig. S5, ESIt), and the enhancement factor
begins to attenuate with the increasing thickness due to exceed
the acting area of the plasmonic nanostructure to UCNPs. These
results indicate that the non-radiative energy transfer process
does exist in the 980 nm laser diode excited composite lumi-
nescent films, and it is strongly dependent on the distance
between luminescent centers and plasmonic nanostructures.
When the thickness of the interlayer is appropriate, the UCL of
NaYF, NPs in the composite film could be further enhanced
(2.1-2.7 times) due to the suppressed non-radiative energy
transfer. Finally, an enhancement up to 1108-fold is achieved
for the overall UCL intensity of NaYF,/Au/W;3049 compared to
that of the pure NaYF, NPs.

We obtain the UC spectra under excitation with a 980 nm
laser with different excitation powers for the transitions of
*Hy1/5, *S3/2, and *Foy, in various samples (Fig. S6, ESIT). For any
multi-photon process, the slope n is approximately equal to the
photon number in general. Nevertheless, the slope n deviates
from the theoretical photon number, which is attributed to the
saturation effect and the local thermal effect.>**" It seems that
the saturation effect occurs more easily in the hybrid systems
(see Fig. S671), which is attributed to the improved localized
excitation electric field due to the modulation of the LSPR effect.
The local thermal effect will also influence the slope 7. For Er**
ions, the Ryg of *Hyy;p — “Iy55 to *S3, — 135, is sensitive to
temperature, and the Ry is a critical parameter for studying the
thermal effect in UCNPs under exposure to a 980 nm diode
laser. We calculate the Ryg values of NaYF, NPs with different
sizes deposited on different substrates, and four line charts with
the same upward trend show that the photothermal effect
around the NaYF, NPs is remarkable after introducing plas-
monic nanoparticles (Fig. S7, ESIT).

In addition to the UCL enhancement as confirmed above,
which has been widely accepted, is the excitation enhancement
caused by the strengthening of the localized electric field.*
Considering the impact of the overlapping emission wavelength
and LSPR band of the Au NRs/W;3040 NW hybrid film on UCL,
the effect of matching the LSPR range with the emission
wavelength of Yb*"-Er** has also attracted our attention.*>** The
plasmonic W;30,49 nanostructure enhances the UCL due to the
strong interaction between LSPR and the UC optical field, which
is attributed to the broad LSPR band overlapping both the
excitation and emission electric fields of the UCNPs.*»* This
excellent feature of W;3O,y is still maintained in the Au/W;g0,q
heterostructures, as shown in the extinction spectra in Fig. 1E.
The interactions between the LSPR of Au/W;gO,, hetero-
structures and the emission electric field of NaYF, NPs are
assessed through simulating the electric field distributions
excited by emission wavelengths at 522, 540, and 654 nm,
respectively (Fig. S8, ESIT). The FDTD calculations suggest that
enhancement in the emission electric field also occurs near the
NaYF, NPs/Au/W,30,9 interface with the enhancement factors

This journal is © The Royal Society of Chemistry 2020
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ranging from 5.8 to 65.5 times at different emission wave-
lengths. Furthermore, the variation in the rate of the radiation
transition is a criterion for determining whether the interaction
of LSPR with the emission electric field works or not.**** We
determined the fluorescence lifetime of *Hy1,, — 1152, *S3/2 —
M52 and *Foj, — I35, for the pure NaYF, NP film and NaYF,
NPs/Au NRs/W;30,9 NW composite luminescent film (Fig. 3D).
The decay curves are presented as exponential decay kinetics as
follows:
A1’612 + Az’fzz

= T 1
A Al’Cl +A2’E2 ( )

According to the emission lifetime (74,7,) and the corre-
sponding amplitude (4;,4,), the radiative composite of free
electrons and the non-radiative composite of charge carriers are
estimated to calculate the average fluorescence lifetime of the
as-synthesized sample. We compute formula (1) to discover that
the average fluorescence lifetime decreases significantly from
450 ps to 210 ps after NaYF, NP coupling with Au NRs/W;30,
NW plasmonic nano-heterostructures, from which it can be
concluded that the acceleration of the radiative transition rate
induced by dual LSPR of Au NRs/W;30,9 NWs does indeed
contribute to the enhancement of UCL.>* That is to say, the
coupling of the emission wavelength of NaYF, NPs and LSPR
band of Au NRs/W,;50,9 NWs contributes to the enhancement of
UCL in this system, although the dominant contribution is still
the enhancement of the excitation field.

Based on the above considerations, we propose that the
mechanism of the UCL enhancement can be attributed to two
aspects: (1) the interaction of the LSPR with the excitation
electromagnetic field leading to an enhancement of the local-
ized excitation field strength. A broad and robust plasmonic
extinction band is obtained by strong plasmonic-coupling of
LSPR with the excitation field between Au NRs and W;30,49 NWs.
The luminescent layer fabricated from 6 nm NaYF, NPs
deposited on the Au/W;30,49 plasmonic composite film and
a thin layer of PVP is inserted to control the interaction distance
between plasmonic nanostructures and luminescent emitters.
The overall UCL intensity of Er’" increases 1108-fold in the
multilayer-structured composite film, which is mainly attrib-
uted to the improved localized excitation electric field due to the
modulation of LSPR. This is also supported by the simulation of
the electric field intensity distribution. (2) The interaction of the
LSPR with the emission electromagnetic field resulting in the
improved radiative transition rate of emitters. This can be
deduced by using the FDTD simulation results and the decrease
of the decay time after coupling with the plasmonic Au/W;30,9
composite film.

The unique electromagnetic field improvement and UC
multi-emission enhancement caused by excellent synergetic
LSPR properties lead to a new application in fluorescent mole-
cule detection. The SEM picture shows that the Au NRs are
densely distributed and intercalated into the W;30, NWs
forming the plasmon Au/W;304 composite film. When the
NaYF, NPs deposits on the surface of the Au/W;30,0 film, the
laying of inhomogeneity exists which is caused by the great
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difference in scale and appearance characters between the
NaYF, NPs and the Au/W,30,49 hybrid, as shown in the Fig. 4A.
Thus, plasmon-enhanced UC fluorescence is obtained in the
NaYF,/Au/W;30,4 composite film; meanwhile it has no distinct
suppression effect on the SERS signal in this particular multi-
layer structure. This could be a new detection method based on
a dual role of the plasmon composite film, as the substrates for
SERS and efficient UC fluorescence sensing. As a proof of
concept, we use R6G as a probe molecule and the NaYF,/Au/
W;30,49 composite film as the substrate to detect R6G qualita-
tively through SERS signal monitoring and quantitatively
though UC fluorescence sensing (Fig. 4A). The SERS spectrum of
the R6G solution on the surface of the NaYF,/Au/W,30,4 film
exhibits characteristic vibration characteristics, showing the
“fingerprint” characteristic of Raman spectra, of which the
Raman band intensity at 610 cm ™" (vibration with the highest

Qualitative
"Fingzrprint”

A

Laser in

8000

Detection Process

View Article Online
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signal sensitivity) is selected for comparison at various
concentrations.* Fig. 4B depicts the magnified SERS spectra in
the 610 cm~ " Raman shift window for 107> to 10~ M R6G
concentrations. The detection limit of the SERS substrate is
10" M for R6G which affirms the high sensitivity detection of
highly diluted samples. The quantitative comparison of SERS
intensities related to the concentration of R6G indicates a linear
SERS response with the R6G concentration ranging from 10~
to 10”7 M (shown in Fig. 4C). The SERS response-concentration
linear relationship in a narrow concentration window is similar
to that in the relevant literature,”*” indicating the limitations of
quantitative detection using SERS substrates. Thereby, we carry
out fluorescence sensing of the R6G solution in order to achieve
quantitative detection and analysis in a wide concentration
range. Fig. 4D further exhibits a group of overlapping peaks
about the excitation spectrum of R6G and the emission
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Fig.4 (A) The diagram of the fluorescent probe molecular detection process. (B) SERS spectra of R6G on the composite Ag NRs/W1g0 49 NW film
substrate at concentrations ranging from 1075 to 107 M at 610 cm™%. (C) The linear relationship of SERS intensity at 610 cm™* with R6G
concentration up to 107 M. (D) The emission spectrum of NaYF, NPs excited at 980 nm and the absorption and emission spectra of R6G
stimulated by 540 nm. (E) Emission spectra of the NaYF; NPs/Ag NRs/W;gO49 NW film loaded with a R6G solution. (F) The linear relationship of
the emission area ranging from 560 nm to 642 nm with different rhodamine 6G concentrations.
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spectrum of NaYF, NPs, which induce fluorescence resonance
energy transfer owing to long-distance dipole-dipole interac-
tions for strengthening the emission intensity of fluorescent
molecules at low concentrations.”””*®* The characteristic emis-
sion peak of the R6G solution shown in Fig. 4D appears in the
regular emission spectrum of NaYF, NPs deposited on the
composite film in the excited state when various concentrations
of the R6G solution are alternately loaded on the NaYF,/Au/
W50, film (Fig. 4E). With the increase of concentration, the
characteristic peak of R6G at 570 nm becomes even more
obvious, and the green emission intensity of NaYF, NPs
decreases with a low concentration R6G solution, where the
results demonstrate the existence of fluorescence resonance
energy transfer. Finally, we confirm that the concentration is
linearly related to the integral area of R6G fluorescence emis-
sion under the stimulation of ultra-intense emission light
(*Hy1/o-"115/2, *S3/2-"115,2) and the linearly correlated concentra-
tion extends to 10> M (Fig. 4F). This dual detection method can
offer two functionalities for R6G molecule detection, namely,
qualitative detection by SERS and quantitative detection by
fluorescence sensing. This detection system has a high sensi-
tivity of 10" M, a good linear relationship and a wide detection
range of 10! to 10~* M, and thus may have great potential for
accurate molecular detection.

Conclusions

In summary, strong plasmonic coupling has been demon-
strated in the Au/W,30,4 heterostructure, in which the local-
ized electric field is dramatically amplified. UC fluorescence
of NaYF,:Yb*",Er** UCNPs is investigated and optimized in
the vicinity of the composite plasmonic Au/W,;3049 nano-
structure. Based on the fact that LSPR of the Au/W;30,4
hybrid matches both the absorption and emission wave-
lengths of the UCNPs, our work evaluates the influence of the
two factors, the excitation and emission electric field effects,
in the NaYF,;/Au/W,30,9 hybrid. The results demonstrate that
a significant enhancement of UCL is observed by precisely
tuning the L-LSPR wavelength of the Au NRs at 980 nm;
meanwhile, the interaction distance between the plasmonic
nanostructure and the UCNPs emitters is optimized by tuning
the emitter particle size from 6 to 50 nm and the separation
distance in the range from 2 to 10 nm in order to overcome
fluorescence quenching. A remarkable enhancement up to
1108 fold is achieved for the overall UCL intensity of Er** in
the dual LSPR coupling mode of the Au NRs/W;3049 NW
heterostructure. Finally, the NaYF,/Au/W,;30,9 composite
luminescent film is used in the qualitative detection of fluo-
rescent molecules, and then the fluorescent molecules are
quantitatively measured based on induced ultra-strong
emission, which widens the scope for solving the problem
of fluorescent molecule detection.
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