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Surface-enhanced Raman scattering (SERS) and metal-enhanced
fluorescence (MEF) phenomena can significantly increase spectroscopic
signals, allowing sophisticated biological detection to be realized.
However, integrating SERS and MEF into a single plasmonic platform
is still a challenge, since the optimized distance between the analyte
and the metal is different for these two detection techniques. Herein,
we designed a three-dimensional (3D) electromagnetic field via dec-
orating silver (Ag) nanoparticles on a zinc oxide (ZnO) nanorod arrays to
overcome this limitation, and the ultrasensitive detection of Rhodamine
6G dye molecules at extremely low detection limits of 10 fM for SERS
and 100 fM for MEF can be realized. The underlying enhancement
mechanism investigated via finite-difference time-domain simulations
revealed that the 3D electromagnetic field could overcome the
quenching effect in MEF to achieve the simultaneous enhancement
of the SERS and MEF signals. This work provides a way to apply 3D
architecture to realize ultrasensitive SERS-MEF dual-mode detection.

Introduction

Surface plasmon-enhanced spectroscopic sensors are highly sen-
sitive and specific analysis tools for bioimaging,' biosensing,’
clinical diagnostics,”> and environmental monitoring.* Plasmon
nanostructures such as golden (Au) or silver (Ag) nanoparticles
(NPs) play a significant role in surface-enhanced techniques.’™
When the incident light is close to their plasmon resonance, the
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localized electromagnetic fields are greatly enhanced near the
metallic surface, giving rise to phenomena such as surface-
enhanced Raman scattering (SERS) and metal/surface-enhanced
fluorescence (MEF or SEF)."*'!

The MEF phenomenon stems from the increased excitation
or radiative emission rate of the fluorophore as a result of the
interaction between the fluorophore dipole moment and the
surface plasmon field of the metallic nanoparticle.">"" How-
ever, the fluorescence signal is typically transferred to fluores-
cence imaging, and cannot provide structural information of
the emitting molecules. On the contrary, SERS measurement
can achieve high-level target recognition and offers intrinsic
structural information on the analyst with sharp vibrational
bands.'? Consequently, it would be desirable to operate a SERS-
MEF dual-mode sensing chip to realize the simultaneous
detection of an image and structural information of detected
molecules in future spectroscopic techniques.

However, it is still challenging to integrate both SERS and
MEF in a single platform since the optimum distance from
analyte to metal in SERS and MEF is different. The MEF effect
relies on a relatively large analyte (fluorophore) to metal dis-
tance. A typical distance between the fluorophore and metal
should be at least 5-10 nm to overcome the quenching effect
from the metal surface. Therefore, dielectric layers or molecules
were usually needed to separate the fluorophore from the
metallic nanoparticles in previous reports.'> However, an effi-
cient SERS effect requires direct contact of the analyte with the
metal since the EM field is localized in spatially narrow regions,
such as interparticle nanogaps or particle-substrate nanogaps,
known as “hotspots”.

To explore dual-functional SERS and MEF platforms, a
variety of geometries of functional nanostructures, such as
needle tip or shape edges, aggregated metallic nanoparticles
and metallic/dielectric core/shell composited nanostructures,
have been investigated to overcome the challenge of the differ-
ent optimal distances in the two detection techniques."*™"
However, most sensor systems have applied two-dimensional
planar geometries or metallic colloids with a small proportion
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of hotspot area and limited enhancement factors. Thus, a
rationally designed nanostructure with large-area hotspots in
three dimensions (3D) might achieve an optimal enhancement
toward performing dual-functional SERS-MEF analysis.

Herein, we investigated a plasmonic nanohybrid combining
Ag nanoparticles and ZnO NR arrays to form a three-
dimensional (3D) configuration based on our previous
works.?>** The nano-aggregated Ag NPs with a controllable
interparticle gap became the plasmonic hotspots for target
molecule detection. The c-axis oriented ZnO NR arrays with a
large specific surface area would serve as scaffolds to attach the
Ag NPs and the target fluorophores. By controlling the size and
distribution of Ag NPs on the ZnO nanorod arrays, ultrasensi-
tive SERS and MEF performance with detection limits of 10 fM
for SERS and 100 fM for MEF can be realized based on this
platform to detect Rhodamine 6G (R6G) molecules. The
enhancement mechanism demonstrated by finite-difference
time-domain (FDTD) simulations showed a robust spatial dis-
tribution of local enhanced electrical fields to overcome the
quenching effect in MEF under a certain degree of Ag NP size
and distribution, realizing a simultaneous enhancement of the
SERS and MEF signals.

Results and discussion

Nanostructure characterization

The 3D Ag/ZnO NR platform can be realized by the deposition
of Ag NPs on pre-assembled ZnO NR arrays. The inter-particle
nanogaps, size, and distribution of the Ag NPs can be con-
trolled by regulating the fabrication parameters. According to
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our previous works, ZnO NR arrays were prepared by a facile
hydrothermal method (details can be found in the Experi-
mental section).>”> The SEM images of the as-prepared ZnO
(Fig. S1(a), ESIt) showed that the ZnO NRs were perpendicular
to the substrate with a highly ordered hexagonal crystal struc-
ture. The average diameter and length were ~70 nm and
~ 670 nm, respectively. Subsequently, the Ag NPs were depos-
ited on the top and surface of the ZnO NRs by a radio frequency
magnetron sputtering method. The particle size and the inter-
particle distance can be controlled by adjusting the sputtering
time to 1 min, 5 min, 20 min, and 30 min, respectively
(Fig. 1 and Fig. S1, ESIf). The size range of the Ag grains on
the top and body of the NRs was estimated as 5-20 nm for 1 min
deposition time (Fig. 1a) and 20-50 nm for 5 min (Fig. 1d).
With further increasing the deposition time to 20 and 30 min,
the size of the Ag NPs was further increased, and the inter-
particle spacing was reduced. For 30 min deposited Ag/ZnO
NRs, the Ag nanoparticles were too big to merge (Fig. S1, ESIT).
The Ag element content in the Ag/ZnO NRs is linearly increased
with increasing the deposition time, demonstrated in the
energy dispersive spectroscopy (EDS) results in Fig. S1d (ESIY).
For the Ag/ZnO NRs, the X-ray diffraction (XRD) pattern
(Fig. S2, ESIt) with a dominant (002) crystal face of the ZnO
NRs indicates the c-axis preferred growth of the NR arrays.
Moreover, the diffraction peaks located at 38.3° and 44.3° can
be attributed to the (111) and (200) crystal planes of Ag (JCPDS
No. 01-1167). TEM images have further confirmed the size and
distribution of Ag NPs. As shown in Fig. 1b, the 1 min-
deposited Ag was spherical particles with a size range of
12 £+ 3 nm, and the average gap between each Ag NP is over
10 nm. When the deposition time was increased to 5 min, the
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Fig.1 SEMimages of Ag/ZnO NRs with Ag-deposition durations of (a) 1 min and (d) 5 min; the inset images show cross-sections. TEM images of Ag/ZnO
NRs with Ag-deposition durations of (b) 1 min and (e) 5 min. HRTEM images of Ag/ZnO NRs with Ag-deposition times of (c) 1 min and (f) 5 min.
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size of the Ag grains was increased to 25 £ 7 nm (Fig. 1e).
The density of Ag NPs was also increased, and this led to the
interparticle gap between the Ag NPs being decreased to
2-6 nm. The HRTEM images in Fig. 1c and f show the 1 min
and 5 min Ag/ZnO NRs, and the measured spacings of the
lattice planes of 0.26 nm and 0.24 nm were related to the (002)
and (101) planes of ZnO, and those of 0.24 nm and 0.20 nm
were related to the (111) and (200) planes of the Ag crystal
lattice.

SERS and MEF characterization

The SERS performances of our Ag/ZnO NR arrays were evalu-
ated under an excitation wavelength of 532 nm. The typical R6G
fluorophore, which can be excited at a similar wavelength to the
Ag surface plasmon resonance, was selected as the target
molecule. The excitation and emission rates of this fluorophore
would be enhanced by Ag surface plasmon resonance. A series
of as-prepared samples with different Ag sputtering times were
immersed in a relatively low concentration of 10°° M R6G dye
for 12 hours at 4 °C, and then washed and dried in air. As
illustrated in Fig. 2a, the Raman spectrum shows feature peaks
of R6G at 614 cm ', 773 cm %, 931 cm !, 1087 cm
1183 cm™ !, 1271 ecm™ %, 1310 cm™?, 1363 cm™*, 1419 cm ™},
1509 cm ™', 1572 em ! and 1650 cm ™!, which agreed well with
the literature values.>® The chosen specific intensity ratio
(the intensity for a certain peak/the background intensity) of
1650 cm™ " and 773 cm ™" (Fig. 2¢) showed a trend of increasing
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enhancement ability with increasing Ag deposition time to
20 min and a little decrease when extending the Ag deposition
time to 30 min. The decreased SERS signal in 30 min Ag/ZnO
might be due to the aggregation of the Ag NPs (Fig. S1, ESIT),
resulting in a reduced effective activity surface and reduced
hotspots generated in the gaps of the Ag NPs. The SERS
enhancement factor (EF) used to evaluate the Raman enhance-
ment ability of the substrates was further calculated according
to the Raman spectra of bare ZnO (reference) and 20 min
Ag/ZnO via the formula EF = (Iggrs/Irer) X (Crer/Csers)>>>°
Details can be found in the, Fig. S3a (ESIT), and the value of EF
was estimated to be 8 x 10'" for our 20 min Ag/ZnO platform,
which is higher than the previous report with an average EF of
107-10"°.>**” The detection limit of the R6G molecule was
further evaluated with the optimized 20 min-Ag/ZnO NR sam-
ples and shown in Fig. S3b (ESIt). Even at a very low concen-
tration of 1 fM, the feature characteristics of the dye molecule
can still be observed, verifying the highly sensitive SERS detec-
tion ability.

Furthermore, we would like to investigate the MEF effect of
this highly efficient SERS substrate based on Ag/ZnO NRs.
Specifically, patterned templates were fabricated using a copper
grid as the mask for MEF observation during the Ag decorating
process. As shown in Fig. S4 (ESIt), the broad domains (200 pm
in width) and the narrow stripes (50 pm in width) represented
the Ag/ZnO NRs and bare ZnO NRs, respectively. The fluores-
cence images were obtained under excitation centered at
530 nm using a fluorescence microscope and further analyzed
by Image J software. As shown in Fig. 2(b), the fluorescence was
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(a) A series of Raman spectra obtained from 1 pM aqueous solutions of R6G molecules absorbed on the as-prepared Ag/ZnO NRs and (c) the

calculated intensity ratios of the Raman peaks at 1650 cm~*and 774 cm™?; the inset shows the structure of the R6G molecule. (b) Fluorescence images of
patterned Ag/ZnO NRs with Ag deposition durations of 1 min, 5 min, 20 min, and 30 min, and (d) the corresponding fluorescence-intensity distributions.
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quenched on the 1 min Ag/ZnO NR platform, indicating that
the 1 min Ag/ZnO NRs are insufficient to enhance the fluores-
cence intensity of R6G, which could be attributed to the non-
radiative energy transfers to the metal grains from the excited
state of the molecules when they directly contact with each
other.”® However, we found that this quenching effect was
overcome when the deposition time of the Ag NPs was
increased to 5-30 min. The enhancement factors were further
calculated according to the corresponding fluorescence inten-
sity exhibited in Fig. 2d. The fluorescence intensities obtained
from the Ag/ZnO zones with 1 min, 5 min, 20 min, and 30 min
Ag decoration time were about 1/4, 6, 16 and 12-fold that of the
ZnO NRs, respectively. The most robust fluorescence enhance-
ment platform is also the 20 min Ag/ZnO, the same as the SERS
cases. The fluorescence detection limit of R6G dyes was also
analyzed on the 20 min Ag/ZnO NRs. The fluorescence images
and corresponding intensity of the R6G dyes (Fig. S5, ESIt)
demonstrated that the lowest detection limit of R6G dyes is
100 fM. These results proved that the Ag/ZnO NRs could be
used as a reliable platform for SERS and MEF dual-functional
detection.

Electromagnetic mechanisms

To get more insights into the mechanisms of the SERS-MEF
dual enhancement based on the 3D Ag/ZnO NRs, and especially
to understand the phenomenon from quenching for 1 min
Ag/ZnO to enhancement for 5 min Ag/ZnO in MEF detection,
finite-difference time-domain (FDTD) simulations were carried
out to study the spatial distribution of local electromagnetic
(EM) fields using the RF Module of COMSOL Multiphysics
software. According to the SERS experiments, Fig. 3 illustrates
the electric field intensity distribution calculated at the surface
of two coupled composited NRs under perpendicular irradia-
tion with a wavelength of 532 nm. The initial electric field
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amplitude of the incident light was assumed to be |E,| = 1, and
k indicates the propagation direction. For 1 min Ag/ZnO, a
typical model had 6 nm Ag NP-decorated 70 nm diameter ZnO
NRs. The interparticle spacing of 10 nm and inter-rod spacing
of 90 nm were built in Fig. 3a according to the TEM image in
Fig. 1b. For 5 min Ag/ZnO, a typical model had 25 nm Ag
NP-decorated 70 nm diameter ZnO NRs, and the interparticle
spacing of 2 nm and inter-rod spacing of 90 nm were built in
Fig. 3b according to the TEM image in Fig. le. As shown in
Fig. 3a, for 1 min Ag/ZnO, the main EM field intensity occurred
only near the metallic Ag NPs at a short distance of several
nanometers through the local field enhancement effects. How-
ever, for 5 min Ag/ZnO, besides the EM field near the metallic
Ag NPs, there were other strong enhanced EM fields close to the
Ag NP-to-Ag NP junctions, which were not only located sur-
rounding the top or side surface of a single rod, but also located
between the Ag NPs on the sidewall of two adjacent ZnO NRs. In
addition, the strongest EM field appeared at the Ag NP-to-ZnO
NR junction. These enhanced fields can benefit enhancing the
detection signal of the analytes, which were absorbed in gaps of
the inter-ZnO NRs. In these regions, the strongly localized
plasmons yielded from the excited Ag NPs could lead to strong
local field enhancements, largely enhancing the Raman scatter-
ing and fluorescence signals. Furthermore, the local field
enhancement factor confined in the nanogaps were estimated
by |Eioc|*/|Eo|?,>® where E, indicates the magnitude of the
electric field of the incident light in a linear simulation,
calculated in the air as 4.4 x 10%, and E is the local maximum
electric field with a calculated value of 2.3 x 10° for 1 min
Ag/ZnO and 1.0 x 10° for 5 min Ag/ZnO. Then the estimated
|Etoc|*/|Eo|? of 5 min Ag/ZnO (6.25 x 10%) is over 22 fold that of
the 1 min Ag/ZnO (2.7 x 10%). As a result, for 1 min Ag/ZnO NRs,
the electrical field enhancement is not efficient to overcome the
fluorescence quenching effect due to the non-radiative energy
transfer between the metal and fluorophore, resulting in a
quenching effect of the fluorescence. However, when increasing
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Fig. 3 Electric field density distributions for (a) 1 min and (b) 5 min Ag/ZnO NRs using FDTD simulations.
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the Ag sputtering time to 5 min, the much stronger local field-
enhancement around the Ag NPs and between two ZnO NRs
can effectively overcome the fluorescence quenching effect to
enhance the fluorescence emission (Fig. 2b).>%*° Therefore, the
strong localized electrical field of the 3D Ag/ZnO nanostruc-
tures plays a significant role in determining the fluorescence
and SERS enhancement effect.

Conclusions

This work developed the robust 3D nanostructure of Ag
NPs/ZnO NRs to enhance SERS and fluorescence responses
simultaneously. The ultrasensitive detection of Rhodamine
6G dye molecules at extremely low detection limits of 10 fM
for SERS and 100 fM for MEF can be achieved. We found that
the EM enhancement field can overcome the quenching effects
in MEF to enhance the fluorescence intensity of R6G fluores-
cence, even with direct contact with the Ag NPs, which was
supported by FDTD simulations. Our work could be further
adapted for ultrasensitive and reliable biomarker detection.

Experimental
Fabrication of the ZnO seed layer

The ZnO seed layer was first prepared on a Si substrate by
sputtering the ZnO target through the radio-frequency (RF)
magnetron sputtering method. The deposition conditions are:
the RF power of 150 W, the working pressure of 1 Pa with argon
gas and oxygen gas at the flow rate of 40 sccm (standard-state
cubic centimeter per minute) and 10 sccm, the sputtering time
of 2 min, and the temperature fixed at 400 °C.

Preparation of ZnO nanorod arrays

ZnO nanorod arrays were synthesized by a hydrothermal pro-
cess on ZnO seed layers. Equimolar aqueous solutions (50 mL,
0.1 M) of zinc nitrate hexahydrate (Zn(NO;),-6H,0, 99%, Alad-
din, China) and hexamethylenetetramine (HMT, C¢H;,N4, 99%,
Aladdin, China) were separately prepared in glass bottles and
then maintained at 90 °C to get thermal stability. The solutions
were mixed, and the ZnO seeded Si substrates were subse-
quently immersed in reactive solutions. The glass bottles were
then sealed and maintained at 90 °C for 3 hours. After growth,
the nanorod samples were cleaned by rinsing in deionized
water and ethanol, and then dried in air.

Decoration of Ag NPs on the ZnO
nanorod arrays

Ag NPs were decorated onto the ZnO NRs by magnetron
sputtering at room temperature. Striped copper transmission
electron microscopy grids (100 meshes) were employed as
masks and attached to the ZnO NR platform to obtain pat-
terned substrates. After decoration, the masks were removed
from the resultant samples. The sputtering conditions are: the

4524 | Mater. Adv., 2022, 3, 4520-4525
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RF power of 40 W, the working pressure of 1 Pa with argon gas
at the flow rate of 40 sccm, and the deposition times of 1, 5, 20,
and 30 min, respectively.

Characterization

The crystallinity and surface morphologies of the samples were
characterized by X-ray diffractometer (XRD) (PANalytical, X'Pert
Pro) with Cu Ko radiation (2 = 1.54 A), field emission scanning
electron microscopy (FESEM) (FEI Quanta 200 F, 30 kV),
transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) (TecnaiG2F30,
300 kV).

Evaluation of the fluorescence and
Raman performances

The as-prepared Ag/ZnO nanorods were immersed in 1 mL R6G
solutions of different concentrations at 4 °C for 12 h. After that,
the samples were washed with deionized water and dried in the
air. The fluorescence images of the samples were taken by a
fluorescence microscope (Leica DM4000 B) using excitation
light at 530 &= 20 nm and exposed for 1 s. All obtained
fluorescence results were quantitatively analyzed by the Leica
AF software. SERS spectra of different samples modified with
the R6G fluorophore at different concentrations were collected
under the same conditions by a LabRAM XploRA laser Raman
spectrometer (HORIBA Jobin Yvon CO. Ltd) using a laser line of
532 nm.

Raman bands of R6G molecules

The Raman bands at 1650, 1577, 1509, 1420, 1363, 1312, 1183,
and 1127 cm™ " are assigned to armo C-C stretching vibrations,
and among these strong peaks, those at 1420, 1363, and 1312
ecm ! can also be attributed to C-N stretching, and those at
1183 cm ' and 1127 em ™! belong to C-H in-plane bending. The
band at 1276 cm ™" belongs to C-O-C stretching, those at 1087,
930, and 774 cm ™! are assigned to C-H out-of-plane bending,
the bands at 662 and 611 cm ™" are assigned to C-C-C ring in-
plane bending, and those at 268 and 518 cm ™" are attributed to
torsional and/or bending (ring).
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