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a  b  s  t  r  a  c  t

Highly  effective  surface-enhanced  fluorescence  substrates  with  roughened  3D flowerlike  silver  nanos-
tructures  were  fabricated  by electrodeposition  in liquid  crystalline  template  which  is simple  and
controllable.  Due  to the  localized  surface  plasmon  resonance  of  silver  nanostructures,  the  substrates
were  used  as  surface  enhanced  fluorescence  substrates.  The  morphology  and  optical  properties  of the
substrates  were  studied.  The  fluorescence  experiments  of  the  Rhodamine  6G on the  substrates  for  differ-
ent growth  times  were  carried out  and  the  best  enhancement  factor  of 181  was  achieved.  Eight  substrates
with  the  same  growth  conditions  were  used  to study  the  reproducibility  of the  substrate  which  shows
that  the  fluctuations  are  within  9%. This  substrate  was  used  in  organic  distributed  feedback  lasers  and  the
lowerlike silver nanostructures
iquid crystalline
ocalized surface plasmon resonance
rganic distributed feedback laser

amplified  spontaneous  emission  of poly(2-methoxy-5-(2′-ethyl-hexyloxy)-p-phenylenevinylene)  was
enhanced  dramatically  which  means  the  reduced  threshold  and  improved  slope efficiency.  Such  easily
fabricated  flower-like  silver  nanostructure  substrates  with  strong  surface  enhanced  fluorescence  effect
and good  reproducibility  are  good  candidate  for potential  applications  in  optical  imaging,  biotechnology
and  material  detections.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Surface enhanced fluorescence (SEF) is a technique for enhanc-
ng the fluorescence intensity of fluorophores nearby the metallic
urfaces [1–3]. Owing to its promising applications in optics [4,5]
nd biotechnology such as DNA detection [6], sensing [7] and diag-
osis [8], there are more and more researchers devoted to SEF. Now

t is widely accepted that the SEF effect mainly can be attributed to
he localized surface plasmon resonance (LSPR) excited from the

etallic nanostructures. The LSPR intensely modified the spectral
roperties of nearby fluorophores which is due to the coupling
etween the localized surface plasmon resonance band of the
etallic structures and the characteristic bands of fluorophores
ncluding absorption and emission [2,9]. Thus, the SEF effect can
e controlled by specially designed metallic nanostructures. The
hapes, sizes and other morphology properties of the nanostruc-

∗ Corresponding author.
E-mail address: ycldahai@ciomp.ac.cn (C. Yang).

ttp://dx.doi.org/10.1016/j.apsusc.2017.01.010
169-4332/© 2017 Elsevier B.V. All rights reserved.
tures have strong effect on the enhancement factor. Various shapes
of metal nanostructures have been fabricated in the past sev-
eral years such as nanoparticles, nanorods, dimers, fractal-like, etc
[10–14]. Also many methods have been developed for synthesiz-
ing metal nanostructures, including the vapor deposition method,
the e-beam lithography, the chemical reduction method and self-
assembly of metal colloids [15–18]. However, powerful plasmon
metallic nanostructures as SEF-active substrate with high enhance-
ment factor as well as good reproducibility are still desirable in
practical SEF techniques. It is found that 3D nanostructures such
as flowerlike structures used as SEF substrates exhibit more favor-
able properties such as high enhancement factor owing to more
‘hotspots’ and enhanced local EM field than lower dimensional
nanostructures [19,20]. Dong’s group obtained good enhance-
ment effect using flower-like silver nanostructures on Al substrate
[13]. Chen’s group using silver nanoparticle arrays obtained valid

enhancement factor of 138 [10]. In 2015, Chris D.Geddes’ group
observed the basic fuchsin fluorescence enhancement factor is up
to 7 fold using zinc substrates [21]. Substrates composed of flow-
erlike nanostructures on SEF with large enhancement factor are

dx.doi.org/10.1016/j.apsusc.2017.01.010
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.01.010&domain=pdf
mailto:ycldahai@ciomp.ac.cn
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Fig. 1. The sandwich structure used in the surface enhanced fluorescence exper-
iments. Ex and Em represent the excitation beam and fluorescence emitted. The
98 Y. Zhang et al. / Applied Sur

till desirable. However, there are still many problems to synthe-
ize flowerlike nanostructures with complicated morphology such
s complex production process, high cost, time consuming, poor
eproducibility and so on, which limit the practical applications for
he substrates. The SEF properties of substrates with large scale
niform flower-like nanostructures still need to be studied.

In this work, highly roughened 3D flowerlike silver nanos-
ructures were fabricated experimentally on ITO (indium tin
xide) glass. The optical properties and SEF effects were stud-
ed. From the experiments of fluorescence with the substrates
or different growth times, we have confirmed that the surface
nhanced fluorescence effect is controllable and the best fluo-
escence enhancement factor of 181 is achieved. The broaden
SPR band of the flower-like silver nanostructures owing to its
igh anisotropy shape and couplings between each flowers makes

t possible to achieve the SEF effect in wide spectrum range.
lso, the stability of the flowerlike silver substrates is better

han the flowerlike silver colloids which is because the flow-
rlike nanostructures on the substrates will not aggregate. We
pplied this substrate on organic distributed feedback (DFB) lasers
22–26] which is made from holographic polymer dispersed liquid
rystal (HPDLC) transmission gratings with organic semiconduc-
or poly(2-methoxy-5-(2′-ethyl-hexyloxy)-p-phenylenevinylene)
MEH-PPV). The fluorescence experiments of the organic semicon-
uctor MEH-PPV were carried out and the enhancement factor of
1 was obtained. The intensity of ASE spectrum of MEH-PPV was
nhanced dramatically which means the reduced threshold and
mproved slope efficiency of the laser [27,28].

. Experiment

.1. Materials

Anionic surfactant sodium bis (2-ethylhexyl) sulfosuccinate
AOT) (98 wt%), oil phase p-xylene (99 wt%) and silver nitrate
99 wt%) were purchased from Sigma-Aldrich Chemical Company.
hodamine 6G (R6G) was purchased from J&K(China) which is a
ind of very common fluorescence dye in the research field of sur-
ace enhanced fluorescence. The organic semiconducting MEH-PPV
Mw ∼105) was obtained from Xi’an P-OLED Material Corporation
nd used as received. Deionized water was obtained from the Mil-
ipore Elixir 100 and the resistivity is over 18 M� cm.  Silver foil
2.0 mm 99%) was from Alfa Aesar.

.2. Fabrication of flower-like silver nanostructures

In this work, we use the liquid crystalline phase as the soft
emplate to fabricate the flower-like silver nanostructures. The liq-
id crystalline phase was prepared according to the ternary phase
iagram [29], consisting of the anionic surfactant sodium bis (2-
thylhexyl) sulfosuccinate (AOT), the oil phase p-xylene and water.
he electrodeposition processes with different deposition times for
arious sizes and coverage ratio of flowerlike nanostructures were
arried out. The details of the liquid crystalline preparation and
lectrodeposition are represented as follows. The liquid crystalline
hase was prepared according to the ternary phase diagram men-
ioned above consisting of AOT, oil phase p-xylene and water which
as replaced by AgNO3 aqueous solution for the growth of silver
owers in this work. At first, the AOT was dissolved in the p-xylene
ith 1.4 M concentration. Then the aqueous 0.3 M AgNO3 solution
as added to the mixture drop by drop. After 2 h violent stirring, the

ixture becomes to a clear liquid. The liquid crystalline phase was

sed as electrolyte in electrodeposition process. In the electrode-
osition process, the silver foil (the anode) was mounted with the

ndium tin oxide (ITO) glass (the cathode, 15 × 40 mm2) to form a
thickness of the gap is about 20 �m with 1 �m effective layer.

cell with 0.7 mm  cell gap. The surface of ITO glass was  very clean
and smooth for collecting the flower-like silver nanostructures. The
3.0 V DC voltage was  applied between the anode and cathode by a
DC voltage-stabilized power supply at room temperature. When
the deposition process was  finished, the negative electrode ITO
glass was  softly washed by ethanol and dried by a gentle flow of N2.
Silver structures with different sizes can be obtained by controlling
the deposition time.

2.3. Characterization

The morphology was observed by a field emission scanning elec-
tron microscope. The chemical constituent of the flower-like silver
nanostructures was  characterized by the energy dispersive spec-
trum. Extinction spectra of the flowerlike silver nanostructures
were obtained from the Perkin Elmer Lambda 950 spectrometer
with an integrating sphere.

2.4. Surface enhanced fluorescence effect experimental setups

To investigate the SEF effect of the flowerlike silver nanostruc-
ture substrates, the fluorescence emission spectra of R6G aqueous
solution on the substrates were measured according to the method
from Chris D.Geddes’ group [30]. The R6G solution (2 × 10−5 M)  was
filled into the gap between the glass and the silver flower-like nano-
structure film coated substrate which forms a sandwich structure.
Fig. 1 shows the sandwich structure used in the SEF experiments.
Ex and Em represent the excitation beam and fluorescence emitted,
respectively. The thickness of the gap is 20 �m.

The experimental setups for surface enhanced fluorescence
experiment are shown in Fig. 2(a). The R6G was excited by a solid
state laser with 532 nm wavelength. A beam splitter was used to
separate the exciting path and detection path. A 10× objective
was used to focus the excitation beam and collect the fluorescence
which was  emitted nondirectionally. A notch filter was used to
remove the excitation light from the collected fluorescence whose
optical density was  6 at 532 nm.  Then a fiber coupler focuses the flu-
orescence into the fiber. Ocean Optics USB 4000 spectrometer was

employed to record the fluorescence spectra. Fig. 2(b) is the pho-
tograph of the experimental setups. The experiments were carried
out at room temperature.
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Fig. 2. Experimental setups for surface enhanced fluorescence experiments. The R6G was excited by a solid state laser with 532 nm wavelength. The exciting path and detection
p citation light from the collected fluorescence. Ocean Optics USB 4000 spectrometer was
e s for surface enhanced fluorescence experiment (b) is the photograph of the experimental
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Fig. 3. The optical setups for investigating enhanced ASE properties of MEH-PPV.
The  frequency doubled pulsed Nd:YAG laser was used as the pump source. The pump
ath  was separated by the beam splitter. A notch filter was used to remove the ex
mployed to record the fluorescence spectra. (a) is the diagram of experimental setup
etups.

.5. Application in organic distributed feedback lasers

.5.1. Fluorescence enhancement of MEH-PPV
To investigate the SEF effect of MEH-PPV by the flowerlike silver

anostructure substrate, the fluorescence emission spectra of MEH-
PV chlorobenzene (CB) solution on the substrates were measured
ccording to the method mentioned above. The concentration
f MEH-PPV CB solution was 0.8 wt%. Absorption spectrum was
btained by UV-3101PC UV–vis-NIR scanning spectrophotometer.

.5.2. ASE enhancement of MEH-PPV
To improve the intensity of output laser of the DFB lasers made

rom HPDLC transmission gratings with organic semiconductor
EH-PPV, the flowerlike silver nanostructure substrate was used.

he MEH-PPV CB solution was filled into the gap between the
lass and the silver flower-like nanostructure film coated substrate

hich forms a sandwich structure as Fig. 1 shows. The optical

etups for investigating ASE properties of MEH-PPV are shown in
ig. 3. The frequency doubled pulsed Nd:YAG laser at 532 nm (1 Hz,

 ns) was used as the pump source. The pump energy upon the
beam shaped by the cylindrical lens was  incident upon the sample to the normal
of  the cell. Output emission was collected by a spectrometer with a resolution of
0.3  nm.
device was  27 �J monitored by an energy meter. The pump beam
shaped by the cylindrical lens was incident on the sample from the
normal direction of the cell. Output emission was  collected by a
spectrometer with a resolution of 0.3 nm.
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ig. 4. FESEM images of the silver flower-like nanostructures for different growth ti
.5  h, 1.5 h, 2 h and 5 h growth times, respectively. (g)–(l) are the magnified images 

. Results and discussion

.1. Morphology and constituent characterization

The morphology of the silver nanostructure substrates was
bserved by a field emission scanning electron microscope
FESEM). The size, morphology and coverage ratio of the silver
anostructures mainly depend on the growth time when the silver

on concentration is fixed. From the experiment, when the growth
ime is about 5 min, silver nanoparticles with uniform distribution
ere formed on the ITO glass substrate. When the growth time is
ore than 5 min, flowerlike silver nanostructures were obtained.

he sizes and coverage ratio of silver flowers increase with growth
ime. Fig. 4 shows the images of flowerlike silver nanostructures
ith highly roughened surface obtained at room temperature for
ifferent growth times when the AgNO3 concentration was 0.3 M.
ig. 4(a)–(f) are the FESEM images with low magnification of the
ilver flowers for 10 min, 15 min, 0.5 h, 1.5 h, 2 h, 5 h growth times
espectively, which shows that coverage ratio of silver flowers
ncrease with growth time and the obtained silver nanostructures
re uniformly distributed in the surface of substrate in large scale.
ctually, the silver flowers are uniform on the whole ITO glass
ubstrate (15 × 40 mm2) in our experiment and we  believe that
uch uniform silver structures can be achieved in even larger scale.
ig. 4(g)–(l) are the magnified images of (a)–(f) respectively, from
hich we can see that the sizes of silver flowers are also uniform
nd increase with growth time. When the growth time is 10 min,
he flower-like silver nanostructures with about 600 nm diameter
re obtained. As time increases, the diameters become to 750 nm,
a)–(f) are top views with low magnification of the silver flowers for 10 min, 15 min,
(f), respectively. The two scale bars are 20.0 �m for (a)–(f) and 2.00 �m for (g)–(l).

900 nm,  1.4 �m,  1.5 �m and 1.9 �m for 15 min, 0.5 h, 1.5 h, 2 h, 5 h
growth times, respectively. Fig. 5(a) is the picture of single silver
flower. The fabricated silver structure is quite like a rose com-
posed of high density petals whose thickness is about 50 nm which
increases with the growth time. Between the petals there are many
horns and thin gaps. Fig. 5(b) and (c) are side views of the sub-
strate from which we can see that the height of the flowers is about
700 nm,  which also increases with growth time.

The energy dispersive spectrum (EDS) was  performed to ana-
lyze the chemical constituent of the silver flowers (Fig. 5(d)). From
the EDS result, peaks of silver, carbon and sulfur are observed.
The dominant peak is for element silver, which addresses that the
flower-like nanostructures are mainly composed of metallic silver.
The peaks for carbon and sulfur can be attributed to the residuary
AOT template in the sample. Only by the simple washing process,
the template molecule cannot be all removed from the nanoscale
space among the petals and flowers.

3.2. Extinction properties

As we  know, the optical property such as localized surface plas-
mon  resonance and surface enhanced fluorescence is influenced by
metal nanostructures’ morphology. So, the optical properties were
studied before SEF effect. Extinction spectra of the flower-like sil-
ver nanostructures were measured from the Perkin Elmer Lambda

950 spectrometer with an integrating sphere. Fig. 6 shows the LSPR
bands of flower-like silver nanostructures for 0.5 h (Fig. 6(a)), 1.5 h
(Fig. 6(b)), 2 h (Fig. 6(c)) and 5 h (Fig. 6(d)) growth time, respectively.
It is noted that the LSPR band is red-shifted and wider than sliver
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ig. 5. Typical SEM morphology and energy dispersive spectrum of the silver flower
f  the substrate. (d) is the energy dispersive spectrum of the silver flowers.

anoparticles (not shown in this work) whose dipole resonance
and is around 410 nm [31–33]. Several peaks at around 500 nm
nd 550 nm in the spectrum corresponding to higher-order mul-
ipole resonances were observed. As the growth time increases,
eaks can be observed obviously in Fig. 6(b), which agrees with
he Mie  theory that anisotropic morphology can induce more LSPR
ands [34]. Fig. 6(b) shows that when the growth time is 1.5 h,
he bands around 650 nm and 480 nm are appeared correspond-
ng to higher-order multipole resonances such as quadrupole and
ctupole resonance, respectively. The band which corresponding
o dipole resonance red-shifted to infrared region compared to
ilver flowers obtained for 0.5 h and becomes more enhanced. Fur-
hermore, Fig. 6(c) and (d) shows that plasmon resonance is more
ntense with the growth time increases in which the enhancement
f dipole resonance dominates the increase.

According to the Mie  theory, for spherical Ag nanoparticles
hich is much smaller than the wavelength of light, the size satis-
es “quasistatic” limit that means all the electrons in the particle
xperience the same phase of the incident electromagnetic field
35]. In this case, only the dipole plasmon resonance is excited.
s the size of particle increases to similar with wavelength of

ight, electrons of particles experience different phase of the inci-
ent electromagnetic field which is called phase retardation effects
36,37]. In this case, higher order multipolar plasmon modes are

xcited at shorter wavelengths than the dipole plasmon mode in
he particle’s extinction spectrum. Otherwise, phase retardation
ffects lead to obvious red-shifting and broadening of the dipole
anostructures. (a) is the picture of single silver flower. (b) and (c) are the side views

resonance [38]. From the study of Feng Zhang, for silver particle
with 400 nm diameter, the higher-order multipolar plasmon reso-
nance are appeared at around 613 nm,  510 nm and 430 nm and the
dipole resonance red-shifts to 820 nm [39]. For our flowerlike sil-
ver structures, as the growth time increases, the dipole resonance is
red-shifted from 670 nm to near infrared. The higher-order multi-
polar plasmon resonance appeared. Considering the SEM photos
shown before, as the growth increases, the size of silver flower
are increased. According to the theory mentioned above, the simi-
lar phenomena appeared on the extinction spectra. Also, coupling
between different nanoslices which constitute the silver flowers
also broaden the resonance bands. Moreover, the increasing of the
nanostructures’ coverage ratio leads to the coupling between dif-
ferent flowers, which broaden the LSPR band, too. The LSPR spectra
achieved can be attributed to the complicated shape of the silver
flowers and the increased coverage ratio, which makes the sliver
flowerlike nanostructures a good candidate for surface enhanced
fluorescence.

The highly anisotropic shape of these silver nanostructures and
coupling between nanostructures enormously influences the opti-
cal properties such as LSPR and SEF. The shape of the nanostructures
determines the position of LSPR bands. According to the works of C.
McDonagh’s group [40] and Joseph R. Lakowicz’s group [41], when
the positions of absorption spectrum band and emission spectrum

band of the fluorophores are overlapped with the LSPR band, the
effect of surface enhanced fluorescence is the best. So the broad
LSPR band is favorable for the SEF effect.
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ig. 6. The measured extinction spectra of silver flower-like nanostructure sub-
trates with different growth time. (a–d) are the substrates for 0.5 h, 1.5 h, 2 h, 5 h
rowth time, respectively.

.3. Surface enhanced fluorescence effect of R6G

The fluorescence spectra of R6G aqueous solution on the sub-
trates are shown in Fig. 7. Curve a–e represent fluorescence from
ilver flower substrates of 0.5 h, 1 h, 1.5 h, 2 h and 5 h growth time
espectively, and curve r is for glass substrate without silver flowers
hich is used as reference curve. We  can see that the fluores-

ence signals of R6G are obviously enhanced by the flowerlike silver
anostructure substrates. The intensity of the fluorescence is much
tronger than that on the glass substrate. The enhancement effect
an be described by the factor (Ef ) as follows

f = IAg−substrate/Ireference (1)

here IAg-substrate is the fluorescence intensity of R6G on the sub-
trates with flowerlike silver nanostructures and Ireference is the
uorescence intensity on the glass substrate. It can be seen that

he enhancement factor increases with the growth time and the

aximum value is achieved by the substrate of 5 h growth time.
he best SEF intensity of 5 h growth time substrate was  about 10.0
imes higher than that on the glass substrate. It decreases to 7.5,
Fig. 7. Fluorescence spectra of R6G for substrates with different growth time. Curve
a–e  are for substrates of 0.5 h, 1.0 h, 1.5 h, 2 h and 5 h growth time respectively. Curve
r  is for glass substrate as reference.

4.0, 2.5 and 2.0 for 2 h, 1.5 h, 1 h and 0.5 h growth time substrates,
respectively. However, according to the work of Chris D.Geddes’
group [30], the SEF effect which originates from the interaction
between the fluorophore and metallic surface only takes place in
the space less than 20 nm from the metallic surface. That is to
say the real effective enhancement factor is much larger than the
observed value. In this work, the thickness of the flower-like silver
nanostructure layer is about 1 �m and the cell gap is about 20 �m.
In other words, the observed 10.0 times enhancement originates
only from the 1 �m effective layer of the total 20 �m solution, the
rest 19 �m solution are not enhanced. The correction calculation is
necessary. We  assume that the intensity of not enhanced part is Y
per micrometer, while the enhanced part is X per micrometer. The
total intensity equals to X plus 19Y which also equals to 10 × 20Y.
The result is X equals to 181Y. So the real effective enhancement
factor is about 181. In the same way, the effective enhancement fac-
tor are about 131, 62, 32 and 22 for 2 h, 1.5 h, 1 h and 0.5 h growth
time substrates, respectively. In order to investigate the reliability
of the corrected calculation, the cell with 60 �m gap was fabricated.
After the same corrected calculation, the enhancement factors of
60 �m cell is about 175 which agrees well with 20 �m (181) cell
mentioned above. So we  think the corrected calculation we used is
available for the effective enhancement factors in this work.

The spectra reproducibility of the flowerlike silver substrates
was also studied. We  fabricated eight substrates with the same
growth conditions. The enhancement effects of each substrate are
measured. Fig. 8(a) shows the results. We can see that the enhance-
ment factors fluctuate around 180. Considering the process of the
experiments, we think the fluctuation may  come from the differ-
ence of substrates and the different cell gaps especially. But, the
fluctuations are still within 9%. Fig. 8(b) shows the spectra for eight
substrates and the shapes are very similar.

Fluorescence is a character for a material including two  pro-
cesses which are absorption and emission of light. The two
processes were quantified by excitation efficiency and fluores-
cence quantum yield, respectively. According to the Jablonski
diagram, the final fluorescence emission intensity is determined
by the product of the two  factors mentioned above. Excitation
efficiency is influenced by the intensity of excitation light and
fluorescence quantum yield is determined by the radiative and
nonradiative decay rates [1]. Surface enhanced fluorescence is
an approach for enhancing the fluorescence intensity of fluo-
rophores nearby the metallic surfaces which due to the localized
surface plasmon resonance from collective oscillation of elec-
trons of the noble metal nanostructures. The enhancement effect

could be attributed to three competing effects. Firstly, local field
enhancement on the surface of metal nanostructures enhanced
excitation efficiency. Secondly, surface plasmon coupled fluores-
cence emission causes increase of radiative decay rate, which
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Fig. 8. The enhancement effects of eight substrates with the same growth con-
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Fig. 9. The spectroscopic properties of the MEH-PPV CB solution on different sub-
strates. The green curve is normalized absorption spectrum. The red and blue curves
itions. (a) shows the fluctuation of the effective enhancement factors of eight
ifferent substrates with the same growth conditions. (b) is the picture of spectra
f  fluorophores for the eight flower-like silver substrates.

eads to increased quantum yield resulting in the fluorescence
nhancement. Thirdly, the non-radiative energy transfer from
he fluorophores to metal nanostructures leads to increased
on-radiative decay rate resulting in fluorescence quenching
1,2,42,43]. The enhanced fluorescence emission of R6G near sil-
er flowerlike nanostructures can be attributed to the increased
xcitation efficiency and quantum yield rates which originate from
he enhanced local field and increased radiative decay rate of the
uorophores. The enhanced local field leads to the enhanced excita-
ion rates, which is determined by the level of overlap between the
SPR bands and the excitation band of fluorophores. The increased
adiative decay rate improves the quantum yield rates of the flu-
rophores. The enhanced fluorescence intensity is the cooperative
ffect of the aspects mentioned above. However, quantum yield of
6G without metal structures is already over 94% [44]. In our study,
he measured extinction spectra of silver flowers consist of sev-
ral localized surface plasmon resonance and each LSPR band is the
uperposition of many plasmon resonances. The complex morphol-
gy of the flower-like nanostructures and the coupling between

anostructures lead to the wide LSPR bands which achieves high

evel overlap between the LSPR band and the excitation band of flu-
rophores. Furthermore, the flowerlike silver structures are made
p of high density petals, which provide many horns on the petals
are  fluorescence spectra of MEH-PPV CB solution without and with silver flower
nanostructure substrates, respectively. (For interpretation of the references to color
in  this figure legend, the reader is referred to the web version of this article.)

and thin gaps between adjacent petals which is favorable for gen-
erating ‘hotspots’. The increase of the fluorescence intensity with
the growth time can be attributed to the increasing surface area
and more complicated morphology of silver nanostructures which
will lead to stronger localized fields and more coupling with flu-
orophores. So the surface enhanced fluorescence effect can be
controlled by changing the growth time.

3.4. Application in organic distributed feedback lasers

3.4.1. Surface enhanced fluorescence effect of MEH-PPV
The spectroscopic properties of the MEH-PPV CB solution on dif-

ferent substrates are shown in Fig. 9. The green curve is normalized
absorption spectrum of MEH-PPV CB solution. The absorption of
the solution peak is at around 503 nm and strong absorption at the
exciting wavelength of 532 nm can also be observed. The red curve
is fluorescence spectrum of MEH-PPV CB solution without silver
flower nanostructure substrate which is used as the reference and
the green curve is fluorescence spectrum with silver flower nano-
structure substrate. The photoluminescence (PL) spectrum peak
is at around 576 nm and with shoulder near 607 nm.  The spectra
overlap (from 541 nm to 561 nm)  between PL bands and absorp-
tion which means that self-absorption loss is significant and lasing
action cannot be obtained at this region. We  can see that the flu-
orescence signals of MEH-PPV CB solution are obviously enhanced
by the flowerlike silver nanostructure substrate. The enhancement
factor calculated by the method mentioned above is 41.

3.4.2. ASE enhancement of MEH-PPV
The results of ASE enhancement are shown in Fig. 10. Fig. 10(a)

and (b) are the photos of the devices without and with flower-
like silver nanostructure substrates respectively pumped by the
pulsed laser (532 nm). From Fig. 10(a) and (b), we  can see that
the color of two  cells are slight different, (b) contains more red
component than (a) which means that the enhanced ASE emis-
sion contains more long wavelength band. Fig. 10(c) shows the
ASE spectra of MEH-PPV CB solution with (bule curve) and with-
out (red curve) silver nanostructure substrates, respectively. The
green curve in Fig. 10(c) is the normalized fluorescence spectrum.
Only one peak at around 569 nm was  detected without silver struc-

ture while two  peaks at around 569 nm and 610 nm were detected
with silver nanostructures. From Fig. 10(c) we  can see that, the
intensity of the peak at around 569 nm is enhanced dramatically.
The peak around 610 nm did not appear in the red curve. In the
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Fig. 10. The results of enhanced ASE properties of MEH-PPV CB solution. (a) and
(b) are the photos of the cells without and with flowerlike silver nanostructure
substrates pumped by the pulsed laser (532 nm), respectively. (c) the ASE spectra of
MEH-PPV CB solution with (bule curve) and without (red curve) silver nanostructure
substrates. The green curve is the normalized fluorescence spectrum. (For interpre-
tation of the references to color in this figure legend, the reader is referred to the
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[27] P.K. Kevin, B. Colin, L. Stephen, J.B. Werner, Z.H. Fryad, R. Henning, P. Annett,
eb  version of this article.)

xperiment we also find that when the emission was detected at
he side of the device with the silver nanostructures cell, there is
nly one peak with a strong intensity at around 610 nm and its
andwidth is about 0.5 nm which we think is a phenomenal related
o random lasers (not shown). According to the study before, ASE
pectrum can be used for predicting the laser efficiency and thresh-
ld [27,28], increasing the intensity of ASE will lead to increased
lope efficiency and decreased threshold. So, our flowerlike silver
anostructure substrates are good candidate for application in the
rganic distributed feedback lasers.

. Conclusions

In this work, we have demonstrated the highly effective sur-
ace enhanced fluorescence substrate with 3D flower-like silver
anostructures fabricated in liquid crystalline phase experimen-
ally. Wide LSPR band is achieved due to the complex morphology
nd the coupling between silver flowers. With the fluorescence
xperiments of R6G, enhancement factor of 181 is achieved. Eight
ubstrates with the same growth conditions were used to study the
eproducibility of the substrate and the fluctuations of enhance-
ent effect are within 9%. The substrates were applied on organic

istributed feedback lasers made from HPDLC and the enhanced
SE of organic semiconductor MEH-PPV CB solution was inves-

igated. The intensity of ASE was enhanced dramatically which
eans the reduced threshold and improved slope efficiency of the

aser. Such highly effective, good reproducible and easily fabri-

ated SEF substrates are a good candidate for many potential SEF
pplications such as optical imaging, biotechnology and material
etections.
ience 401 (2017) 297–305
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