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Wheat leaves with natural microstructures as substrates were covered by the silver nanoislands by magnetron to
prepare a low-cost, environment-friendly and mass production surface-enhanced fluorescence (SEF) substrate (Ag-WL
substrate). The best SEF substrate was selected by repeatly certifying the fluorescence intensity of 10−5 M Rhodamine
B (RB) and 10−5 M Rhodamine 6G (R6G) aqueous solutions. The abundant semi-spherical protrusions and flake-like
structures on the surface of the Ag-WL substrate produce high-density hot spots, which provides a new and simple idea for
the preparation of biomimetic materials. The results of 3D finite-different time-domain (FDTD) simulation show that the
nanoisland gap of semi-spherical protrusions and flake-like structures has produced rich hotspots. By adjusting the time
of magnetron sputtering, the enhancement factor (EF) was as high as 839 times, relative standard deviation (RSD) reached
as low as 10.7%, and the substrate was very stable and repeatable, which shows that Ag-WL substrate is trustworthy.
Moreover, semi-spherical protrusions provide stronger surface-enhanced Raman scattering (SERS) effects compared to
flake-like structure. What is more surprising is that the detection limit of the substrate for toxic substance crystal violet
(CV) is as low as 10−10 M.

Keywords: surface-enhanced fluorescence, wheat leaf, crystal violet, semi-spherical protrusions

PACS: 78.67.–n, 78.55.–m, 73.20.–r DOI: 10.1088/1674-1056/ac1f0d

1. Introduction

In the view of characteristics of good selectivity and high
sensitivity, fluorescence detection technology has been widely
used in the fields of environmental science, biosensing and so
on.[1–4] Along with more and more detailed exploration of the
micro world, it is imperative to improve the sensitivity of fluo-
rescence detection. Therefore, surface-enhanced fluorescence
(SEF) technology has become a research hotspot in recent
years. Generally speaking, SEF phenomenon originates from
the surface plasmon resonance behavior of metal nanoparti-
cles, which is closely related to the size and morphology of
metal nanoparticles. The noble metal nanoparticles assem-
bly for SEF include plate,[5,6] microspheres,[7,8] and hydrosol
system.[9,10]

In general, the preparation of SEF substrates fre-
quently pay more attention to colloidal structures such
as nanoparticles[11] and core-shell structure.[12,13] However,
above substrate are difficult to be repeatly prepared due to
the low stability and complex synthesis steps.[14] Therefore,
we have discovered a more simple and easy method to pro-
duce diverse morphology substrate. It can be found that high
performance SEF substrates were obtained by controlling the
growth conditions of silver nanoislands. The metal silver has

the characteristics of sharp LSPR resonance band and high re-
fractive index sensitivity, which is more favorable to produce
LSPR effect.[15–17] Moreover, as a natural biomaterial, wheat
leaves not only show the advantages of low price and environ-
mental protection, but also have unique semi-spherical protu-
berant and flake-like nanostructures, which provide abundant
surface area for the generation of hot spots. The complex
morphologies of metal nanostructures with more “hot spots”
can produce higher fluorescence enhancement. In the process
of molecular detection, different detection substances often
need to use different detection means. In order to achieve a
better enhancement effect, it is necessary to design different
morphology of surface reinforcement substrate. What’s more,
the biological SEF substrate can effectively avoid the aggre-
gation phenomenon caused by traditional chemical deposition
and the high cost in large-scale production.[18] Compared with
etching technology, magnetron sputtering has more significant
merits, namely, less damage, easy large-scale preparation and
low cost.[19–21]

In this paper, magnetron sputtering method was used to
prepare SEF substrates with high density hot spots. Figure 1
briefly illustrates the process of preparing substrates and de-
tecting fluorescence on wheat leaves. Firstly, silver nanois-
lands were deposited on wheat leaves. A series of Ag-WL SEF
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substrates with different micro-morphology were obtained by
controlling the magnetron sputtering time. And then, the sub-
strate with the optimum SEF effect was selected according to
the change of emission intensities of R6G and RB solution.
The enhancement factor of Ag-WL SEF substrates reached as
high as 961 times with fine stability and reproducibility. Fur-
thermore, SERS spectroscopy was used to analyze the surface
enhancement of different structures of the substrate. At the
same time, we also calculated the electromagnetic field dis-
tribution of the Ag-WL-40 substrate by 3D-FDTD method,
showing the distribution of hot spots distribution. Finally, the
Ag-WL SEF substrate was used for the detection of toxic sub-
stance CV, whose detection limit reached ∼ 10−10 M.

2. Experiment
2.1. Materials and instruments

All the wheat leaves were purchased from Shengliyuan
flower shop (Shanghai, China). Ag target (99.99%) mate-
rial was purchased from Nanchang Material Technology Co.,
Ltd. Probe molecules Rhodamine B (RB, C28H31ClN2O3)

and Rhodamine 6G (R6G, C28H31N2O3Cl) were obtained
from J&K Scientific LTD (Beijing, China). The absolute
alcohol was procured from Aladdin-holdings group (Bei-
jing, China). Crystal violet (CV, C25H30ClN3) was bought
from Tianjin Kemiou Chemical Reagent Co., Ltd. (Tianjin,
China). The Ultra-pure water used in the experiment was

prepared in the Key Laboratory for Microstructural Material
Physics of Hebei Province. Besides, wheat leaves were mod-
ified by silver nanoparticles with direct-current (DC) mag-
netron sputtering apparatus (JGP450). The microstructure and
phase structure of Ag-WL substrate were analyzed by scan-
ning electron microscope (SEM, Hitachi S-4800II) and x-ray
diffraction (XRD, D/Max-2500/PC). The fluorescence spec-
tra were acquired by fluorescence spectrometer (F-7000). The
ultraviolet–visible (UV–Vis) absorption spectra of the solution
and the substrate were obtained by the ultraviolet spectropho-
tometer (UV-2550). Raman spectra of Ag-WL substrate were
analyzed by inVia Raman system.

2.2. Preparation and characterization of substrates

All the wheat leaves were washed by ultrasonic for 5 min
and added into anhydrous ethanol to remove dust, then dried
naturally. A series of 1 cm×2 cm wheat leaves as substrates
were prepared by magnetron sputtering apparatus at about
440 V, 300 mA and 2 Pa argon pressure. Subsequently, the
morphology of the substrate was controlled by adjusting the
magnetron sputtering time. According to different preparation
time (15 min, 20 min, 25 min, 30 min, 35 min, 40 min and
45 min), the samples was named correspondingly as Ag-WL-
X (Ag-WL-15, Ag-WL-20, Ag-WL-25, Ag-WL-30, Ag-WL-
35 Ag-WL-40 and Ag-WL-45). All prepared substrates were
stored in sample bags to reduce the impact of metal oxidation
on the experiment.
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Fig. 1. Schematic illustration of the processes for preparing substrate on wheat leaves decorated with Ag by magnetron sputtering and the
spectra measurement of Ag-WL substrate.

2.3. Measurements of SEF and SERS spectra

Firstly, RB solution with concentration of 10−2 M and
10−5 M was obtained by continuously dilution with ultra-pure
water. R6G solution with the concentration of 10−5 M and the
CV aqueous solution with the concentration of 10−10–10−4 M
were prepared by the same method. The experimental diagram
and schematic diagram of sandwich structure used in fluores-
cence spectrum measurement are shown in Fig. 2, respectively.
The sandwich structure is formed as follows: (a) fix the sub-
strate on the glass sheet; (b) drip the quantitative reagent onto

the substrate by pipette; (c) form water droplets on the sub-
strate; (d) align the circular groove of the silicon glass sheet
with the solution and cover it; and (e) obtain the sandwich
structure of silica glass, fluorescent reagent and substrate. Af-
ter, RB aqueous solution with concentration of 10−5 M was
used as the probe molecule to select the best substrate. The
experimental results were verified by using R6G solution with
concentration of 10−5 M. Then, a certain concentration of CV
solution was dropped on the optimal substrate surface, which
was used to detect the practicability of the substrate. In order
to reduce experimental errors, all fluorescent signals were col-
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lected at room temperature during the experiment, and each
solution was excited by the same laser.

In the process of SERS spectrum collection, R6G probe
molecules were deposited on the substrate surface through
the following methods: Firstly, 10−8 M R6G solution was
dropped onto the Ag-WL substrate. After natural evapora-
tion of the R6G solution on the substrate, the substrate was

washed with anhydrous ethanol to remove the unbound R6G
molecules. Then, above substrate was dried in nitrogen to en-
sure the formation of a complete R6G molecular layer on the
surface of the substrate. All SERS spectra were recorded with
532 nm laser as excitation source. The incident power was
0.05 mW and the recording time was 10 s. All spectra were
got from the average of 5 sets.

Fluorescent solution

Glass

substrate

Fluorescent molecular

400 mm 0.5 mm  

Silica glass

(d)

(b)

(f)

(c)

(e)

(a)

Fig. 2. (a)–(e) Photographs of the sample preparation process. (f) Schematic diagram of sandwich structure for the fluorescence measurement.

3. Result and discussion
3.1. Characteristics of substrate

Wheat is a kind of cereal crop which is widely culti-
vated all over the world. It not only has edible value, but
also displays excellent hydrophobicity on the surface. The
semi-spherical protrusions on the surface could play an in-
dispensable role in the excellent hydrophobicity of wheat
leaves. As shown in Fig. 3(a), the surface structure of wheat
leaves is flake-like structure at the bottom and semi-spherical
at the protruding part. The length of lamellar structure is
0.35± 0.1 µm. The diameter of semi-spherical protrusions
is 2.9± 0.3 µm, and the distance between the protrusions is
about 3.5±0.1 µm. Through observing Fig. 3(b), the average
height of semi-spherical structure of wheat leaves is measured
to be approximately 2 µm. The semi-spherical protrusions
are distributed irregularly, so wheat leaves may not be as no-
ticeable as the regular nanocolumn structures of lotus leaves
and cicada wings.[22] In the experiment, it is found that the
modification of silver nanoparticles on wheat leaves by mag-
netron sputtering has a certain effect on the microstructure of
wheat leaves, but it achieves good fluorescence enhancement

effect. At the same time, it also provides a new method for
the preparation of biomimetic materials with similar structure
to wheat leaves, because there is no high requirement for the
preparation process. This can be examined by the SEM im-
ages of Ag-WL-25 and Ag-WL-40, respectively, in Figs. 3(c)
and 3(d). It can be seen that the microstructure of the substrate
gradually changes significantly with the increase of magnetron
sputtering time. The protrusions of the semi-spherical grad-
ually becomes larger, and the silver nanoislands at the top
also gradually gather and increase. By measuring the size
of the semi-spherical structure and the top nanoisland in the
Figs. 3(c) and 3(d), it is found that the semi-spherical struc-
ture size is 2± 0.5 µm and 2.5± 0.6 µm, respectively. The
size of the nanoisland is about 50± 10 nm. With increas-
ing magnetron sputtering time, the size of spheroidal struc-
ture increases gradually, and the gap between adjacent semi-
spherical structures decreases gradually. Figures 3(e) and 3(f)
show the enlarged SEM images of wheat leaves and Ag-WL-
40. It is easy to see that the silver nanoparticles gather at
the top and the density increases gradually. The top and bot-
tom position of nanoscale Ag-WL substrate produce high den-
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sity hot spots with the strong local field enhancement effect.
Therefore, it is further proved that there are high density hot
spots in Ag-WL substrate.

2 mm 

2 mm 

1 mm 

(a) (b)

(c) (f)

(e)

(d)

2 mm

1 mm

2 mm

Fig. 3. Top-view SEM images of the substrate (a) wheat leaves without any
decoration, (c) Ag-WL-25, (d) Ag-WL-40. (b) Side-view SEM image of
wheat leaves. (e) and (f) The locally enlarged SEM images of wheat leaves
and Ag-WL-40 substrate.

In addition, the composition and phase purity of the Ag-
WL-40 substrate are identified by XRD. The XRD pattern
with the standard card (JCPDS No. 04-0783) is displayed in
Fig. 5(a). We can observe that the values of 2θ are 38.11◦,
44.33◦, 64.38◦ and 77.48◦. All diffraction peaks are well coin-
cident with these of standard card and no other impurity peak.
The four diffraction peaks correspond to (111), (200), (220)
and (311) planes of silver crystal respectively, and the crys-
tallinity is good. The results show that silver is successfully
modified on wheat leaves in the process of substrate prepara-
tion, and no other impurities are introduced.

3.2. SERS performance

The semi-spherical protrusions and the bottom flake-like
structure on the Ag-WL substrate provide us with a new think-
ing. Since both SEF and surface-enhanced Raman scattering
(SERS) are members of the surface-enhanced spectroscopy
family, the theory associated with both of them can be traced
back to Maxwell equation and Mie light scattering theory. In
the Ag-WL-40 substrate, the absorption spectrum of the sub-
strate overlaps that of the fluorescence molecular, and it can be
seen that the metal nanostructure materials of substrate have
the strong surface plasmon resonance (SPR) properties. The
optical field energy can be localized to the surface of metal-
lic structures, so that the surrounding electric field strength is
enhanced, which can significantly improve the spectral sig-
nal intensity of their surrounding optical species. Under the
excitation of light, the metal on the substrate surface will pro-
duce collective oscillation, and the electrons are localized on
the metal surface. When the oscillation frequency of the lo-
cal surface plasma is as the same as the excited light, LSPR

is generated. SEF and SERS are closely related to the LSPR
effect. So, we detected the SERS signals of the semi-spherical
protrusions and the bottom flake-like structure, as shown in
Fig. 4(a). And the comparison of their Raman intensities at
613 cm−1, 772 cm−1, 1363 cm−1, 1510 cm−1 and 1651 cm−1

were shown in Fig. 4(b). It can be seen that the peak inten-
sity of semi-spherical structure is higher than that of the flake-
like structure. Compared with the flake-like structure, there
are more hot spots on the semi-spherical protrusion structure,
which may produce stronger SEF effect. Therefore, wheat
leaves are used as the SEF substrate.
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Fig. 4. (a) SERS spectra acquired by adsorption of 10−8 M R6G on
different structures of the same substrate. (b) Comparison of SERS
signal intensity at 613 cm−1, 772 cm−1, 1363 cm−1, 1510 cm−1 and
1651 cm−1 in (a).

3.3. SEF analysis and EF calculation

RB and R6G are both common non-toxic fluorescent dyes
that are easily soluble in water. In contrast, the aqueous so-
lution of RB is bright pink color and the aqueous solution of
R6G is rose-red. Because of their good photostability and high
quantum yield,[23] 10−5 M RB and 10−5 M R6G aqueous so-
lutions were selected as reagents to verify the best SEF sub-
strates. According to different electronic energy level structure
of the molecule, the excitation band of fluorescence is differ-
ent. The shape and intensity of fluorescence spectrum may
change under different excitation light. Before fluorescence
detection, the UV-vis absorption spectra of the substrates and
fluorescent reagents were obtained to find out the most suitable
laser wavelength. As shown in Fig. 5(b), the absorption peaks
of Ag-WL-40 substrate are in the range from UV to visible
region.
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Fig. 5. (a) XRD pattern of Ag-WL-40 substrate. (b) UV–Vis absorption spectra of R6G (10−5 M), RB (10−5 M), CV (10−5 M), Ag-WL-40.
(c), (d) The fluorescence spectra of 10−5 M R6G solution in the Ag-X substrates. (e) Change of EF at 579 nm of 10−5 M RB on corresponding
Ag-WL substrates. (f) Change of EF at 555 nm of 10−5 M R6G on corresponding Ag-WL substrates.

Correspondingly, the absorption peak center of R6G
(10−5 M), RB (10−5 M) and CV (10−5 M) appeared at 526 nm,
555 nm and 580 nm, respectively. It is known that the fre-
quency of exciting light is consistent with the reciprocating
frequency of free electrons, and the collective oscillation of Ag
surface electrons will greatly increase and result in the LSPR
effect, which is benefit to the fluorescence enhancement. So, it
can be used as the basis for selecting excitation wavelength in
the fluorescence measurement experiments. The fluorescence
signal intensities of 10−5 M RB were obtained from the SEF
Ag-WL substrates with different Ag sputtering times as also
shown in Fig. 5(c) excited at 540 nm. Among the six spec-
tral lines, the peak intensity of Ag-WL-40 spectrum line is the
strongest, followed by Ag-WL-35 and Ag-WL-45 spectrum
lines, and the peak intensity of Ag-WL-15 spectrum line is
the weakest. The fluorescence spectrum also shows that the
peak position of RB aqueous solution is at 579 nm, which
indicates that the substrate has no effect on the energy level
of fluorescent molecules, but improves the fluorescence in-

tensity of molecules. This rule is also verified repeatedly by
10−5 M R6G aqueous solution, which also shows a similar
pattern. Under excitation of 525 nm, the fluorescence spec-
trum measurement results are shown in Fig. 5(d). With the
increase of magnetron time, the fluorescence intensity firstly
increased and then decreased. The fluorescence enhancement
effect was the best in Ag-WL-40 substrate. The result of this
experiment is identical with Mie’s theory, according to the fol-
lowing formula:[24]

Cext =Csca +Cabs, (1)

Csca =
8π

3
k4a6 |α|2 , (2)

Cabs = 4πka3Im(α) , (3)

where Cext, Csca, and Cabs are represented as extinction cross
section, scattering cross section and absorption cross section,
respectively. α is the polarizability of a spherical particle
with r = a, and the wave vector of the incident light is k.
As the deposition time of wheat leaves increased, the size
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of silver nanoisland increased gradually. According to for-
mulas (1)–(3), under a certain excitation light, Cabs∝a3 and
Csca∝a6. Thus, Csca and Cabs vary with the deposition time
of wheat leaves. According to Mie’s scattering theory, it has
been known that Cabs and Csca lead to the fluorescence quench-
ing and fluorescence enhancement,[25] respectively. There-
fore, with the increase time, the size of the silver nanoisland
increases and the Csca becomes larger and larger, which even-
tually leads to the increase of fluorescence intensity. When the
excited light interacts with the silver nanoparticles, LSPR has
occurred. On the one side, the surface local field generated
by the nanometal structure of the substrate boosts the absorp-
tion of excited light, thus improving the absorption efficiency
of the fluorescent molecules. On the other side, the enhance-
ment of radiation resonance raises the excitation efficiency of
fluorescent molecules. However, fewer and fewer fluorescent
molecules can enter the cracks in the nanostructure, so the SEF
effect decreases after 40 min.

In order to quantitatively estimate the fluorescence en-
hancement effect of Ag-WL substrate, EF was calculated by
the following equation:[26]

EF =
IAg−substrate

Ireference
, (4)

where IAg−substrate and Ireference represent the fluorescence in-
tensity values measured Ag-WL substrate and silicon glass, re-
spectively. The relationship between EF and magnetron sput-
tering time is shown in Figs. 5(e) and 5(f). The groove depth
of customized silica glass is 400 µm. The SEF effect can
only be generated within the limits of 20 nm from the silver
nanoparticles,[27] and most of the fluorescent molecules do not
produce SEF effect. Thus, it is necessary to revise EF. The en-
hancement effect in the range of 500 nm from the substrate has
great research value, as shown in Fig. 2. According to Zhang’s
work, it is as follows:[28]

0.5X +399.5Y = 400 ·EF ·X , (5)

where X represents the intensity of fluorescence enhancement
per micron in Ag-WL substrate, and Y represents the intensity
of unenhanced per micron in sandwich structure. So the effec-
tive enhancement factor (EFeff) is X/Y . Based on formulas (4)
and (5), the calculated EF and EFeff values of the Ag-WL sub-
strate are shown in Tables 1 and 2.

Table 1. The EF and EFeff of the Ag-WL substrate were measured with
10−5 M RB aqueous solution.

Substrate EF EFeff

Ag-WL-15 1.21 165.2
Ag-WL-20 1.61 485.1
Ag-WL-25 1.64 513.9
Ag-WL-30 1.69 556.7
Ag-WL-35 1.91 731.3
Ag-WL-40 2.05 839.4
Ag-WL-45 1.70 558.4

Table 2. The EF and EFeff of the Ag-WL substrate were measured with
10−5 M R6G aqueous solution.

Substrate EF EFeff

Ag-WL-15 1.43 348.0
Ag-WL-20 1.56 452.2
Ag-WL-25 1.84 671.7
Ag-WL-30 1.96 767.8
Ag-WL-35 2.08 868.9
Ag-WL-40 2.20 961.2
Ag-WL-45 1.68 543.3

The fluorescence intensity can be enhanced up to 839
times, showing that the Ag-WL substrate has excellent SEF
effect.

3.4. The 3D-FDTD simulation

The 3D-FDTD is one of the methods to simulate the in-
teraction between electromagnetic wave and complex system.
Combining with the experimental results, the electromagnetic
field enhancement of silver nanostructure substrate with the
best performance of SEF effect is simulated theoretically to
analyze the detail of hot spot distribution and electromagnetic
filed enhancement.[29,30] Figure 6(a) is the constructed basic
model diagram. A rectangular-shaped continuous wave in-
cident into the nanostructure along the Z direction and the
polarization direction is perpendicular to the Z direction, and
the polarization direction of the laser was E direction, which
is marked on Fig. 6(a). The calculated planes are P1 and P2,
as shown in Fig. 6(b), and the calculated results are shown
in Figs. 6(c) and 6(d). The electromagnetic enhancement
distribution of the substrate can be clearly seen. P1 and P2

correspond to the X–Y plane and X–Z plane, respectively. In
the P1 plane, the hot spots are distributed in the gap of Ag
nanoislands. The gap of lamellar structure at the bottom of
wheat leaves brings many hot spots. In the P2 plane, the semi-
spherical protrusions on the substrate shows the distribution
of hot spots not only on the top but also on the side, which is

(a)

(b)

(c)

(d)

z

x
y

E

K

P1

P2

Low

HighK Ä E500 nm

500 nm

500 nm

300 nm

Fig. 6. (a) FDTD model of Ag-WL-40 substrate. (b) The calculated
planes. (c) and (d) Spatial distribution of electric field intensities for the
planes P1 and P2 in (b).
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different from other SEF substrates. Various hot spots play an
important role in generating both electromagnetic (EM) effect
and enhanced fluorescence signals.

3.5. Reproducibility and stability of SEF substrate

Reproducibility and stability are also essential elements
of an excellent SEF substrate. The reproducibility and stability
of SEF substrate determines whether the substrate has practi-
cal application value, so it should be considered. Firstly, the
reproducibility of the substrate was studied by using 10−5 M
RB solution as the fluorescence reagent. We randomly se-
lected 15 different positions from the Ag-WL-40 substrate,
and the fluorescence spectrum measurement results are shown
in Fig. 7(a). As can be seen, the position of the characteristic
peak of RB aqueous solution does not shift, and the peak shape
does not change. In addition, the reproducibility of Ag-WL-40
substrate was quantitatively evaluated by calculating the RSD,
and the common expression of the relative standard deviation
was given by the following equation:[31]

RSD =

√
∑

n
i=1 (II−Ī)2

n−1

Ī
, (6)

where Ī is the average value of the measured fluorescence in-
tensity, n is the number of experiments, and Ii is the fluo-
rescence intensity measured in the i-th experiment. The flu-
orescence intensity distribution of the characteristic peak at
579 nm is drawn in Fig. 7(b). According to formula (6), the
RSD at 579 nm is as low as 10.7%. The results show that the
Ag-WL-40 substrate has good repeatability. Then, Fig. 7(c)
shows the fluorescence spectra of 10−5 RB aqueous solution
on Ag-WL-40 substrate for different time (0, 1, 2, 3, 4 weeks)
under the same experimental conditions. It can be observed
that the SEF performance of the substrate decreases gradually
with the increase of the exposure time in the air. Figure 7(d)
shows the variation of fluorescence intensity of RB aqueous
solution at 579 nm with different exposure time of Ag-WL-40
substrate in air. When the Ag-WL-40 substrate was exposed
to air for one week, the fluorescence intensity decreased by
8.8%, and when the Ag-WL-40 substrate was exposed to air
for four weeks, the fluorescence intensity decreased by 28.2%.
Therefore, with the increase of exposure time in air, the sil-
ver nanoislands deposited on the surface of wheat leaves were
slightly oxidized, but there was still SEF effect, which indi-
cated that the prepared Ag-WL-40 substrate showed excellent
time stability.

0 1 2 3 40

200

400

600

800

1000

1200

1400

1600

1800

80.2%
71.8%

91.2%
84.6%

Time (weeks)

100%

580 600 620 640 660 680

0

360

720

1080

1440

1800

55

110

N
u
m
b
er
 o
f 
sp

ec
tr
u
m

Wavelength (nm) 

Wavelength (nm) 

 F
lu

o
re

sc
en

ce
 i
n
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

 F
lu

o
re

sc
en

ce
 i
n
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

580 600 620 640 660 680

0

340

680

1020

1360

1700

00

11

22

33

44

T
im

e 
(w

ee
ks

)

 F
lu

o
re

sc
en

ce
 i
n
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

 F
lu

o
re

sc
en

ce
 i
n
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

(b)(a)

(c) (d)

1 2 3 4 5 6 7 8 9 101112131415
0

400

800

1200

1600

2000

Different positions

I=1428  RSD=10.7%
↩

Fig. 7. (a) The fluorescence spectra of 10−5 M RB aqueous solution randomly were measured at different positions on Ag-WL-40 substrate.
(b) The fluorescence intensities at 579 nm in (a). (c) Fluorescence spectra of 10−5 M RB aqueous solution at different detection time. (d)
Fluorescence intensity change with the time of Ag-WL-40 substrate placed in air at 579 nm in (c).

3.6. Application of the Ag-WL-40 substrate

Research shows that CV is a toxic substance. It not only
damages human body, but also has adverse effects on aquatic
organisms and environment. Therefore, it is necessary to de-

tect CV contents quickly and sensitively. Based on the fact

that CV is also a series of triphenylmethane fluorescent dyes,

the practical detection ability of SEF substrate was studied.

According to the absorption spectrum in Fig. 5(b), we choose
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580 nm as the excitation wavelength to detect the fluorescence
spectrum of CV solution. Figure 8(a) shows the fluorescence
spectra of different concentrations of CV solution on Ag-WL-
40 substrate. The detection limit of CV is as low as 10−10 M.
In addition, in order to quantitatively detect the concentration
of CV, logC and fluorescence intensity were fitted as shown in
Fig. 8(b). The linear relationship of log C between 10−10 M

and 10−4 M is I = 356.3logC+ 3668.9, and the linear coef-

ficient R2 = 0.992. Meanwhile, the fluorescence intensity of

Ag-WL-40 substrate was very stable even under NaCl concen-

tration as high as 1000 mM, as shown in Fig. 8(c). It indicates

that the substrate can be used to effectively detect the actual

CV concentration.

 F
lu

o
re

sc
en

ce
 i
n
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

 F
lu

o
re

sc
en

ce
 i
n
te

n
si

ty
 (

a
rb

. 
u
n
it
s)

0

0.2

0.4

0.6

0.8

1.0

500 1000200100501050.5

N
o
rm

a
li
z
e
d
 F

L
 i
n
te

n
si

ty

Concentration of NaCl (mM)
0-10 -9 -8 -7 -6 -5 -4

0

500

1000

1500

2000

2500

 Experimental values
 Fitted curve

LogC

850 860 870 880 890 900

0

500

1000

1500

2000

2500

Wavelength (nm)

10-4 M

10-10 M

(a) (b) (c)

Fig. 8. (a) Fluorescence spectra of CV at different concentrations (10−10 M–10−4 M) on Ag-WL-40 substrate. (b) Linear calibration plot
between the fluorescence intensity and CV concentration at 880 nm. (c) The fluorescence intensity of 10−5 M CV and NaCl solution in the
Ag-WL-40 substrate at 880 nm.

4. Conclusion
In summary, a series of SEF substrates with excellent

properties were prepared by depositing silver nanoislands on
wheat leaves by magnetron sputtering system. The substrate
with the best SEF effect, Ag-WL-40 substrate, was screened
by RB solution, and the result was further verified repeatedly
by R6G solution. Combined with the 3D-FDTD simulation
method, it was found that the semi-spherical protrusions and
the bottom lamellar structures of wheat leaves provided abun-
dant hot spots. Finally, the quantitative detection of CV solu-
tion provides a simple, environmentally friendly and effective
method for the detection of CV concentrations.
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