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We present a technique for fabricating a fluorescence enhancement device composed of metal nanoparticles
(NPs) and porous silicon (PSi) diffraction grating. The fluorescence emission enhancement properties of the
PSi and the fluorescence enhancement of the probe molecules are studied on PSi gratings. The fluorescence
enhancement of the probe molecules on a fluorescence enhancement device is further improved through the
deposition of metal NPs onto the PSi grating. In comparison to metal NP/PSi devices, metal NP periodic
distributions can produce a stronger fluorescence enhancement that couples with the PSi grating fluorescence
enhancement to achieve an overall three-fold enhancement of the fluorescence intensity.
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Fluorescence enhancement as an extensive subject of
research has great potential application in the fields of bio-
logical sensors, tracking analysis, and more. The realization
of a highly sensitive fluorescence enhancement is closely re-
lated to the enhancement of near-field optical energy and
the quantum yield. To effectively gather light energy in
close proximity to a surface area and further realize photon
energy transfer, the surface plasmon resonance (SPR) prop-
erties of metal nanoparticles (NPs) are required[1–4]. Such an
enhanced fluorescence can be achieved when metal NPs are
deposited onto a suitable substrate[5–8]. However, the aggre-
gation of the metal NPs on the surface of a substrate is not
controllable, which can lead to poor fluorescence enhance-
ment reproducibility and greatly limits applications. In
order to effectively control the fluorescence enhancement
substrate field distribution uniformity and repeatability,
metal NPs must be arranged in an ordered manner on dif-
ferent substrate materials as a usual method[9–11] or depos-
ited onto a thin metal layer on a fixed template[12,13]. These
templates can be fabricated using different techniques like
electron beam evaporation[9], electron beam lithography[11],
imprint lithography[13,14], and holography[15]. The productive
periodic structure of the templates results in a higher fluo-
rescence signal intensity and a more uniform signal. In par-
ticular, highly ordered metallic gratings (Au, Ag) are able
to excite surface plasmon polaritons (SPPs)[16]. SPPs are
capable of gathering light energy in a region close to the
surface. In this case, the metal grating substrate can en-
hance the fluorescence resonance of the detection objects
adsorbed on the surface of the substrate.
The huge specific surface area of porous silicon (PSi)

increases the deposition rate of the detection objects,

which can improve the fluorescence signal intensity[17–20].
The substrate system combined with PSi and metal
NPs excites SPR, which has the capability of enhancing
the fluorescence of adsorbed detection objects. The cou-
pling of the enhanced fluorescence caused by the use of
PSi and the enhanced fluorescence resulting from use of
the metal grating is expected to produce the greatest fluo-
rescence enhancement response.

In this Letter, we present a fluorescence enhancing de-
vice composed of metallic NPs and a PSi grating. The PSi
grating improves the fluorescence emission properties of
the PSi and enhances the fluorescence signal intensity
of the detected object molecules adsorbed onto the PSi
grating device. The detection object fluorescence signal in-
tensity is further enhanced with the addition of metal NPs
onto the PSi grating device. The PSi grating periodic
structure is conductive to improve the metal NPs distri-
bution uniformity, and to ameliorate the fluorescence de-
tection signal uniformity and repeatability. This metal
NP/PSi grating device is expected to be applied in highly
sensitive biological detection.

The rectangular groove silicon grating was fabricated
with p-type monocrystalline silicon<100> (resistivity
0.01–0.02 Ω·cm), using photolithography techniques.
The period of the grating is 4 μm. The grating surface
morphology is shown in Fig. 1(a); note that the groove
depth is 30 nm. Planar PSi and the PSi grating were
prepared using a 100 mA∕cm2 electrochemical etching
current density, with a 30 s corrosion time and a
0.25 cm2 corrosion area. The etching solution is a mixture
of hydrofluoric acid (40%) and alcohol (1:1, v/v). All
samples were properly cleaned with deionized water
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(DI water) and dried at room temperature. Figure 1(b)
shows the PSi grating cross section. The high and low
relief structures of the surface, as well as the bottom of
the PSi grating, can be clearly observed. The partially en-
larged surface morphology images of the ridge and the
groove are shown in Figs. 1(c) and 1(d), respectively.
The average pore diameter is roughly 30 nm.
PSi and PSi grating samples were passivated in a 30%

hydrogen peroxide solution for 12 h at room temperature,
rinsed with DI water, and dried in air. The passivated PSi
samples were immersed in (3-aminopropyl) triethoxysi-
lane (APTES, 5%) at room temperature for 1 h, then
rinsed with DI water, and allowed to dry.
Ag NPs were prepared using the chemical reduction

method. The silver nitrate (50 mL, 1.0 mmol/L) solution
was heated to boiling using a heat collection-type mag-
netic heating agitator. While boiling, a sodium citrate
aqueous solution (8 mL, 1 wt%) was rapidly added until
the solution color changed from colorless to yellow-brown.
The solution was then cooled to room temperature.

The UV–Vis absorption spectrum of Ag NPs is shown in
Fig. 2(a). The strongest absorption peak is located at
417 nm, and the average particle diameter is 30 nm. Both

the PSi gratings and the planar PSi samples were soaked
in the colloidal silver solution for 8 h. Metal NPs adsorb
onto the pore walls through electrostatic adsorption.

The Au NP synthesis procedure is to heat chloroauric
acid solution (50 mL, 1 mmol/L) to boiling, and then
quickly add a sodium citrate solution (2 mL, 1 wt%) until
the solution changes from yellow to dark red. The size of
the Au NPs is approximately 10 nm, as presented in the
literature[19]. The UV–Vis absorption spectrum of an Au
NP solution is shown in Fig. 2(b). The strongest absorp-
tion peak is located at 522 nm. The Au NP solution
(25 mL) was centrifuged for 20 min at 12,000 rpm. After
removing the supernatant (23 mL), the solution was
diluted with alcohol to 0.5 mg/mL. Ten drops of Au
NP solution (the total amount of 1 mL) were dripped onto
the PSi grating. The samples were then dried in a constant
temperature chamber at 37°C and drop out after drying.

Before measurement, rhodamine 6 G (R6 G)
(100 nmol/L) was dropped onto both the Ag NP
(Au NP)/PSi grating and the Ag NP (Au NP)/planar
PSi, and was allowed to dry.

Fluorescence intensities were obtained with a UV–Vis
fluorescence spectrophotometer (Hitachi F-4600, Japan).
The slit width was 5 nm, the excitation power was
700 mW, the response time was 0.004 s, and the data were
collected from five different locations on the same sample
and averaged. The reflection spectroscopy data were
collected using a UV–Vis spectrometer (U-4100 Hitachi,
Japan). A field emission scanning electron microscope
(SUPRA55 VP ZEISS, Germany) was used to measure
the morphology.

The preparation process for the metal NP/PSi grating
fluorescence enhancement system is presented in Fig. 3.
The fluorescence enhancement system consists of grating,
a single layer of PSi, and metal NPs. The silicon grating is
fabricated using microlithography techniques; the grating
period is 4 μm. The PSi grating is fabricated using electro-
chemical corrosion; the surface morphology is shown in
Fig. 1. After fabricating the PSi grating, the metal NPs
(Ag NPs and Au NPs) were assembled onto the PSi gra-
ting to form ametal NP/PSi grating fluorescence enhance-
ment device. The metal NPs were uniformly dispersed

Fig. 1. (a) Top view of the PSi grating, (b) the cross section of
the PSi grating; the partially enlarged surface morphology of
(c) the ridge and (d) the groove.

Fig. 2. UV–Vis absorption spectra of (a) Ag NPs and (b) AuNPs.
Fig. 3. Schematic diagram of the preparation of a metal NP/PSi
grating fluorescence enhanced device system.
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onto/in the PSi grating, forming a device with a metallic
NP diffraction grating to effectively stimulate surface
plasma. Light energy was gathered near the surface, which
increased the number of probe molecules in the excited
state and improved the fluorescence quantum yield. As
a result, the fluorescent signal from the R6 G molecules
adsorbed on the surface was enhanced.
Figure 4 shows the reflection spectrum at a normal

incidence for both the rectangular groove grating with a
30 nm depth and the planar crystal silicon. The rectangu-
lar groove grating scattering effect increases the photon
propagation path and the incident light absorption.
Meanwhile, diffraction effects result in a spectrum broad-
ening of the emergent light relative to the incident light. In
addition to vertically diffracted light, light is diffracted
along other directions. As a result, the grating has a lower
reflection compared to a planar surface. The reflection de-
crease is favorable to the grating transmission perfor-
mance improvement and the light energy capture rate,
which is ultimately desired for preparing high performance
devices.
Figure 5(a) shows the reflection spectra for a PSi gra-

ting and a planar PSi. There are obvious interference
peaks from the PSi grating and the planar PSi; the PSi
grating reduces the reflectivity due to diffraction and scat-
tering. The PSi grating cross section is shown in Fig. 3.
Note the high and low relief structure, which can be con-
sidered a grating composed of PSi and air, and a composite

grating composed of monocrystalline silicon and PSi. The
transmission performance improvement results in incident
light penetrating into the deeper layer. The increased in-
teraction length improves the incident light absorbance.
Fluorescence is emitted after the material absorbs optical
or other electromagnetic energy; the enhanced PSi grating
absorption results in an increasing number of excited state
photons, which eventually leads to an increased transition
probability. For a given excitation intensity, this greater
transition probability produces a fluorescence enhance-
ment effect, as shown in Fig. 5(b), and the exciting wave-
length is 380 nm.

Figure 6 shows the R6 G (100 nmol/L) fluorescence
spectra on different substrates, the exciting wavelength
is 500 nm. When the same R6 G concentration was depos-
ited onto the surface of the silicon grating and planar
monocrystalline silicon, the R6 G fluorescence signal
was hardly observed on the planar silicon surface. For a
smooth plane, rhodamine molecules are difficult to adsorb
on the surface and easily aggregate to produce self-
quenching. In addition, a weak signal was observed on
the silicon grating surface. The grating structure can regu-
late the strong aggregation of rhodamine molecules, im-
prove the dispersion, and enhance the interaction time
between the light and rhodamine molecules, resulting in
fluorescence enhancement. After the PSi preparation,
the presence of pores’ greater distance between molecules
can avoid or minimize the problem of self-quenching of
fluorescence, and the large specific surface area results
in increased R6 G deposition, enhancing the fluorescence
signal. The observed R6 G fluorescence signal intensity on
the PSi grating device was significantly higher than the
R6 G fluorescence signal intensity on the planar PSi. This
phenomenon is primarily due to the PSi grating enhanced
transmission and optical absorption, which effectively in-
creases the fluorescent molecule quantum yield. The fluo-
rescence enhancement effect in the PSi grating and the
planar PSi device combined with the metal NPs is greatly
improved compared with that of nonmetallic NPs. The
metal NP periodic distribution serving as a metal NP dif-
fraction grating effectively excites SPPs, which gather

Fig. 4. Reflection spectra of a rectangular groove silicon grating
and a planar crystal silicon. The grating groove depth is 30 nm.

Fig. 5. PSi grating and planar PSi device (a) reflection spectra
and (b) fluorescence spectra.

Fig. 6. (Color online) Fluorescence spectra of R6 G (100 nmol/L)
on different substrates. The insert map presents the fluorescence
intensity of R6 G (100 nmol/L) detected on rectangular groove
silicon grating and smooth silicon.
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light energy near the surface. This ultimately enhances the
R6 G fluorescence intensity. The fluorescence intensity of
the R6 G on the (Ag NP)/PSi grating device is three times
larger than the fluorescence intensity of the R6 G on an
(Ag NP)/PSi device.
To verify the fluorescence signal uniformity and repeat-

ability, the enhanced R6 G fluorescence signal was also
obtained for Au NPs assembled onto a PSi grating device
(in Fig. 7) with an exciting wavelength 500 nm.
In this Letter, we study fluorescence emission enhance-

ment using a PSi grating. We demonstrate R6 G fluores-
cence enhancement on a metal NP/PSi grating device. PSi
with a grating structure can enhance fluorescence emis-
sion; the fluorescence signal intensity is doubled in com-
parison to that of a planar PSi device. Metal NPs are
deposited onto a PSi grating and a planar PSi substrate,
which effectively enhance the R6 G fluorescence signal
intensity. The combination of a metal NP grating and a
PSi device can achieve the most efficient light energy
aggregation in the near-surface region, resulting in a
strong fluorescence signal enhancement. The R6 G en-
hanced fluorescence signal intensity on an Ag NP/PSi gra-
ting device is 3 times larger than the intensity on an
Ag NP/planar PSi device.
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