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Abstract Different forms of modified and well-controlled
plasmonic silver nanoparticles (AgNPs) were synthesized by
silver ion reduction process of porous silicon (PS). Fine con-
trol of PS surface morphology was accomplished by
employing two etching processes: light-induced etching
(LIE) and photo electrochemical etching (PECE). The idea
was to prepare excellent and reproducible surface-enhanced
Raman scattering (SERS) substrates with high enhancement
performance. PS surface modification was employed to create
efficient and nearly uniformly distributed AgNP hotspot re-
gions with very high specific surface areas. Reproducibility
deviation of no more than 5% and enhancement factor of
1.2 x 10" were obtained by SERS measurements at very
low, rhodamine 6G (R6G) dye, concentration 1075 M. The
PS morphology SERS substrate was well discussed and ana-
lyzed using field emission scanning electron microscopy (FE-
SEM), X-ray diffraction spectroscopy (XRD), and Raman
measurements.

Keywords Porous silicon - Double etching processes -
Hotspots - Surface-enhanced Raman scattering -
Reproducibility - Single molecule detection

Introduction

Surface-enhanced Raman scattering (SERS) has become
widely recognized as a powerful tool to investigate several
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applications, specially the food quality fields [1]. In Raman
scattering applications, SERS effect consists of vibrational
modes, originating from species adsorbed on or in the vicinity
of nanostructured materials [2]. SERS has become the most
studied Raman-based technique for analytical purposes [3].
Improving the SERS efficiency through maximizing the
hotspot density with specific nanoparticle sizes, excellent uni-
formity, and reproducibility together with an easy and low-
cost fabrication are the main targets of quantitative analysis
[4]. Porous silicon is an extremely versatile material due to its
excellent electrical, optical, morphological, and chemical
properties, which can be modified according to the etching
process [5]. Different etching processes, such as laser-
induced etching (LIE) and photo electrochemical etching
(PECE), are employed to synthesize n-type silicon porous
layer. LIE of silicon is a relatively infrequent technique for
creating silicon nanostructures [6], where electron hole pairs
are generated, after absorbing incident laser photons, in a lo-
calized area. Controlling the surface morphology of the LIE
porous structure is of great interest since the surface area of the
porous layer would determine the field of application [7, 8]. In
PECE, an external current is employed in addition to photon
excitation. This type of etching is commonly performed with-
in an electrochemical cell on n-type silicon since photo-
excitation is required to make free carriers available for con-
duction at low voltages [9-11]. Previous work has demon-
strated large specific area and governable nano-porous silicon
structure can increase the amount of effective hotspots and
enhance the sensitivity of the SERS signals. Compared to
well-known electroless [12], electrochemical [13], and
metal-assisted wet etching [14] porous silicon production
methods, SERS-active layer is usually deposited by thermal
decomposition [15], immersion plating [16, 17], and physical
vapor deposition (PVD) [18]. In the current work, coarse and
fine modification of the porous silicon (PS) morphology has
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been conveyed by double etching process of silicon to synthe-
sis specific, efficient, and multi-plasmonic Ag NP hybrid
structures. SERS performance parameters (analytic enhance-
ment factor and reproducibility) have been investigated and
analyzed.

Experimental Part
Chemical Materials

As received, hydrofluoric acid 48% (Merck Life Science—
India) was diluted with absolute ethanol 99.8% (Sigma-
Aldrich—Germany) to form 24% HF etching concentrations.
Silver nitrite (AgNO3) (99.9%) was dissolved in deionized
water to prepare 0.01 M solution, and finally thodamine 6G
(R6G) dye was utilized to confirm the SERS efficiency.

Porous Silicon Fabrication

PS layers were fabricated by two etching techniques: LIE and
PECE with short CW diode laser wavelength 405 nm at
20 mW/cm? laser intensity (class IIIb laser product).
Phosphorus-doped n-type (100)-oriented silicon substrate of
10 © cm resistivity and 500 um thickness was etched. In the
LIE, 1 cm? area of the silicon surface was illuminated by the
laser radiation for 10 min etching time, followed by PECE
process in a Teflon cell equipped with two platinum electrodes
as cathode and silicon sample as anode and the distance be-
tween platinum ring and silicon wafer was 1 cm. Different PS
samples were prepared at various etching times (5, 10, 15, and
20 min) and constant (10 mA/cm?) current density. The etch-
ing electrolyte solution was 1:1, 48% hydrofluoric acid:98%
ethanol, by volume. The etching techniques are illustrated in
Fig. 1.

Fig. 1 Schematic diagram of (a)
etching processes. a LIE process.
b PECE process
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Preparation of Hybrid Structures (Silver
Nanoparticles/Porous Silicon)

Hybrid structures (AgNPs/PS) were prepared by LIE
and PECE processes, after immersing bare PS sub-
strates in aqueous solution of AgNO; for 15 min.
Sample 1 refers to the hybrid structure AgNPs/PS, in
which the PS layer was prepared by LIE process only.
Samples 2, 3, 4, and 5 refer to hybrid structures
AgNPs/PS, in which the PS layers were prepared by
LIE followed by PECE at 5, 10, 15, and 20 min, re-
spectively. The AgNO; solution concentration was of
1072 M and the dipping process was performed at
room temperature.

In silver immersion plating, the formation of AgNPs on
porous surfaces takes place via the Volmer-Weber growth
mechanism [13]. When the porous silicon substrate was put
in the AgNOs solution, silver reduction process will occur
according to these equations [19]:

2Sisurfacc + HZO_’Si*O*Sisurfacc + 2Haqucous+ + 2e (1)

2Si7Hsurface + HZO_’Si*O*Sisurface + 4Haqueous+ + 4e (2)
AgaqueousJr +e— Agsurface (3)

Due to these reactions, silver nuclei will be formed at the
boundaries of pores, hence filling the porous silicon surface
gradually by aggregated island of silver. Immersion deposition
process is affected by many important parameters of solution
condition and the surface state of the substrate such as the
morphology of porous silicon which supplied a high density
of suitable sites for growth and nucleation of Ag nanocrystals,
so the number of Si—H bonds is very important for silver
reduction process through immersion of porous silicon into
AgNOj; solution. Metal ion concentration and the duration
of immersion process also affect the metal growth process
[19].
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Characterizations

The morphological properties of PS and AgNPs/PS surface
morphology characteristics were studied in this work using
Zeiss ULTRA-55 FEG scanning electron microscopy with
resolution 1 nm. The photoluminescence spectrum of the
AgNPs/PS samples was measured by utilizing CW 325 nm,
400 mW He-Cd laser. The photoluminescence (PL) system is
based around a Horiba Jobin-Yvon T64000 spectrometer sys-
tem. Raman spectra of trapped molecules within as-prepared
PS and AgNPs/PS hybrid samples were done by a micro
Raman spectrometer (1000 B) with (detector imaging:
CCD), (excitation laser Ar-514 nm), (grating 1800 line), (ac-
cumulation 1), (power 10 mW), 60 s time.

Results and Discussions
Porous Silicon Characterization

Figures 2 and 3 portray the variations of PS surface prepared
by means of two etching techniques.

Figures 2 and 3 portray the variations of PS surface pre-
pared by means of two etching techniques: LIE and PECE.
Dramatic changes of the PS surface morphology were ob-
served due to the double etching process. In the LIE process,
the FE-SEM images of PS conveyed a PS surface containing a
network of random distributed, non-connected, and early
formed 10—40-nm pores with different sizes and shapes.
Figure 3a—d presents FE-SEM images of LIE-fabricated PS
layers, followed by PECE using 10 mA/cm? etching current
density at 5, 10, 15, and 20 min etching times. This was done
to modify the overall PS morphology, where two types of
morphology were distinguished. At 5 and 10 min etching
times, the PS surface is characterized with pore-like square
pores. The square pores’ dimensions and density increased
with time and an overlapping process of pores has resulted

Date 22 Feh 20
Time :12:20:04 4 el

Signal 4= InLens WD = 63mm

Fig. 2 FE-SEM images of PS prepared by LIE process

at 10 min etching time. Comparing with Fig. 2, these changes
in the PS morphology are related to the external current, which
enhanced the silicon dissolution process of the LIE—early
formed pores—and helped the formation of complete pores.
The pore sizes were increased when increasing the etching
time from 5 to 10 min. The PECE process to higher etching
times (15 and 20 min) has transferred the pore morphology to
a new infrequent cross-like structure (quad-star pores) with
different sizes [20]. Figure 3¢ illustrates incompletely connect-
ed pores along the cross axis. The density of these cross-like
pores is not very large compared to that of the non-etched
silicon regions. Further increase of etching time to 20 min
helped connecting the branches of adjacent pores as shown
in Fig. 3d. The visual diagnostics of the pores’ shape reflect a
gradient behavior in the porous sizes, where the pores extend-
ed vertically across the silicon regions with decreasing sizes.
The double etching process has modified the overall PS mor-
phology to an extent related to the etching time as shown in
the sequence surface morphologies in Fig. 4.

This anisotropic etching would alter the inhomogeneity of
the porous surface and hence enlarge the density of the dan-
gling bonds localized at the porous surface. The finger print of
these bonds was clear in the natures of the resulting silver
nanoparticle layer deposited over the PS surface. The PL spec-
tra of the bare PS samples for different etching processes are
illustrated in Fig. 5. For sample 1, the peak of PL spectra is
located at 701 nm with 1099 au. The role of PECE process on
the PL spectra is clearly observed on both the peak and the
intensity of the PL curves.

The effect of increasing the etching time during PECE pro-
cess has led to an increase in the PL with a blue shift of the PL
peak position. Table 1 lists the average values of silicon nano-
walls (d) resulted from PECE for different etching times of the
LIE process. The average silicon nano-size (d) was calculated
from Eq. 4 [21]:

»oll 1
Eey)y=Eg+—5 |—+— 4
(eV) ¢+ Py {m: + mh] (4)

where  E(v) is the PL peak position of PSi, £, = 1.12 ¢V is
the energy band gap of bulk Si, 2 = 4.13 x 10°'° eV s is
Planck’s constant, m.* = 0.19 m,, m,* = 0.16 m,, and
mo=9.1x 107" kg [21].

In Table 1, the PS prepared by the LIE process alone (sam-
ple 1) showed the lowest value of energy gap £, = 1.77 eVand
the greatest value of nano-wall size d = 6.45 nm. For the PS
prepared via double etching process, samples 2, 3, 4, and 5,
the E, increased from 1.82 to 2.14 ¢V and the nano-sizes (d)
decreased from 6.29 to 5.13 nm when increasing the etching
time from 5 to 20 min. These variations in the PS properties
are related to the dynamic behavior of the silicon dissolution
rate during the etching sequence, where the resulting of entire
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Fig. 3 FE-SEM images of porous silicon samples prepared by LIE process followed by PECE process with etching current density 10 mA/cm? and

etching times of a 5 min, b 10 min, ¢ 15 min, and d 20 min

photocurrent density J,,;, is generated due to the absorption of
the incident photon as given in Eq. 5 [21]:

s =T0R 5
where P is the incident laser intensity, R is a reflectivity of PS
surface, 7 is a quantum efficiency, is a laser frequency, A is
the PS area (=1 cmz), h is Planck’s constant 6.6 x 10734 J s,
and ¢ is the electric charge 1.6 x 10" C [21]. This lower
value of current density would initiate the etching process at
low etching rate so that the density of replacing Si—Si bonds

Fig.4 Schematic of pore shaping
sequence

LIE

Crystalline Silicon
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PS layer with

Pits—like

with Si—F bonds is small. This has resulted in an incomplete
silicon surface coverage, leaving large number of pits or the
pores under formation process. The external current (Jexiernal)
used was generated from applying external fixed voltage of
about 5 V. Joxemal Was controlled by Ohm’s law as:

Jextemal = Vextemal / pL (6)

where p is a resistivity of PS and o is the conductivity of PS,
given as o = 1/p, so:

Jextemal = Vextemal <U / L) (7)

(Pore shape modification)
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The PS conductivity is a porosity-limited process during So:
the etching cycle [22], and according to the M. ben-Chorin
J total — J external T J internal (1 1)

et al. [23] model, the conductance of PS layer and hence the
current passing through is varied with the applied voltage (V),
activation energy (E,), and PS layer parameters like porous
thickness (L) and embedding (¢,) medium in exponential form
as shown in Eq. 8:

Gy = Glexp [E“/KT] exp V/V* (8)

where the value of V* is given by [24]:

\/?E{L}l/z

q |meeh

©)

The value of dielectric constant ¢, is a function of the po-
rosity of PS layer (P) according to reference [24]:

Erps — Ery P (ErgErpre) (10)

To a large extent, the increase of porosity would prevent the
absorption of light by silicon wafer, so the J;,ema and hence
its related etching process have very small effect while
(Jexternal) Would sustain the etching process to become inde-
pendent on the porous parameters and this could improve the
etching at the early formed pits and pores. Etching will there-
fore continue in a fast rate at specific point where the density
of the dangling bonds (nucleation sites) has a large population
at these points.

Characterization of the Silver Nanoparticles/Porous
Silicon Hybrid Structures

Surface Morphology of AgNPs/PS Hybrid Structures

The deposited AgNPs illustrate a multi-layer, continuous mud
coating over the PS, resulting from homogeneous growth

Table 1 The obtained results of

photoluminescence Sample no. Etching exposure PL wavelength E, Nano-size (d) PL intensity
time (nm) (eV) (nm) (au)
Sample 1 0 701 1.77 6.45 1099
(LIE)
Sample 2 5 682 1.82 6.29 1410
Sample 3 10 620 1.99 5.56 1625
Sample 4 15 591 2.1 5.24 2170
Sample 5 20 579 2.14 5.13 2450
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Fig. 6 FE-SEM image of AgNPs/PS hybrid structure and its magnificati

inside each mud, as shown in Fig. 6, where the mud regions
are separated by trenches extended perpendicular over the
layers. These observations refer to ion reduction process over
silicon-rich with high density of pits and (Si—H;) bonds. The
presence of a second layer of nanoparticles over the primary
one indicates a growth dependence on Weber-Vomer mecha-
nism, in which the first layer is not fully covering the PS
surface [25]. In other way, a second layer appeared because
the density of surface nucleation sites Si—H; bonds is not fully
occupied. In the primary layer, the trenches’ sizes (regions

Date 5 Feb 2016
Time :15:34:06

Mag= 832KX EHT=500kV
SignalA=lInlens WD = 8.0mm

ion of sample 1

without silver nanoparticles) are smaller than those in the sec-
ond layer, indicating a complete consumption of some Si—H;
bonds during the growth process.

The resulting morphology of AgNPs with double etching
mechanism is illustrated in Figs. 7, 8, 9, and 10, with features
nearly dominated by large sizes (28—140 nm) of rod-like
AgNP aggregations at a 63-nm peak.

The main AgNP layer features include the following: over
PS surface growth, low nucleation density sites, and nano-
rode configuration. The resulting nano-gaps are in the range
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Fig. 7 a FE-SEM image of AgNPs/PS hybrid structure and its magnific
sample 2
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Fig. 8 a FE-SEM image of AgNPs/PS hybrid structure and its magnification, and the statistical distribution of b AgNP sizes and ¢ nano-gap sizes of
sample 3
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Fig. 9 a FE-SEM image of AgNPs/PS hybrid structure and its magnification, and the statistical distribution of b AgNP sizes and ¢ nano-gap sizes of
sample 4
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Fig. 10 a FE-SEM image of AgNPs/PS hybrid structure and its magnification, and the statistical distribution of b AgNP sizes and ¢ nano-gap sizes of

sample 5

of 10-130 nm with the highest peak at the greatest size,
130 nm. These resulting gaps are combinations of hot and
cold nano-gaps, with cold nano-gaps greater than the hot ones,
leading to weak Raman signal intensity improvement [26, 27].
Increasing the etching time to 10 min (sample 3) has enhanced
the nucleation sites and modified the topography to have low-
er dimerization, and this made the AgNPs to assemble in
smaller sizes which is comparable to sample 2. The silver
nanoparticle sizes are in the range of 5-85 nm with peak
distribution located at 15 nm.

The AgNP layer characterizations demonstrated rectangu-
lar structure, in which the AgNPs filling the pores with nano-
gap density in the resulting nanoparticles to be within the
range 5-80 nm and peak distribution located at 25 nm. The
densities of cold and hotspot regions are comparable, yielding

a plasmonic contribution shared between the LSP and hotspot
regions.

Further increase of exposure time to 15 min (sample 4) in
PECE has reconstructed nanoparticle layer near the fiber mat
layer. The nucleation sites showed very low, with nanoparticle
size distribution ranging from 5 to 85 nm and a peak located at
5 nm.

The characterizations of this layer consist of isolated nano-
particle groups, increasing the tendency of the groups of nano-
particles on the upper surface to reconstruct themselves like
carpet lines to completely cover the surface, and beginning
growth of small thorn shapes. The resulting nano-gaps among
the nanoparticles are ranging from 3 to 20 nm. Based on these
values, this gap is just a hot gap so we can expect that the
Raman intensity has a high value compared with the other

Sharp-Apexes
| stars of AgNPs

AgNPs/PS
hybrid structure
(SERS substrate)

|Pore like structure
| with gradient
| behavior

Fig. 11 Schematic illustration of the SERS improvement and hotspot regions which generated on the areas of sharp-apexes stars of AgNPs/PS hybrid

structure (sample 5)
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samples. The increase of etching time to 20 min (sample 5)
would change the overall morphology of the AgNP sizes to
very small (minimum values) ranging from 1 to 85 nm and the
surface of this layer is characterized with excessive broking
process to fine structure nanoparticles to be as thorn stars,

1.E+15

1.E+14

1.E+13

1.E+12

1.E+11

1.E+10

1.E+09T LAE
1.E+08 - . > L
0

5 10 15 20

Raman Enhancement Factor

25
Etching time (min)

1.E+15

1E+14 1

LE+13F

Raman Enhancement Factor
[S

1.E+12 A -
0

50 100 150

Gaps size (nm)

Raman shift (cm'?)

irregular surface with sharp edges, and the growth extends to
the pore sides.

The resulting nano-gaps have minimum values (2-20 nm)
with a peak at about 2 nm. This very small size of nano-gaps
can improve, to a very large extent, the resulting Raman
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Fig. 13 Raman analytical enhancement factor as a function of a etching time, b AgNP size, ¢ gap size, and d specific surface area of AgNPs (for samples

1,2,3,and 4)
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Fig. 14 The reproducibility of
SERS signal of R6G with sample
1, sample 2, sample 3, sample 4,
and sample 5
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spectra due to the formation of efficient hot gaps. The role of
the hotspot regions of the R6G molecules on the PS surface of
graded pore shapes is presented in Fig. 11. This figure can be
considered as a suggested schematic of AgNPs/PS hybrid
structure.

SERS Studies of AgNPs/PS Hybrid Structures

The SERS enhancement of the AgNPs/PS hybrid structures
strongly relies on the isolated silver nanoparticle sizes, geom-
etry, and the density of the hotspot regions (nanometer-sized
gaps and nanometer-sized pits). The enhancement mechanism
occurs in a two-step process. The first one is related to the
local electromagnetic field enhancement, originating from the
isolated plasmonic nanoparticles which acts as an optical an-
tenna, and the second enhancement process establishes from
the energy transfer of the (dye molecule/silver nanoparticles)
under test system.

Figure 12 shows the Raman spectrum of the two types of
PS structures prepared by LIE alone, and LIE followed by
PECE. For sample 1, a very weak signal was observed in
the spectra of 107'° M of R6G located at 1648.9 cm™ ', while
a number of distinguishable peaks were seen in the other hy-
brid structures of samples 2, 3, 4, and 5 at specific wave
numbers 1648.9, 1582, 1518, and 1375 cm ', These bonds

@ Springer

can be assigned to C—C bond stretching and C—H bond
stretching which represent the finger print of the R6G
molecule.

The analytical enhancement factor AEF is described by the
ratio of target molecular concentrations as depicted in Eq. 12
[28]:

Ise
SERS/ Csers

AEF = T
RS/ Crs

(12)

where Irg is the Raman intensity, /sgrs is the SERS intensity,
and Cggrg 18 the analyte in solution at a known concentration
which is usually much smaller than Cgrg (high concentration of
target solution). This factor is appropriate to show how the
surface enhancement increases the analytical ability of the
Raman technique which depends on the structures of substrate
and its coverage by the adsorbate. AEF values ranged between
8.64 x 10%and 7.15 x 10", Comparing the interesting peak of
SERS spectra before and after depositing the AgNPs, the AEF
was calculated and is plotted in Fig. 13a which represents the
period of PECE dependence of the AEF. It can be seen that
sample 5 has the highest AEF (7.15 x 10'*) while the lowest
AEF (8.64 x 10%) was obtained for the sample with LIE pro-
cess alone. The variation in AEF values is very sensitive to the
morphology of the deposited AgNPs. The LIE sample of the
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fractural nano-structural regions has very small contribution in
the Raman intensity improvement, i.e., facilitating a minimum
AEF value, due to the absence of active hotspot regions and
the presence of ineffective large-sized nanoparticle regions.

The SERS time dependence of the PECE process on
the enhancement factor is strongly related to the density
of the hotspots and the isolated AgNPs. The statistical
distribution of the related plasmonic parameters
(hotspots and plasmonic isolated nanoparticles) is illus-
trated in Fig. 13b, c. The maximum AEF was obtained
for sample 5 which has high density of small-sized
hotspots of about 2 nm, as shown in Fig. 10, and high
density of isolated nanoparticles located at 1 nm size.
The dependency of Raman AEF on both AgNP sizes
and the related nano-gaps is illustrated in Fig. 13b, c.
Figure 13d shows the relation between Raman AEF and
the specific surface area of AgNPs. This figure demon-
strates that the shape of nanoparticles has a significant
role in AEF by improving the specific surface area.
Increasing this area can improve, to a large extent, the
effect of NPs in Raman signal. This is due to the high
exposure area of nanoparticles and hence the effective
energy transfer inside the hotspot regions. The specific
surface area (surface area per mass) is one of the fig-
ures of the merits of the material and is given as:

Specific surface area = 6OOO/Dp X p (13)

where D,, is the size of the AgNPs and p is the density of silver
10.5 g/em’ [29, 30].

To investigate the reproducibility of the fabricated samples,
these SERS spectra were measured for different five batches
of each sample. Figure 14 illustrates the intensity distribution
of'samples 1, 2, 3,4, and 5 for R6G dye solution concentration
107" M.

The variation in Raman intensity of the main Raman
peak 1648.9 cm™' is illustrated in Fig. 15. Very poor
reproducibility was recorded for sample 1. For samples
2, 3, 4, and 5, the reproducibility has improved as com-
pared to that of sample 1. Maximum improvement (min-
imum variations of 5%) was obtained for sample 4. The
main reason behind this performance depends on the
uniformity of the surface morphology (macro specific
uniformity) and the deposited silver nanoparticles, in
addition to the size distribution of silver nanoparticles
on the porous surface (micro specific uniformity).

Low variation (high reproducibility effect) means that both
microscopic and macroscopic specific variations have a min-
imum value, while a higher variation of SERS spectrum to
about 11% (poor reproducibility effect) reflects low micro-
scopic and macroscopic uniformity.

The explanation of the above statement is supported by the
measured surface morphology of the AgNPs/PS hybrid
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Fig. 15 The reproducibility of SERS signal of the main Raman peak
1648.9 cm ! of 10-15 M of R6G of a sample 1, b sample2, sample 3,
sample 4, and sample 5

structure, where the highest reproducibility was achieved
when the surface has minimum variation regions (3—20 nm),
while the lowest reproducibility involves a surface variation
region (10—130 nm).

Conclusion

In this work, a simple and efficient approach of double
etching process was developed to fabricate SERS sub-
strates with excellent reproducibility and high analytic
enhancement factor for few molecule detection process-
es. Fine controlling of the PS morphologies led to form
various types of plasmonic features. The SERS activity
of various forms of plasmonic nanoparticles was evalu-
ated for very low concentration 107> M of R6G dye
(single molecule detection). The enhancement and repro-
ducibility of SERS substrates improved with increasing
of both efficient hotspots and specific surface area of
AgNPs.
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