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Gold nanoplasmonic particles in tunable porous
silicon 3D scaffolds for ultra-low concentration
detection by SERS†

Rihan Wu,‡a Qihao Jin, ‡
b Catherine Storey,a Jack Collins,a

Guillaume Gomard, c Uli Lemmer,b Leigh Canham,a Rainer Klingb and

Andrey Kaplan *a

A composite material of plasmonic nanoparticles embedded in a

scaffold of nano-porous silicon offers unmatched capabilities for

use as a SERS substrate. The marriage of these components

presents an exclusive combination of tightly focused amplification

of Localised Surface Plasmon (LSP) fields inside the material with an

extremely high surface-to-volume ratio. This provides favourable

conditions for a single molecule or extremely low concentration

detection by SERS. In this work the advantage of the composite is

demonstrated by SERS detection ofMethylene Blue at a concentration

as low as a few picomolars. We systematically investigate the

plasmonic properties of the material by imaging its morphology,

establishing its composition and the effect on the LSP resonance

optical spectra.

Localised Surface Plasmon (LSP) is a coherent oscillation of

electrons at the interface between metallic nanoparticles and

the surrounding medium. LSP can be excited by light when its

frequency matches that of the oscillations, producing a strong

enhancement of the electromagnetic field in the vicinity of the

particles under the conditions of the resonance.1 The LSP

Resonance (LSPR) is distinguished by intense absorption and

scattering of light. Its wavelength and intensity are primarily

determined by the type of material, size, shape, environment

refractive index and coupling between adjacent nanoparticles.2–4

In the past few decades, extensive studies have been conducted

to adopt LSPR in biological and chemical sensing systems due

to its high sensitivity to the surrounding environment.5,6

The ability of photon-trapping and strong absorption of LSPR

at the resonance wavelength have further promoted its

implementation in light harvesting devices.7,8 Other fields of

research and applications extend to metamaterials,9 plasmonic

devices,10,11 diagnosis and treatment of diseases.12–14

Several types of LSPR substrates with nanoparticles in

colloidal suspension, deposited on the surface and embedded

in a dielectric matrix have been developed and investigated.15–17

The former two types are most commonly used in biological and

chemical sensing systems, implementing Surface Enhanced

Raman Spectroscopy (SERS), where the analytes are either mixed

with colloidal solution or in contact with the substrate surface.18

The LSPR induced by nanoparticles localises and enhances

the electromagnetic field which amplifies the Raman signal

of the surrounding molecules.19 In the latter type, metallic
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New concepts

We developed a new substrate for on-chip Surface Enhanced Raman

Spectroscopy. The substrate surpasses known alternatives and provides

signal enhancement by a factor of 109, achieving a single-molecule

detection level. This property has been corroborated by detecting

Raman scattering from an analyte with picomolar (10�12 M)

concentration of methylene blue dye. To achieve the break-through

quality, we developed a new method to embed gold nanoclusters into a

3D scaffolding of nano-porous silicon (npSi). This new composite

material combines unique properties of both components. The role of

gold nanoclusters is to enhance the light field by means of Localised

Surface Plasmon (LSP) resonance excitation. The function of the npSi

dielectric environment is to tighten further the localisation and provide

an enormous area exposed to LSP. Thus, analyte molecules adsorbed on

the pores have an exceedingly high chance to interact with the tightly-

focused LSP and participate in enhanced Raman scattering. The material

applications spread far beyond SERS because it combines the rich world

of nanoplasmonics with the high-tech of semiconductors. Plasmonics

materials have excellent absorption cross-section, high electron

concentration and tunability, the properties sought to enhance the

performance of semiconductor detectors, lasers and imaging sensors.

We are hopeful that our development will advance significantly the

implementation of plasmonic/semiconductor composites into industrial

applications.
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nanoparticles are usually embedded into a nonconducting solid

state environment, such as silicon oxide or organic polymers.20

These hybrid composite materials not only preserve the LSPR

response of the metal nanoparticles from degradation, but also

improve the robustness and responsiveness, thereby further

expanding their application range. The use of plasmonic nano-

particles was extended to Au@Pt core–shell nanostructures

facilitating dual functionalities to track Pt-catalysed reactions

and quantitatively analyse the response by SERS. The particles

preserve their morphological uniformity as revealed by TEM

imaging after a few cycles of recycling following the particles’

use in a catalytic reaction.21 Although there are many advantages

of hybrid bulk composites over solution/surface counterparts,

technological limitations to embed metallic nanoparticles into the

matrix of bulk materials, in particular semiconductors, remain

unresolved, because of difficulties involved in the fabrication pro-

cess. The conventional mixing methods, such as melt quenching,22

colloidal method23 and metal-dielectric co-sputtering,24 are either

not suitable or have not been developed to an adequate level suitable

for the large-scale and low-cost fabrication of nanoplasmonic–semi-

conductor composites. Nevertheless, recent studies have revealed

fascinating properties and perspectives of nanoplasmonic–semicon-

ductor composites for enhanced efficiency of photocatalysis,25,26 as

well as demonstration of a mechanism of plasmon-induced

hot carrier generation and their migration through a Schottky

barrier of Au/TiO dumbbell structures, enhancing the photocatalytic

performance.27 Other examples of the composites’ applications

include amplifications of photoluminescence,28 solar energy

conversion29 and optical nonlinearities.30

In this work, we aim to develop a method scalable for the

production of large quantities of nanoplasmonic–semiconductor

composites exhibiting high uniformity. Nano-porous silicon

(np-Si) was selected as the semiconductor matrix due to

its low manufacturing cost,31 robustly developed fabrication

process and in-depth documented optical and electronic

properties.32,33 Moreover, np-Si provides a natural template for

metallic nanoparticle growth inside the interconnected nano-

sized pore channels. We developed a method of spontaneous

growth of Au nanoparticles (AuNPs) inside np-Si using the

immersion plating technique. This process demands precise

control of the solution temperature and concentration to ensure

uniform growth of Au particles inside the pores, while

concurrently minimising unwanted particle clustering on the

np-Si facets. We fabricated samples with different volume

fractions of Au nanoparticles and examined their composition,

morphology and uniformity by means of Scanning Electron

Microscopy (SEM) and Transmission Electron Microscopy

(TEM). We show that the nanoparticle size and density distribution

can be controlled by varying the deposition time and solution

concentration. The presence of the LSPR was observed by dark-field

microscope and a VIS-NIR scattering spectrometer. Au/np-Si

composites exhibit the LSPR at the red end of the visible spectrum,

extending to the near infrared region for the samples with

increasing Au nanoparticle volume fractions.

The sample with the highest Au volume fraction was used as

a SERS substrate to measure the Raman spectrum of the

Methylene Blue (MB) benchmark compound. We demonstrate

an enhancement factor of B109 under the excitation wave-

length of 808 nm in the vicinity of the LSPR. Such enhancement

is suitable for a scenario where a single molecule detection is

desired.34,35

1 Results and discussion
Sample preparation and characterisation

We adopted a wet chemical synthesis method based on the

previously reported studies36,37 exploring gold ion reduction

from a solution of tetrachloroauric acid (HAuCl4) with borohydride

as a reducing agent. However, in this work, we adopted a procedure

where no reducing agent was required. Instead, hydrogen atoms

chemisorbed at the pore surface of np-Si act as a reducing agent

during AuNP impregnation (see Methods). Fig. 1(a) wrap-ups the

main steps of the sample preparation. A 550 nm-thick np-Si layer

with underlaying silicon substrate was pre-treated with 2% HF

solution for 30 s to remove the native oxide from the pore surface

and to saturate dangling bonds with hydrogen. After the treatment,

the samples were immediately immersed in HAuCl4–ethanol

solution, where the gold ion reduction occurs at the pore channel

surfaces accompanied by aggregation and spontaneous growth of

AuNPs. To facilitate the penetration of the solution into the pores,

an ultrasonic bath was used during immersion, which not only

enhances the inflow, but also prevents the growth and clustering

on the top surface. In addition, the solution concentration and

environment temperature play important roles in achieving uni-

form Au deposition along the depth coordinate. Due to a slow

diffusion rate of the solution in np-Si (B10�9–10�10 m2 s�1),31

AuNPs tend to grow in the direction from the top to the bottom of

the substrate. Therefore, controlling the reduction rate through

concentration and temperature is essential to ensure the solution

reaches the bottom before AuNP grow at the top, blocking the

opening of the pore channel. Through iterative experimentation, it

was found that at room temperature, the diffusion and reduction

rates are balanced for HAuCl4 concentration not greater than

1 mM. At above room temperature the clusters tend to grow on

the surface restricting penetration of the solution into the pores

and inhibiting uniform growth through the layer thickness.

Consequently, we attempted to lower the temperature and

increase the flow rate. However, this did not produce reproducible

results as it was difficult to maintain the parameters steady

without further elaborate development of the set-up. Therefore,

we focused on finding a range of concentrations suitable for

the impregnation at room temperature. Samples with different

densities and sizes of AuNPs were obtained by varying the

HAuCl4 concentration and retention time of np-Si in the solution.

Table 1 shows the details of the concentration and immersion

time of the four samples that were further investigated in this work.

The quoted AuNP volume fractions were estimated by

modelling the results obtained from angle resolved reflectance

measurements (see the ESI†). After the immersion plating, the

samples were rinsed in pure ethanol and gently air dried on a

hotplate at 60 1C.
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A layer of processed np-Si was gently fractured into small

fragments to examine under TEM and Energy-Dispersive X-ray

(EDX) to verify the presence of AuNPs. Fig. 1(b) shows the TEM

image of an arbitrary segment of the composite. The dark spots

are the AuNPs surrounded by the bright sponge of the np-Si

matrix. It can be seen that some of the pores are fully occupied

by Au, while others remain hollow. Fig. 1(c) shows the EDX

spectrum of np-Si after the Au impregnation. The pronounced

Au and silicon peaks are clearly observed at their characteristic

energies of 2.12, 9.71 and 1.74 eV, respectively.38,39 We note

that the carbon and copper peaks are contributed by the

supporting TEM grid.

To demonstrate the uniformity of the cluster distribution

along the sample depth, we show the top-view and cross-section

SEM images of the Au/np-Si composite with a Au volume

fraction of 0.02 in Fig. 1(d and e), respectively. These results

confirm that there is no aggregation of particles on the top

surface, while they are evenly spread along the depth of the

550 nm-thick np-Si matrix. Fig. 1(f) shows the zoomed-in view

of the SEM cross-sections for four samples with different AuNP

volume fractions, f. It can be seen that the size of the

AuNPs increases with the immersion time, while at the longer

immersion times the larger clusters tend to grow anisotropically

along channels and form rather elliptical shapes. This preferential

direction of the growth is imposed by the pore channels walls.

By analysing a large number of SEM cross-section images, we

obtained the AuNP cluster cross-sectional area distribution as

shown in Fig. 1(g). In addition, the ellipsoidal quadratic mean

radius, %R, as a function of Au volume fraction, f, is shown in

Fig. 1(h). These figures indicate a general correlation for the

clusters to grow larger as their density increases.

Localised surface plasmon resonance

To gain further insight into the nature of Au/np-Si composites,

we assessed their optical properties. The samples were imaged

by using a real-colour CCD camera through a Dark Field

Microscope (DFM) collecting the scattered light. The images

are shown in Fig. 2(a–d) where the apparent colour of the

scattered light is red. This is in contrast to the typical green

colour for similar size AuNPs in air.40 This redshift is attributed

to the renormalisation of the LSPR wavelength according to the

Fröhlich resonance condition41 for which the Drude dielectric

function of gold nanoparticles, eAuNP, matches that of the

environment according to eAuNP = �2eenv. For particles in

np-Si, the surrounding effective dielectric function, eenv, is

Fig. 1 (a) Schematical presentation of the fabrication procedure of the Au/np-Si composite material; (b) TEM image of a fragment of Au/np-Si; the dark

spots are AuNPs and the bright area is np-Si; (c) EDX spectrum of the Au/np-Si composite; (d) top and (e) cross-section views of the SEM image of the

Au/np-Si composite with Au volume fraction of 0.02; (f) zoomed-in cross-section of SEM images for samples with different Au volume fraction, f;

(g) scaled probability distribution of cross-sectional area A; (h) ellipsoidal quadratic mean radius, %R, as a function of AuNP volume fraction, f.

Table 1 Parameters and sample information of a gold ion reduction

process: HAuCl4 solution concentration, c; immersion time, t; and Au

volume fraction, f. All samples were prepared at the constant temperature

of 25 1C

Sample c (mM) t (min) f

Au/np-Si 1 0.5 10 0.02
Au/np-Si 2 1 20 0.05
Au/np-Si 3 1 120 0.08
Au/np-Si 4 1 720 0.13
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nearly twice larger than that of air, resulting in the resonance

conditions rearranged towards longer wavelengths.

Yet, the DFM observation of the scattering has a few limitations.

The CCD camera imposes the cut-off wavelength of 650 nm

and integrates the spectrum while missing the image of the

particles scattering at the longer wavelength. The DFM imaging

also tends to grossly overrepresent the high-end tail of the physical

cross-section distribution (Fig. 1(g)), while uncounting for the

clusters with the dimensions smaller than the microscope

resolution limit.

The deficiency was resolved by means of the wavelength-

resolved light scattering measurement over an extended

VIS-NIR spectral range (see Methods). Fig. 2(e) shows the

scattering spectra of np-Si without and with different volume

fractions of Au. The scattering spectrum of the np-Si sample

without AuNPs is almost flat as its roughness parameter,

governed by the pore dimensions, is much smaller than the

wavelengths of the spectrum and there are no available scattering

centres able to deflect the incoming photons from the original

path. However, adding just a minute Au volume fraction of 0.02 to

the np-Si results in the appearance of the scattering band peaked

around 600 nm, attributed to the LSPR. As the Au volume fraction

increases, the resonance peak further shifts to the NIR region,

accompanied by the development of the second scattering band,

covering the wavelength region between 1000 and 1300 nm. There

are two main physical effects that are likely involved in the

alteration of the spectrum by increasing the Au fraction in the

material.

Fig. 2 (a–d) Dark Field Microscope (DFM) images of the four samples with different Au volume fractions; (e) measured scattered reflection of np-Si

samples without and with different volume fraction of Au; (f) simulated scattering cross-section (normalised) for the fitting parameters listed in Table 2.
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First, the plasmon resonance shifts towards longer wave-

length as the AuNP size increases.42 This is very likely attributed

to the change in the local environment surrounding individual

particles. While a particle grows, it fills the available space

expanding simultaneously towards the opposite wall and along

the channel. Hence, the size of a particle determines the

fractions of silicon and air in its surrounding. The smaller and

round particles are more exposed to air and less to silicon at the

interface of the contact area between the pore wall and gold. For

larger particles the contact area with silicon increases because of

their elliptical shape filling the channel. Hence, the larger

particles are locally surrounded by the environment with a

higher effective dielectric function and their LSPR wavelength

shifts to red with respect to the smaller ones.

Second, the plasmon coupling between adjacent AuNPs can

cause the split of the plasmon mode.43,44 Using the AuNPs

density and mean radius, it can be estimated that for the lowest

fraction, the mean spacing between adjacent AuNPs is relatively

large, 410 nm (Fig. S3, ESI†). Thus, for smaller particles and

lower densities the interaction is diminishing, because the

plasmon field decays over the factor of 1/e within the distance

of o5 nm.45 Under these conditions the AuNPs can be treated

as isolated clusters surrounded by an np-Si environment.

However, at the greater Au volume fractions, which yield larger

particles, the spacing between particles is smaller than the field

extension and the coupling effect can no longer be ignored. At

the larger AuNP densities, the coupling produces an additional

plasmon resonance corresponding to the s-hybridisation of

two individual AuNP particles with collinear and unidirectional

fields.43 This mode energy is lower than that of a single particle,

because of the attractive nature of plasmon–plasmon inter-

action and it appears in the spectrum at longer wavelength than

that of an individual particle. Since the AuNPs in the matrix

have rather distributed sizes and spacings, their scattering

spectra are composed of weighted contributions from single

and hybridised plasmon modes.

We note here that, although the spectra demonstrate a red

shift as Au volume fraction increases, the clusters colour remains

almost unchanged in the DFM images (Fig. 2(a–d)), because the

cut-off wavelength and integration smear the effect.

To gain a quantitative understanding of the observed LSPR

spectra, we used the finite element method to simulate the

scattering spectra of AuNPs embedded in an np-Si environment

(see Methods). The simulation takes as an input of the mean

radius, %R, and spacing, %d, between gold particles surrounded by

np-Si. %R and %d were determined from the SEM images, as

outlined above. The dielectric function of gold was used from

the literature.46 The effective dielectric function of the np-Si

environment (without Au inclusions), eenv, was estimated by

the use of the Bruggeman model:47,48 ð1� pÞ
eair � eenv

eair þ 2eenv
þ

p
esi � eenv

esi þ 2eenv
¼ 0, where p is the volume fraction of silicon and

eair = 1. p is an adjustable parameter, which accounts for the

fact that eenv depends on the size of gold particles in the pore

channel, as discussed previously.

Three main assumptions were made for the simulation:

(1) AuNPs are surrounded by a homogeneous environment with

the dielectric function of eenv, according to the effective media

approximation with adjustable parameter, p; (2) the refractive

index of AuNP is the same as that of bulk Au; (3) AuNPs have a

spherical shape. Although, the actual shape of the particles is

that of a spheroid, they are predominantly oriented with their

major axis along the channels and depth coordinate. Hence, at

the normal light incidence, light is polarised in the plane of the

circular cross-section containing the minor axis.

The simulation results of the normalised scattering cross-

section are shown in Fig. 2(f) and the corresponding

parameters of the calculations are listed in Table 2. It can be

seen that the modelling essentially reproduces the spectral

locations of the single particle and s-hybridisation resonances,

as well as the tendency of the former to dominate. The simulation

does not include sources of the possible resonance broadening,

such as AuNP size and space distribution, deviation from the

perfect spherical shape, dependence of the resonance life time on

the particle size and contribution from the multipole interactions.

Yet, it supports our assumption that the shift of the higher energy

resonance (single particle) is proportional to the dielectric

function of the effective np-Si environment. While the lower

energy resonance depends on the strength of the coupling of an

attractive dipole–dipole interaction as d�3.

The scattering cross-section, Csca, can be estimated from

the measurements of the fractional scattering intensity and

compared to the simulation. Isca, the following:49 Csca =

�ln(Isca)/nh, where n and h are the number of particles per unit

volume and thickness of the layer with the embedded scatters.

For example, Csca for np-Si + 0.05 Au (n = 4 � 1021 m�3, h = 550 �

10�9 m and Isca = 0.05) at 700 nm is about 1.4 � 10�15 m2. The

Comsol simulation suggests that embedded Au particles have

the scattering cross-section of 3.2 � 10�15 m2. The discrepancy

might arise from the fact that the absorption of the np-Si matrix

is not accounted in the simulation and only the backward

scattering is collected by the integrating sphere. These two

reasons cause the decrease of the experimental scattered inten-

sity and lead to the underestimation of the cross-section.

The composite materials consisting of a porous silicon

scaffold with embedded gold nanoparticles, benefitting from

the possibility of controlling a few structural parameters, such as

porosity, sizes of the pores and particles, thereby determining

the Localised Surface Plasmon (LSP) properties. Namely, the

porosity controls the local dielectric environment surrounding

the particles and interparticle space. The density, size and

shape of the particles can be regulated by the duration of the

impregnation process, while their upper size is limited by the

pore’s diameter. Using a silicon scaffold with low pore size and

density, the LSP resonance will be similar to that of an individual

particle, but red-shifted with respect to vacuum or solvent with a

low dielectric function. On the other hand, higher porosity and

pore size offers an alternative to growing particles whose size

can be controlled by the impregnation time. In such an environ-

ment, smaller particles behave as individual entities surrounded

by the mix of silicon and air, while, for larger particles, their size

Nanoscale Horizons Communication

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

6
 J

u
ly

 2
0
2
1
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
2
/2

0
2
2
 2

:2
4
:0

1
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D1NH00228G


786 |  Nanoscale Horiz., 2021, 6, 781–790 This journal is © The Royal Society of Chemistry 2021

is set by the pore’s diameter within the scaffold walls, tightly

encompassing them with high dielectric index environment.

The larger particles will not only have a red-shifted LSP spectrum,

but their LSP fields can couple to produce hybridisation modes.

Thus, when designing a nano-plasmonic composite material, one

has some degrees of freedom to tune the appearance of the LSP

spectra to a desired range of wavelengths. Fig. S7 in the ESI†

demonstrates how the refractive index of np-Si varies as a function

of the porosity, as an example. By changing the anodization

current and duration time, different porosity of np-Si samples

can be obtained to tune the LSPR response.

Use of Au/np-Si composites as a SERS substrate

To demonstrate the advantage of the Au/np-Si composites, we

employed the sample with the highest Au volume fraction,

f = 0.13, as the SERS substrate. A laser with 808 nm wavelength

was applied to excite off-resonance Raman signals (see

Methods for measurement details). Methylene Blue (MB) was

used as a probe molecule, because its absorption peak is away

from the excitation wavelength which minimises the parasitic

luminescence background.50 To validate the effect, we compare in

Fig. 3(a) the Raman spectra of the three samples consisting of

bare np-Si, Au/np-Si composite without MB and Au/np-Si soaked

in 1 mM MB. All the samples show a strong and sharp Raman

scattering at 520 cm�1 corresponding to the intrinsic TO phonon

mode of silicon.51,52 Besides the phonon line, the background

signal for the Au/np-Si is flat and featureless providing favourable

conditions to use it as a SERS platform for chemical/biological

detection. This is demonstrated by the Raman spectrum of the

sample with the pores filled with MB, which is recognised by the

typical Raman peaks at 450, 770 and 1150 cm�1 known from the

literature.53–57 We note that to improve the presentation, the

base lines of the spectra in Fig. 3(a) are arbitrarily located on

the ordinate.

To establish the sensitivity of the method, we measured a

series of samples with concentration range between 1 mM and

down to the ultra-low 1 pM, shown in Fig. 3(b), with the inset of

the zoomed-in range between 400 and 500 cm�1. It can be seen

that even for the concentration as low as 1 pM, the MB

scattering peak at 450 cm�1 is still detectable, while the further

increase of the concentration makes the MB spectral finger-

prints more distinct. Fig. 3(c) shows the Raman intensity of the

three representative peaks at 450, 770 and 1150 cm�1 (located

at short, middle and long spectrum region, respectively) as a

function of MB concentration. It can be seen that the intensity

increase for these peaks as a function of the concentration is

identical. This suggests that the enhancement effect of a

Au/np-Si composite does not have spectral selectivity. We note

that multiple Raman measurements were taken over random

locations on each sample to estimate the mean and deviation

(Fig. S8 in the ESI†). The curves shown in Fig. 2(b) are the

averages of the Raman spectra measured in those locations.

The error bars in Fig. 2(c) represent the peaks’ deviation from

their mean values.

The enhancement factor (EF) is an important criterion to

evaluate quantitatively the performance of SERS substrates.34,35

As discussed in the literature, there are several ways to deter-

mine the EF.58–60 In this work, we adopted an approach that

defines it as EF ¼
ISERS=NSERS

IRS=NRS

.61 ISERS and IRS are the Raman

Table 2 Simulation parameters

Parameter np-Si + 0.02Au np-Si + 0.05Au np-Si + 0.08Au np-Si + 0.13Au

Radius, %R (nm) 8.1 14.5 19.5 26.1
Number density, n (m�3) 9 � 1021 4 � 1021 2.6 � 1021 1.7 � 1021

Effective silicon fraction, p 0.4 0.5 0.55 0.65
Environment permittivity@800 nm 3.6 + 0.007i 4.5 + 0.011i 5.7 + 0.014i 7.4 + 0.020i
Spacing, %d (nm) 410 1.3 1.25 1.05

Fig. 3 (a) Raman spectra of np-Si (blue), Au/np-Si (green) and Au/np-Si with 1 mM MB (red). The peaks marked by the dash line correspond to the TO

phonon mode of silicon. The base lines of the spectra are arbitrarily located on the ordinate; (b) Raman spectra of Au/np-Si with different concentrations

of MB, ranging from 1 pM to 1 mM. Inset: The enlarged view of the 450 cm�1 peak; (c) supralinear relationship of concentration and Raman intensity of

three Raman peaks at 450 (red), 770 (green), 1150 (blue) cm�1, respectively.
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intensities with and without the surface enhancement; NSERS

and NRS are the corresponding number of analyte molecules

exposed to the beam. For the reference measurement of IRS, a

smooth Au film was used as a substrate which was uniformly

covered by MB solution with concentration of 100 mM, corres-

ponding to 2.4 � 1012 MB molecules (see Methods) in the area

illuminated by the laser. As for the SERS measurement, there

are about 24 molecules exposed to the laser at the lowest MB

concentration (1 pM). The obtained SERS spectrum is shown by

the blue line in Fig. 3(b). The reference Raman spectrum was

recorded while keeping the power and spot size of the excitation

laser the same as in SERS measurements, (Fig. S1 in the ESI†).

The intensity of ISERS and IRS was obtained by integrating the

intensity of the three Raman peaks at 450, 770, and 1150 cm�1

which yields 0.196 and 4.063, respectively (abs. unit), and the EF

of 4.84 � 109. This is an ample EF value befitting the single

molecule detection by the SERS method.34,62 The performance of

our substrate approaches that of 3D plasmonic metamaterials

with hierarchically ordered porous gold membranes consisting

of close-packed arrays of nanoholes and uniformly distributed

mesopores over the bulk, where a detection limit down to

10�13 M was demonstrated for non-resonant Raman scattering

from benzenethiol molecules.63

Typically, the EF for an isolated Au nanosphere is in the

order of 102–104,64–66 which can be further improved to 105–108

by changing its shape,67 the inter-particle spacing64,68,69 or

distribution on a substrate.70 The high EF for our SERS sub-

strate can be attributed to the peculiarity of a sponge-like

morphological structure of np-Si. Unlike planar substrates

used in previous studies, it exhibits an enormous surface for

the adsorption of the analyte71 and accommodated gold nano-

particles. The analyte is not only detected on a facet surface of

the substrate, but, to a greater extent, across the inner surface

of np-Si pore walls. The large surface area of the pores traversing

the volume can accommodate the outstanding density of the

tightly packed clusters with a large cross-section. These conditions

not only allow efficient LSP excitation across the layer depth, but

create a large number of ‘hot spots’ where the fields further

amplified in narrow gaps between interacting particles. Indeed,

Table 2 proposes that particles with the radius as large as 26 nm

can be fixed in space with in-between gaps between them of just a

few nanometres. Moreover, it is possible to achieve conditions

with the interacting particles dominating the assembly. The

corresponding spectrum of Fig. 2(e and f) suggests that such

tightly interacting particles dominate the response. On the other

hand, the material can bind a high density of analyte molecules

on the pores surface, in particular in the vicinity of the ‘hot spots’.

A similar arrangement is nearly impossible to realise in a liquid

phase as the particles will coalesce in that state. Although it is

possible to anchor the particles creating narrow gaps on the

surface, the number of available sites is limited by the system’s

low dimensionality. Thus, the 3D np-Si scaffolding with a high

density of interacting clusters yields a higher probability of

finding molecules in gap areas than in its 2D counterpart

and one would, therefore, expect higher overall contribution of

amplified SERS response.

2 Conclusions

Au/np-Si composites with varying Au volume fraction were

fabricated through the immersion plating technique. The

AuNPs were successfully embedded into the 550 nm-thick

np-Si substrates, forming a 3D metal/semiconductor composite

material. SEM, TEM and EDX analysis confirmed the presence

of AuNPs uniformly distributed over the volume. The analysis

was used to obtain the average AuNP size and their density,

which were employed to simulate LSPR scattering spectra.

The numerical modelling suggests that the spectra are

characterised by single particle and inter-particle coupling

resonances. We examined the potential application to use the

composites as a SERS substrate. We demonstrated that the

concentration as low as a few picomolar can be detected for

the benchmark compound of methylene blue. Our estimates

suggest that the enhancement factor of 109 can be achieved on

these composite materials. The reason for such high

amplification might be attributed to the peculiarities of np-Si.

The material can accommodate a large number of metal

particles interacting over the entire volume of the substrate

containing analyte molecules absorbed in the pores.

3 Methods
VIS-NIR spectrometer

The back-scattered light was collected by a PerkinElmer

Lambda 1050 UV/Vis/NIR spectrometer equipped with an

integrating sphere module. During the measurement, the

broad-band, unpolarised halogen light source was used to

illuminate the samples. The samples were placed on a port

where only the back-reflected light was collected inside the

integrating sphere. To exclude the specular component from

the diffuse scattered reflectance, a corresponding aperture was

opened on the port which allowed the specularly reflected light

to exit the integrating sphere.

Surface enhanced Raman spectroscopy

An 808 nm laser (Changchun New Industries Optoelectronics

Tech. Co., Ltd) was used as the excitation source through a 40�

objective (NA 0.6, Plan-Neofluar, Zeiss). The back-scattered

Raman signal was collected via the objective after passing

through the notch filter (TECHSPEC 808 notch filter, Edmund

Optics Inc., Germany). The signal was detected by a spectro-

graph (Acton Spectra Pro 2500i, Princeton Instruments,

Trenton, NJ, USA) equipped with an electron-multiplying

charge-coupled device (EMCCD) camera (iXon, Andor, Belfast,

UK). Au/np-Si samples with the highest Au volume fraction,

f = 0.13, were used as the SERS substrate, while the reference

substrate was fabricated by evaporating 100 nm gold onto a

1 cm2 glass slice in a vacuum. Both the Au/np-Si and reference

samples were immersed in 2 mL Methylene Blue (MB, high

purity, Alfa Aesar) solution. The SERS samples were soaked in

solutions with various concentrations in the range between

1 pM and 1 mM, while for the reference the whole volume of

100 mM solution was dropped on the surface. All the samples
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were dried on a hotplate at 60 1C for 10min in air. Assuming that

all the MB molecules are uniformly adsorbed by the sample,

there are B2.4 � 1012 and B24 MB molecules on the reference

surface and in Au/np-Si volume for 1 pM MB concentration,

respectively, exposed to the area of 2 mm2 illuminated by the

laser. The obtained Raman spectra for the samples with Au/np-Si

as the substrate are shown in Fig. 3(b), while Fig. S1 in the ESI†

shows that of the reference.

Nano-porous silicon

Nano-porous Si (np-Si) samples were prepared using electro-

chemical anodisation of a boron doped Si(100) wafer with

resistivity in the range of 5–20 mO cm, corresponding to a

dopant density of 3 � 1018 cm�3. A 1 : 1 ratio mixture of

methanol and 40% hydrofluoric acid was used as the electrolyte

at a current density of 100 mA cm�2 for 8 s to yield an np-Si

layer with thickness of approximately 550 nm (measured from

the cross-section of the SEM image). The wafer was then rinsed

in methanol and dried in air. A 65% porosity was estimated

using the gravimetric method.72 The structure of the samples

before impregnation can be described as being of a sponge

silicon material, consisting of thin flat wires interwoven to form

the walls of hollow channels, running along the depth coordinate.

The mean thickness of the walls was 10 nm and the diameter of

the channels was about 50 nm. The substrates used to fabricate

the samples in this study were different from those usually

employed to investigate photoluminescence, for which p-silicon

substrates are generally better suited.73 Instead, our main

focus here was to obtain luminescence-free, optically uniform

membranes for which p+ substrates are an established choice.74

For this work, the thickness of the layer was kept sufficiently thin

to assure uniform penetration of the gold solution into the depth,

while, on the other hand, remaining thick enough to provide an

adequate depth to accommodate the laser penetration depth for

Raman measurements (see Fig. S9, ESI†). We note that this

process could be developed to impregnate layers and membranes

with a thickness of more than a hundred microns. With such

flexibility one can design an impregnated layered material

facilitating an interferometric amplification,33 in addition

to SERS.

Gold cluster impregnation

The electroless immersion plating technique was used to

impregnate gold clusters into the np-Si layer. The immersion

solution was prepared by dissolving 9.85 mg of tetrachloroauric

acid (HAuCl4) in 50 mL of ethanol, resulting in a concentration

of 0.5 mM. Before the impregnation process, the np-Si sample

was dipped in 2% of HF (diluted in DI water) for 30 seconds to

remove the native oxide layer developed on the surface of the

sample and inside the pores. Afterwards, the np-Si sample was

immersed in the pre-mixed HAuCl4 solution and placed in an

ultrasonic bath to agitate the solution and stimulate it to flow

into the pores. Due to the native surface of pSi which contains

metastable Si–Hx termination, the following reaction was triggered

near the pore interface: [AuCl4]
� + H+ + 3e� = Au + 4Cl� + H+,

causing the reduction of Au and formation of Au nanoparticles.

After a chosen time period, the sample was rinsed in ethanol and

dried in air. Fig. S3 (ESI†) shows the SEM cross section image of

sample np-Si + 0.02 Au, and Au clusters can be seen inside the np-Si

pore channels. The analysis of the SEM image suggests that the

mean diameter of the clusters in this sample is about 20 nm.

The picked points in the figure are the random point analysis of a

Au nanoparticle, where Da shows the diameter and Db is the area

of the selected Au nanoparticle.

FEM simulation of single and double AuNP

Comsol Mulitiphysics was used for the simulation of the

scattering cross section of single and double Au particles.

The particle size was set to 8.1, 14.5, 19.5, and 26.1 nm, respec-

tively, surrounded by a homogeneous material with refractive

index of np-Si. The excitation field was set to have both TE and

TM components, in order to simulate the experimental condition

to a great extent. The wavelength was set to sweep from 500 to

1400 nm. The simulation suggested that the Bruggeman model is

only suitable for samples with small Au volume fraction.

A correction on the environment dielectric function was applied

to fit with the experimental results for high Au volume fraction

samples. It also confirmed that the second scattering peak in the

measured scattering spectrum came from the coupling between

two Au clusters with short separation distance.
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