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Abstract
Reducing the distance between the fluorescence molecules and noble metal (resonant) nanostructures is known to advance the
process of electromagnetic coupling and energy transfer, which in return yields fluorescence enhancement particularly exploited
for improved biomedical applications. In this study, Au-capped Si nanowhiskers (NWs) at various sizes were fabricated using a
vapor–liquid–solid (VLS) mechanism for systematically investigating the dependence of the size of the Au-capped Si NWs on
the fluorescence enhancement factor with respect to the fluorescence emission from Rhodamine 6G (Rh-6G) fluorophore.
Opposite to what is anticipated from the literature, the maximum enhancement was obtained for the sample for which the Au-
nanoparticle (NP) capping is well isolated from the fluorophore and the vertical distance between the fluorophore and the
plasmonic metal nanoparticle is largest. Numerical simulations using the finite element method (FEM) were shown to support
the experimental optical response results. Four-point probe I-V measurements also show that the Schottky ideality factor of Au-
capped Si NWs decays exponentially upon the rise in the fluorescence enhancement factor.
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Introduction

Spontaneous emission from fluorescence molecules can be
improved by coupling a resonant cavity [1]. For such pur-
poses, semiconductor nanowires including silicon (Si) nano-
wires are considered to be one of the promising structures

which are exploited due to their two dimensional (2D) quan-
tum confinement effect (QCE) [2]. This effect alters their op-
tical properties significantly in combination with the associat-
ed geometrical structure. In recent years, a group of such
structures known as nanowhiskers (NWs) has been developed
for different applications including nanoelectronic, optoelec-
tronic, and photovoltaic devices along with chemical and bio-
sensors [3, 4]. Furthermore, surface plasmons can be generat-
ed when NWs are capped with noble metal nanostructures.
These surface plasmons lead to enhancement of the local elec-
tromagnetic field due to the relatively high extinction of the
light at plasmonic extinction wavelengths [3]. When NWs are
sufficiently close to one another where an analyte (or a
fluorophore) is located, a relatively large Raman signal can
be obtained [5]. Gold (Au) NPs are one of the most common
plasmonic nanoparticles owing to their size-dependent optical
properties [6]. On the other hand, both excitation and emission
processes can be enhanced upon placing a fluorophore nearby
these nanoparticles [1]. In other words, comparatively, a
higher excitation and the radiative decay rates of the
fluorophores cause enhancement of the fluorescence emis-
sion. It was also suggested that the fluorescence enhancement
can be improved further when the plasmonic extinction wave-
lengths overlap with the emission wavelength of the
fluorophores [7]. Overall, it is considered that the geometrical
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parameters of Au NPs including shape, size, and the distance
between the fluorophore and metal nanoparticle play a signif-
icant role in the fluorescence enhancement [1]. Different strat-
egies were engaged in the growth of Si NWs including vapor–
liquid–solid (VLS) [8–10], solid–liquid–solid [11, 12], epitax-
ial (vapor–solid–solid) [13, 14], oxide-assisted VLS [15], and
other interesting routes [2, 16–18]. Nevertheless, the VLS is
the most widely preferred growth method catalyzed by metal
(Au)-Si alloy where fabrication of NWs can be conducted
with the predefined diameter, length, and position of NWs
on the substrate [4]. Furthermore, Si NW cone shape also
results in an enhanced extinction of the exposed light over a
range of wavelengths and angles of incidence [19]. Despite
the remarkable studies mentioned so far (and references there-
in), to the authors’ knowledge, the fluorescence enhancement
of a fluorophore was not studied systematically depending on
the geometrical parameters of Si NWs with the controlled
morphology, diameter, and length of Si NWs. To the best of
our knowledge, we report the first systematic study of Au-
capped Si NWs to be utilized for the fluorescence enhance-
ment of Rhodamine 6G (Rh-6G) based on the geometrical
variations of the Si NWs. These geometrical variations were
found to affect the extinction of the incident light through Au-
capped Si NWs and thus reveal the optimum cone size for the
fluorescence enhancement of the Rh-6G. The theoretical re-
sults obtained using the finite element method (FEM) are val-
idated using the experimental optical responses of Au-capped
Si NWs with different Si NWs geometry. The structural, ele-
mental, and electrical properties of the Au-capped Si NWs
were also correlated with the optical results.

Experimental Section

Numerical Simulations

Numerical simulations were performed using the FEM for all
samples by commercial software Comsol 5.0. Three different
geometrical models were formed for one NW and three NWs
separately for S-1, S-2, and S-3 using the geometry tab almost
matching with the mean sizes given in Table 1. The dielectric
functions for Au and Si were interpolated from the previous
studies [20, 21]. The simulations were operated for the wave-
length range of 532–647 nm with a step of 5 nm.

Fabrication of Au-Capped Si NWs

Au-capped Si NWs were grown on top of high purity n-type
Si (111) wafer substrates with a size of 10 mm2 by the VLS
technique using electron beam deposition (EBD) system as
one of the authors previously reported [3]. Before the deposi-
tion process, the substrates were cleaned in accordance with
the Radio Corporation of America (RCA) procedures, which
include the standard clean-1, 2 (SC-1, 2) and diluted
hydrofluoric acid (DHF) steps. After rinsing and blow-
drying with an N2 gun, they were immediately transferred into
the main chamber of the EBD system. As the first step of the
growth process, 2.2-nm thick Au layers were grown on top of
the substrates at room temperature. Following this, the sam-
ples were annealed at 750 °C for 40 min to form Au nano-
droplets. Finally, Si NW growth was carried out at 700 °C
substrate temperature with a growth rate of 1.0 Å/s and depo-
sition times of 120 min, 180 min, and 240 min for S-1, S-2,
and S-3 respectively. In Si/Au VLS mechanism, a thin Au
layer is deposited for the wetting and formation of eutectic
Si/Au alloy phase which can rapidly adsorb Si vapor to con-
struct one-dimensional pillars from nucleated seeds.
Increasing the deposition time promotes both lateral and axial
growth that leads to the formation of Si NWs with larger sizes
(both cone diameter and length). It is also found that growth
and annealing temperatures and Si growth rate play a signifi-
cant role in the diffusion of the surface adatoms hence the
morphology of Si NWs [3].

Experimental Characterizations

HR-SEM image acquisitions were first done by field emission
JEOL SEM 7001F at 15–20 kV acceleration voltages in
Secondary Electron Imaging (SEI) mode. The samples were
then characterized by the Grazing Angle (GI)-XRD method
using Smart Lab Rigaku XRD device with Cu target of the
wavelength of λ = 1.54 Å at a glancing angle of 5°.
Subsequently, energy dispersive spectroscopy (EDS) analysis
and backscattered electron imaging (BEI) were performed for
the elemental analysis. For enhanced fluorescence spectrosco-
py, the samples were drop-coated by the Rh-6G analyte,
which is diluted in ethanol with a molar concentration of
10−9 mol/L. After the Rh-6G analyte was gently dropped on
the samples, they were left to ambient temperature for drying.
Finally, fluorescence spectroscopy measurements were held

Table 1 Size analyses of Au-
capped Si NWs Sample # Mean bottom diameter Mean length Number of NWs per unit area (μm2)

S-1 96 ± 24 264 ± 39 3.9

S-2 138 ± 24 519 ± 82 4.0

S-3 182 ± 41 799 ± 122 4.0
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by Thermo Scientific DXR Raman System with a 532-nm
la s e r exc i t a t i on a t 3 -mW lase r ou tpu t powe r .
Semiconducting analyses were carried out with Keithley
4200-SCS Model FPP Semiconductor Analyzing System.

Results and Discussions

Numerical Simulations and the Respective Optical
Responses

Different geometrical structures were previously studied via
the numerical analysis using the FEM for their optical re-
sponses in the visible spectrum including the electromagnetic
extinction (scattering and absorption) including Ag/SiO2 and
Au/SiO2 core/shell NPs, SiO2-coated Ag NPs, and Ag NPs
grown on SiO2 thin films [22–25]. An interesting study on the
dolmen-shaped Au rectangles-capped Si thin films was dem-
onstrated as nanoantennas in the infrared region [26]. These
results demonstrate that geometrical parameters are quite im-
portant in enhancing or trapping the incident light within the
plasmonic/waveguide structures. Thus, the Au-NP-capped Si
NWs were designed as nanocones with different Si NWs geo-
metrical parameters (the bottom radii and the heights of the
respective nanocones) for the samples S-1, S-2, and S-3 as
schematically described in Fig. 1a. The rectangle shown in
the schematic depicts the amount of Rh-6G which was pre-
served as constant (10−9 mol/L), and only the geometrical
parameters of the Si NWs were altered for three different
samples of S-1, S-2, and S-3. In S-1, the sample surface is
fully covered with the Rh-6G. In S-2, only the Au-capping
head without any portion from Si nanocone just appears out of
Rh-6G. Furthermore, in the case of S-3, both the Au-capping
head and upper side of the Si nanocone were revealed on the
top of Rh-6G.

Then, numerical simulations using the FEMwere conduct-
ed for the determination of the optical responses upon the
exposure of the samples to the wavelengths of 532 nm (the
initial laser beam) and 552 nm (the fluorescence wavelength
of Rh-6G) as shown for each case in Fig. 1b as a representa-
tion of the electric field distributions upon the excitations. It
can be generalized that increasing the Si NW bottom radii and
height helped to improve the extinction (primarily scattering)
of the incident light. For S-1, the electric field y-component
was preserved mainly by the Si NW whereas the electric field
distribution due to the fluorescence light exposure at 552 nm
was intensified only to the region around the Au nanoparticle.
For S-2, the electric field distribution has similar characteris-
tics at the wavelength of 532 nm and 552 nm in a way that the
lights extinct primarily through the Si NW body from the
middle part of the Si NW cone to its bottom. Furthermore,
the extinction of the incident light at 532 nm through S-3
occurs along the sample surface but with an emphasis at the

bottom of the Si cone. Remarkably, S-3 also yields the extinc-
tion of the fluorescence light at 552 nm by a periodic electric
field enhancement by a factor of 3.3 with respect to that of the
S-1 from the middle of the Si nanocone to the bottom of the
cone where the fluorescence light from the Rh-6G is mainly
emitted.

In order to study a more realistic case in the simulation,
three Au-capped Si NWs were located in series along the y-
axis next to one another as the results are shown in Fig. 1c
separately for each sample (S-1 in series, S-2 in series, and S-3
in series). The results demonstrate that the electric field distri-
butions, particularly around the Au-NPs, are in general en-
hanced. Increasing the number of Au-capped Si NWs along
the y-axis and the size of Si NWs (the cone bottom diameter
and the cone height) also present an enhancement of the elec-
tric dipole oriented around the Au NPs along the z-axis that
was observed particularly for S-3 in series. The previous stud-
ies demonstrate the plasmonic absorption wavelength from

Fig. 1 a Schematic of three different samples (S-1, S-2, and S-3) were
tested for the enhancement of the fluorescence of Rh-6G. It should be
noted that three different geometries were only drawn together with Rh-
6G for the ease of demonstration. In simulations, each sample with its
own geometrical parameters is tested separately. b Results of numerical
simulations performed for the electric field y-components of the single
samples of S-1, S-2, and S-3 and c the same samples in series when
exposed to the wavelengths of 532 nm and 552 nm
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Au NPs, and the optical band gaps from Au-doped Si are
552 nm (≅ 2.25 eV) [27] and around 605–688 nm (≅ 1.8–
2.05 eV) [28, 29]. The numerical simulation results given in
this study also revealed to be consistent with the previous
reports both for the plasmonic extinction wavelengths of Au
NPs and sub-bandgap optical extinction of Au/Si (Au-doped
Si) nanostructures (Fig. S1).

Morphological and Experimental Fluorescence
Enhancement Studies

In order to verify the numerical simulations experimentally,
Au-capped Si NWs (S-1, S-2, and S-3) were grown using the
VLS mechanism as described in the experimental section.
Figure 2 a, c, and e show the scanning electron microscopy
(SEM) images of S-1, S-2, and S3, respectively with Rh-6G.
On the other hand, Fig. 2 b, d, and f represent the SEM images
of S-1, S-2, and S3 without Rh-6G. The results demonstrate in

Table 1 that the geometrical parameters of the Si NWs such as
the bottom radii and the lengths respectively increased from S-
1 to S-3.

After close proximity to the geometrical parameters used in
the numerical simulations were confirmed experimentally,
Fig. 3 shows the fluorescence spectroscopy measurements of
the samples S-1, S-2, and S-3 which were conducted and
compared with that of Rh-6G (λemis = 552 nm) in order to
verify the numerical analysis.

Au-capped Si NWs for all the samples were grown on n-
type Si substrates so that the fluorescence enhancement peak
was aimed not to be deteriorated due to the background
Raman signal (ω(Si − Si) = 520 cm−1). The fluorescence en-
hancement factor (FEF) was found using the following equa-
tion [30]:

FEF ¼ INW−I0
I0

ð1Þ

where the INW fluorescence intensity from the Rh-6G attached
next to the samples (S-1, S-2, and S-3) and I0 is the fluores-
cence intensity only from the Rh-6G (without Au-capped Si
NWs). The FEF results confirm in Table 2 that S-3 has rela-
tively the highest fluorescence enhancement with respect to
that of Rh-6G among all the samples with an average enhance-
ment factor of 5.8 as expected from the numerical simulations.
Out of these structures, the FEF results also demonstrate the
optimum aspect ratio between the gold NP, and the Si NW is
obtained for S-3 for which relatively smaller volume of the
analyte would be sufficient. The samples with such geometry
can be implemented as lab-on-chip devices as previously de-
scribed [31]. Briefly, the analyte will bind to a specific bio-
logical component such as antibody and enzymes that one
would like to detect, and the optical fluorescence signal would

Fig. 2 SEM images of the Au-capped NWs with (black) and without
(gray) the Rh-6G. a The Au-capped Si NWs in S-3 showing compara-
tively the largest (high) enhancement. The zoomed-in regions are shown
in the insets where the scale bars are 1 μm and 200 nm. b S-3 without Rh-
6G. The SEM image in the backscattering mode is given in the inset
where the Au-dominant part appears relatively brighter. The scale bar in
the inset is 1 μm. c The Au-capped Si NWs in S-2 showing the relatively
moderate enhancement. The scale bar in the inset is 1 μm. d S-2 without
Rh-6G. e The Au-capped Si NWs in S-1 yields the lowest enhancement. f
S-1 without Rh-6G

Fig. 3 The photoluminescence spectra from the different batches of the
Au-capped Si NWs (S-1, S-2, and S-3) together with their average curves
demonstrating yielding different fluorescence enhancement factors with
respect to that of Rhodamine 6G on an n-type c-Si
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be proportional to the amount of analyte and of the bio-
molecule in interest.

Structural and Electrical Characterizations

The samples were further investigated using the grazing angle
XRD (GA-XRD) measurements which give information pri-
marily from the structures of the Au-capped Si NWs due to the
limitation of the X-rays for the penetration to the crystalline-Si
(c-Si) substrate. Figure 4 depicts the respective crystallinity of
the samples and the main diffraction peaks which were
assigned as c-Si(111), Au(200), and AuSi(510)/AuSi(431)
(using the crystallographic information files (CIFs) available
as the Crystallography Open Database (COD) card number
9008565 for cubic Si and the COD card number 9008463
for cubic Au and the National Institute for Materials Science
(NIMS) identifier number 4295277376-1-2 for the AuSi al-
loys. In other words, the diffraction peaks at about 48° are
attributed to the planes (510) and (431) of AuSi alloys since
they occur exactly at the same point. The Au (200) and AuSi
(332) planes have reflections similarly in the same region at
around 44°. It is well-known to use Debye-Scherrer’s equation
for the size estimation of the nanocrystallites andWilliamson-
Hall (W-H) analysis to differentiate the broadening by size

and strain due to dependence on the scattering angle [32,
33]. Nevertheless, W-H analysis uses both the Young modu-
lus Ehkl of the Si NWs and the elastic compliance tensor Sij. To
the authors’ knowledge, studies are limited with the polycrys-
talline Si [34] and no data available for such Si NWs with the
conical or cylindrical geometries, and further studies are need-
ed for such analysis as it is beyond the scope of the current
work.

Table 2 The
fluorescence
enhancement factors
(FEFs) of Au-capped Si
NWs with respect to the
Rh-6G as a control group

Sample # FEFs

S-1 1.9

S-2 4.2

S-3 5.8

Fig. 4 XRD data showing structural differences in the Au-capped Si
NWs where the fluorescence enhancements are low, moderate, and high
for the samples of S-1, S-2, and S-3 respectively. Solid lines (blue, black,
and white) are drawn as a reference to the respective scattered XRD data
(circle, diamond, and plus)

Table 3 Size analyses of the grain size of the nanocrystallites in the Si
NWs using the Debye-Scherer’s equation

Sample # Peak position FWHM
degrees)

Grain Size (nm) % Strain in d

S-1 – – – –

S-2 27.0 0.9 9.8 8.1

S-3 27.2 0.6 14.7 7.8

Fig. 5 a Semilogarithmic graph of I-V curve and b Schottky ideality
factor vs fluorescence enhancements of Au-capped Si NWs (S-1, S-2,
and S-3)
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Thus, the structure of each sample was investigated via
fitting the Lorentzian functions to the c-Si(111). The fitting
to the c-Si(111) peak for the S-1 sample was not performed
due to the fact that the peak was extremely weak. Table 3
demonstrates the corresponding crystallite sizes found from
the Debye-Scherrer’s equation and the percentages of the
strain in the interlayer distance d with respect to the bulk c-
Si (d = 3.1353 Å) where the d values for the S-2 and S-3 were
calculated using the well-known Bragg’s equation. Table S1
gives the elemental analyses of the samples and found to be
close to one another as the same Au growth rate was utilized
for the Au-caps.

Upon investigating the structures of Au-capped Si NWs,
the electrical analysis was performed using I-V (four-point
probe) measurements as demonstrated in Fig. 5.

The ideality factor was determined from the slope of the
linear region of the lnI-V plot given in Fig. 5a at forward bias
using the Cheung’s equation [35] as follows:

dV
dlnI

¼ nkT=q ð2Þ

where k is the Boltzmann constant, n is the ideality factor, T is
the temperature of the ambient environment, and q is the elec-
trical charge of the current carriers. Figure 5 b demonstrates
that the Schottky ideality factor decays exponentially when
the fluorescence enhancements of Au-capped Si NWs were
improved from S-1 to S-3. In other words, the ideality param-
eter of S-3 approaches to unity close to an ideal diode for
which a relatively higher enhancement was detected.

Conclusion

In summary, the fluorescence enhancement factors of the Au-
capped Si NWs were determined at various sizes with respect
to the fluorescence emission from Rh-6G fluorophore. Both
numerical and experimental results verify that when the size
between the fluorophore and the Au-NP capping is highest,
the maximum fluorescence enhancement was recorded. It is
also found that the Schottky ideality factor of Au-capped Si
NWs decays exponentially when improving the fluorescence
enhancements.
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