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hed gold nanoparticles on solid
surfaces and their use as surface-enhanced Raman
scattering substrates†

N. I. Evcimen,a S. Coskun,b D. Kozanoglu,c G. Ertas,a H. E. Unalanbc and E. Nalbant
Esenturk*ac

Branched gold (Au) nanoparticles (NPs) were synthesized directly on surfaces of three different supports

(silicon, glass, indium tin oxide (ITO)) by following a “seed-mediated” method. Growth of the

nanostructures in high yield and all with branched morphology was achieved on all surfaces.

Nanostructures with desired characteristics were synthesized by determining the optimum seed size

(8 nm Au nanospheres) and pH (3.00) of the growth solution. The Au NPs synthesized under these

conditions have branched morphologies with average sizes of ca. 450 nm and are well dispersed on the

support surface. Surface-enhanced Raman scattering (SERS) spectroscopy studies were performed using

Rhodamine 6G (R6G) as a probe molecule. The results revealed strong SERS activity of the synthesized

Au NPs for the detection of R6G in concentrations as low as 1 nM with an enhancement factor (EF)

estimated as greater than 8 orders of magnitude.
1. Introduction

The synthesis, functionalization and utilization of nano-
particles (NPs) have become a focus of intense research. This
well-deserved attention is mostly due to their very special
optical properties that can be manipulated with the control of
NP size and shape. In particular, Au NPs with sharp features
produce strong electric elds at the tips or edges of NPs upon
absorption of incident light in the visible and/or near IR
region.1–6 They also show very high sensitivity to changes in
their dielectric environment.1–3 All these make Au NPs very
attractive for applications requiring special optical proper-
ties, such as photovoltaic devices, sensors, electronic and
biomedical applications.6–14

NPs should be stabilized on planar solid surfaces for their
further utilization in almost all of these aforementioned
applications. One way to achieve this is using sophisticated
lithographical methods.15 Another way is to immobilize
synthesized nanostructures on substrates with covalent
interactions to form monolayers.16 Growing nanostructures
directly on surfaces with various deposition techniques (i.e.
electrochemical, physical and chemical vapor deposition) or
hnical University (METU), 06800 Ankara,

als Engineering, METU, 06800 Ankara,

, 06800 Ankara, Turkey

tion (ESI) available. See DOI:

1663
solution based methods (i.e. “seed-mediated” growth) have
also been reported.17–19 Among all these methods, the “seed-
mediated” growth described by Murphy and co-workers has
some advantages over the other ones. For instance, it provides
an access to prepare Au NPs with different sizes and shapes in
aqueous media.20–24 In addition, control over NP morphology
and yield by manipulating parameters such as the reactant
concentration, seed characteristics and pH of the reaction
media make this approach very attractive.25 The method has
been used to synthesize numerous anisotropic Au NPs in
aqueous solutions for over a decade.20–22 More recently, this
method has also been utilized to grow Au NPs directly on
planar surfaces.19,26 In particular, Au NPs with spherical and
rod like morphologies have been synthesized on different
substrates such as ITO, mica and glass with seed mediated
approach.19,26 As it was reported in the literature, branched,
spiky and star shaped Au NPs demonstrate strong SERS
activities in the detection of the molecules.1–6 However, to the
best of our knowledge, these nanostructures with superior
optical properties have not been synthesized directly on
surfaces, yet.

In this study, branched Au NPs were synthesized on Si, ITO
and glass substrates by using “seed-mediated” growth. The
important process parameters such as pH of the growth
solution and seed characteristics were optimized to synthesize
the nanostructures in high yield and all with branched
morphologies. In addition, SERS activity of these Au NPs on
substrates was then demonstrated for their further sensing
applications.
This journal is © The Royal Society of Chemistry 2015
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2. Experimental procedures
2.1. Materials

L-Ascorbic acid (AA), silver nitrate (AgNO3), hydrogen tetra-
chloroaurate(III) trihydrate (HAuCl4$3H2O), sodium hydroxide
(NaOH), (3-aminopropyl)-trimethoxysilane (APTMS) and
toluene were purchased from Sigma-Aldrich; trisodium citrate
dihydrate, sodium borohydride (NaBH4), sulfuric acid (H2SO4)
and hydrochloric acid (HCl) were purchased from Merck;
cetyltrimethylammonium bromide (CTAB) and Rhodamine 6G
(R6G) were purchased from Fluka and used without further
purication. ITO lm-coated glass was purchased from Delta
Technologies (20 U, size ca 7� 50� 0.7 mm). Si-wafer (100 mm,
P/B (100), 0.001–0.005 ohm cm) was purchased from University
Wafer Inc. All experiments were conducted at room tempera-
ture. Ultrapure deionized (DI) water (18 MU) was used for all
solution preparations and experiments.

2.2. Equipment and characterization

Scanning electron microscope (SEM) images were acquired
using FEI Nova Nano SEM 430 microscope and QUANTA 400F
Field Emission SEM. Prior to SEM analysis a thin Au/Pd alloy
was deposited onto ITO and glass substrates. X-Ray diffraction
(XRD)measurements were carried out on a Rigaku DMiniex pc
diffractometer with Cu Ka radiation (l ¼ 1.54 Å) operating at
30 kV. Varian Cary 100 Bio UV-Vis spectrometer with scan range
of 190–1000 nm was used to monitor the formation of NPs.
SERS measurements were performed using Horiba LABRAM
Raman spectrometer operating with a He–Ne laser at 632.8 nm.
A microscope with a 50� objective lens (numerical aperture
0.75) was used to focus the laser to a spot size around 1 mm2.
Samples were illuminated with 2 mW of power and the inte-
gration time was 20 s with ve times accumulation.

2.3. Methods

2.3.1. Synthesis of spherical Au NPs. Three different sizes
(4, 8 and 15 nm) of spherical Au NPs were synthesized as
described in literature.27 These NPs were used as seeds for the
growth of branched NPs on surfaces. (i) Synthesis of ca. 4 nm Au
nanospheres: rst, 9.50 mL ultrapure water and 0.25 mL of
0.01 M HAuCl4$3H2O solution were mixed in a test tube. Then,
0.25 mL of 0.01 M sodium citrate solution was added to the
mixture. Finally, 0.30 mL freshly prepared, ice-cold 0.1 M
NaBH4 solution was added and mixed rapidly for two minutes.
The color of the solution was turned from orange to light-
brown. The mixture was kept undisturbed at 27 �C in a water
bath for three hours. (ii) Synthesis of ca. 8 nm Au nanospheres:
here, ca. 4 nmNPs were used as seeds. Firstly, 45.0 mL of 0.08 M
CTAB solution, 1.125 mL of 0.01 M HAuCl4$3H2O solution and
0.25 mL of 0.1 M freshly prepared AA solution were mixed in the
given order by gentle inversion. Then, 5.0 mL of citrate stabi-
lized seed solution (ca. 4 nm nanospheres) was added. The nal
mixture was stirred vigorously for 10 minutes. The solution was
kept undisturbed at 27 �C in water bath for three hours. (iii)
Synthesis of ca. 15 nm Au nanospheres: 8 nm spherical NPs
prepared in the previous step were used as seeds in the
This journal is © The Royal Society of Chemistry 2015
synthesis of ca. 15 nm Au nanospheres. Similarly, 45.0 mL of
0.08 M CTAB, 1.125 mL of 0.01 M HAuCl4$3H2O and 0.25 mL of
0.1 M freshly prepared AA solutions were mixed in a test tube.
Finally, 5.0 mL seed solution (ca. 8 nm spheres) was added. The
nal mixture was stirred for 10minutes and kept undisturbed at
27 �C for three hours in a water bath.

2.3.2. Preparation of growth solution. The growth solution
was previously reported for the synthesis of colloidal Au nano-
stars.2 Here, the same solution was used for the synthesis of
branched NPs on surfaces. It was prepared by mixing 4.75 mL of
0.1 M CTAB, 0.2 mL of 0.01 M HAuCl4, 0.03 mL of 0.01 M AgNO3

and 0.032 mL 0.1 M AA in the given order. The growth solution
had a pH value of around 3. In order to nd out the optimum pH
value, strongly acidic (pH 1.45), neutral (pH 7.00) and basic (pH
10.00) solutions were prepared by adding either hydrochloric
acid (HCl) or sodium hydroxide (NaOH) to the growth solution.

2.3.3. Preparation of surfaces for seed coating. First,
substrates (Si-wafer and glass) were kept in 95–98% H2SO4 for
about one hour. Then, substrates were thoroughly washed with
ultrapure water. ITO was rst washed with ultrapure water, then
acetone and nally with ethanol. Finally, washed substrates
were dried under nitrogen (N2) gas. The functionalization of the
surfaces with 3-aminopropyl-trimethoxysilane (APTMS) was
performed by following a previously reported procedure.19

Briey, clean substrates were kept in 0.01% APTMS in toluene
for 30 minutes. Then they were washed with ethanol and
ultrapure water. Finally, substrates were dried under N2 gas.

2.3.4. Growth of NPs on surfaces. First, APTMS covered
substrates were incubated in the seed solution (spherical NPs)
for 3 hours at room temperature. Later, substrates were
removed from the seed solution, washed with ultrapure water
several times and dried under N2 gas. Finally, the synthesis of
NPs was performed by placing seed-coated substrates into the
previously prepared growth solution. The substrates were kept
in these solutions at 27 �C overnight.

2.3.5. Preparation of SERS samples. R6G was used as
a probe molecule and prepared at various concentrations for
SERS studies. Next step of the SERS sample preparation
involved immersing branched Au NPs grown on Si-wafer
substrates in these solutions for two hours. Later, substrates
were removed from R6G solution, washed with ultrapure water
and dried under N2 gas.

3. Results and discussion

A schematic illustrating the growth process of the branched Au
NPs is provided in Fig. 1. The process has three main steps: (i)
functionalization of the substrate surfaces, (ii) chemisorption of
Au seeds on functionalized surfaces and (iii) growth of
branched NPs on these surfaces.

In the rst step, substrate surfaces were coated with APTMS,
which functions as a linker between the substrate surface and Au
seeds with spherical morphologies. The silanol end group of
APTMS preferentially binds to the substrate surface, while amine
end group interact with Au seeds. This allows anchoring of Au
seeds onto the substrate surfaces.26,28,29 Seed coated surfaces
were washed carefully to remove excess Au seeds that were not
RSC Adv., 2015, 5, 101656–101663 | 101657
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Fig. 1 Schematic representation of the growth of branched Au NPs on
surfaces. Inset shows the structure of APTMS. Hydrogen atoms on
APTMS are not shown for clarity.
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adhered to the surface. Finally, the growth of branched Au NPs
on APTMS coated substrate was achieved with “seed mediated
growth” method by immersing substrates into the growth solu-
tion. The growth of branched NPs on glass and ITO substrates
were monitored through the color change of the substrates. On
the other hand, shiny Si-substrate surfaces turned matte upon
NP growth. Absence of a color change in growth solution indi-
cated that there was either no or very insignicant NP growth.
This observation was also veried with the absence of any
absorption band associated with Au NPs in the UV-Vis absorp-
tion spectra of the growth solution (Fig. S1, ESI†).

Syntheses of rod, wire and spherical nanostructures on
surfaces have been reported previously using a similar experi-
mental route.19,26 In these studies, besides NPs in desired
morphologies, signicant amount of other morphologies were
also formed. In our work, the reported procedures were modi-
ed and parameters such as the seed size and pH of the growth
solution were optimized to synthesize the NPs in high yield and
all with branched morphologies.

The investigation of optimum conditions revealed that the
use of 8 nm Au nanospheres as seeds and growth solution with
pH of ca. 3 yielded the desired branched nanostructures. Fig. 2
Fig. 2 SEM image of ca. 8 nm spherical Au NPs chemisorbed on
APTMS coated Si-substrates.

101658 | RSC Adv., 2015, 5, 101656–101663
shows a SEM image of seed NPs (ca. 8 nm Au nanospheres) that
are deposited on APTMS coated Si-substrate. The image veries
the successful attachment of seed NPs on the substrate surface.

Both high and low-magnication SEM images of branched
Au NPs synthesized under optimum conditions on Si surfaces
are provided in Fig. 3(a) and (b), respectively. The nano-
structures have three dimensional morphologies with different
numbers of sharp tips grown out of the NP core. SEM analysis
revealed that all nanostructures synthesized at optimum
conditions have branched morphology with average sizes (tip-
to-tip distance) of ca. 450 � 50 nm. Even though the synthe-
sized nanostructures have a size variation of ca. 20%, no other
particle morphologies were observed (Fig. 3).

The possible reasons for branching during NP growth have
been suggested in various literature reports.13,30–34 One reason
might be a defect formation during reduction process of gold
ions and poor binding of CTAB onto these defect sites. This lead
to branching in the structure.13,30–34 Another reason of branch-
ing is based on a process called under potential deposition.35–37

Here, Ag+ ions play a crucial role on anisotropic growth of NPs.
The growth solution contain both AuCl4

� and Ag+ ions (from
AgNO3). The higher reduction potential of AuCl4

� ions
compared to the one of Ag+ ions lead to preferential reduction of
gold ions by ascorbic acid to form Au NPs. However, small
amount of Ag+ ions are also reduced and Ag(s) deposition occur
on the growing NPs' surface. These Ag atoms are considered as
nucleation sites, which promote branch formation in NP
growth.35–37

SEM analyses show signicant number of branched NPs was
remained on the substrate surface even aer multiple washing
steps to remove unreacted reagents and/or non-bonded parti-
cles. In addition, providing a link between the substrate surface
and Au NPs, APTMS is considered to play a crucial role on the
growth of nanostructures on surfaces and on their morphol-
ogies.19,28,29 It is suggested that amine groups of the APTMS on
the substrate surface interact with Au(0) produced by the
reduction of AuCl4

� in growth solution. Then, growing parts of
Au nanostructures build new interactions with the neighboring
amine groups on the functionalized surfaces. Thus, sponta-
neous growth of NPs and strong attachment to the surface can
be achieved.26

Fig. 4 shows XRD pattern of branched Au NPs synthesized on
Si-substrates under optimum reaction conditions. The pattern
Fig. 3 SEM images (at differentmagnifications) of branched Au NPs on
Si-substrates have shown with (a) 1 mm and (b) 10 mm scales.

This journal is © The Royal Society of Chemistry 2015
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exhibited diffraction peaks at 38.37�, 44.56� and 77.53� that
were indexed to (111), (200) and (311) planes of face-centered
cubic (fcc) Au, respectively (JCPDS card no. 65-2870).38 A very
low intensity peak for the (220) plane was observed at 64.51�.
The other low intensity peaks observed at 34.47�, 40.05� and
69.40� were from the Si-substrate. The EDX analysis also veried
the elemental identity of synthesized branched Au NPs (Fig. S2,
ESI†). No impurities were detected within the resolution limits
of XRD and EDX.

The synthesis of Au NPs on surfaces in desired yield and
branched morphology was achieved by investigating the effect
of reaction parameters (seed size and pH of the growth solu-
tion). This investigation yielded optimum parameters for the
synthesis of targeted structures presented above. The details of
this search are discussed in following sections.
3.1. Effect of seed size

Seed size has a determining role on the shape and size of the NPs
produced in all synthesis methods using bottom-up approaches.
Manipulation of this property provides the possibility of tuning
the morphologies to obtain the desired nanostructures. In this
study, three different sizes of spherical NPs were used as seeds to
investigate their effect on the quality of the formed NPs. Other
parameters such as reactant concentrations and pH (3.00) of the
growth solution were kept constant in each set of the experiment
to clearly observe the effect of seed size.

Fig. 5 shows the change in the size and shape of the
synthesized nanostructures as a function of seed size.
Comparison of these SEM images indicates that smaller parti-
cles were grown from the smaller seeds as expected. The
nanostructures grown from the 4, 8 and 15 nm seeds have
average sizes of ca. 290, 450 and 760 nm, respectively. The
observed increase in synthesized NP size is most likely due to
a decrease in the overall surface to volume ratio as the seed
particle size increase. These cause an increase in the amount of
gold ions per unit seed particle surface area since the gold ion
concentration in the growth solution is constant. As a result of
this, more gold ions are reduced on each seed particle surface
Fig. 4 XRD pattern of branched Au NPs on Si-substrates.

This journal is © The Royal Society of Chemistry 2015
leading to growing them into larger nanostructures. In general,
growth of large NPs might also be associated with a secondary
growth process called Ostwald ripening and defocusing.39 In
this process, particles with smaller size than the critical size
dissolve and contribute to the growth of larger ones. Thus,
larger particles grow into even larger structures. This is most
likely the other possible reason for the formation of large
structures as the seed size increase.

Besides the change in sizes of the synthesized NPs, differ-
ences in the yield of synthesized nanostructures were also
observed upon the use of different seed sizes. Comparison of
SEM images shows that yield of the branched NPs grown from 8
nm seeds (ca. 7 particle per mm2) are higher with respect to the
ones grown from 4 nm (ca. 1 particle per mm2) and 15 nm (ca. 0.3
particle per mm2) (Fig. 5). In addition, the variation in the size of
the NPs grown from 8 nm seeds (between 409 nm and 511 nm)
are much less than the ones grown from 4 or 15 nm seed
particles (between 173 nm and 440 nm or between 533 nm and
933 nm, respectively) (Fig. 5d). The observed yield differences
might be related with the size of seed particles and their surface
area that is in contact with the APTMS on support. As the
surface area of seed particles increase, the number of interac-
tion sites on seed surface with the APTMS, which anchor them
on surface, increase. On the other hand, if the seeds' size gets
too large, they may become more susceptible to be washed out
during purication process. The comparison of yields suggests
that 8 nm seed particles have optimum properties (surface area
and size) making them hold onto the surface better, resulting
more branched NPs on the substrate surface.

3.2. Effect of pH

Literature is quite rich on examples where various types of NPs
have been synthesized by simply changing pH of the growth
solution.30,40–42 The effect of pH is better understood when the
Fig. 5 SEM images of Au NPs grown on Si-substrates using spherical
Au NPs as seeds with diameters; (a) 4.0, (b) 8.0, and (c) 15 nm. (d) The
effect of seed size on the resulting nanoparticle diameter. Lines are for
visual aid.

RSC Adv., 2015, 5, 101656–101663 | 101659
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proposed ion exchange process and redox equilibrium taking
place during NP growth are considered.40 During this process,
ion exchange between tetrachloroaurate ion (AuCl4

�) and Br�

ions of CTAB to form AuBr4
� is believed to happen.40 Then, this

ion (AuBr4
�) is reduced by ascorbic acid to form Au atoms

according to the redox equilibrium given in eqn (1).

2AuBr4
�(aq) + 3AH2(aq) + 3H2O(l) %

2Au(s) + 3A(aq) + 6H+(aq) + 8Br�(aq) (1)

here, AH2 and A represent ascorbic and dehydroascorbic acid,
respectively.

The addition of acid/base to the reaction media result in
shis in the equilibrium towards the reactants/products. This
makes a signicant change in dynamics (rate) of the proceeding
reaction and provides some control over particle size and
shape.13,40–42 Therefore, it is crucial to have growth solution at an
optimum pH value for the synthesis of desired NPs.

In this part of the study, pH of the growth solution was
altered by adding strong acid (HCl) or base (NaOH). The effect
of solution pH was investigated at four different pH values; that
are strongly acidic (pH 1.45), acidic (pH 3.00), neutral (pH 7.00)
and basic (pH 10.00). It should also be noted that, the results
discussed here were from the sets of experiments that use 8 nm
spherical seed NPs.

Fig. 6(a)–(d) shows SEM images of NPs obtained with pH
values of 1.45, 3, 7 and 10, respectively. The comparison of these
images reveals that the nanostructures do not have branched
morphology and formed in a very low yield (ca. 1 particle per
mm2) in highly acidic media (pH 1.45) (Fig. 6a). The branching
in the structure and the yield (ca. 7 particle per mm2) increased
signicantly with an increase in solution pH (ca. 3.00) (Fig. 6b).
Upon further increase in the solution pH to 7.00, the yield was
still high (ca. 7 particle per mm2) but the branching was not
observed (Fig. 6c). Finally, formation of very low number of
Fig. 6 SEM images of Au NPs synthesized on Si-substrates with (a)
strongly acidic (pH 1.45), (b) acidic (pH 3.00), (c) neutral (pH 7.00), (d)
basic (pH 10.00) growth solution. 8 nm seeds were used.

101660 | RSC Adv., 2015, 5, 101656–101663
nanostructures was observed as the medium become basic (pH
10.00) (Fig. 6d).

It appears that the dynamics of the growth process strongly
depend on the solution pH. Formation of nanostructures
without branched morphology at strongly acidic medium was
most likely due to the suppressed reduction of gold ions with
the increase in the number of H+ ions in solution. A pH value of
ca. 3 provided optimum conditions for the formation of desired
nanostructures. On the other hand, the addition of NaOH to the
growth solution promoted the reduction process and increased
the formation of Au atoms in high rates in solution (eqn (1)).
This speeds up the NP growth process and led to the formation
of twin defects in crystal structure of the growing NPs.13,30–34

Poor CTAB binding to defects is the most likely reason for
growth anisotropy and branching of the NP as previously re-
ported.13,30–34 However, in this study, NaOH addition resulted in
a decrease in the anisotropy and loss of branching in the
structure. This is most likely because of the forced reduction of
gold ions readily available in the growth solution by the added
NaOH and formation of Au atoms, which then grow into NPs in
the solution. Thus, the deposition of Au atoms that form
branched NPs on the surface is hampered. As it was previously
reported by Zhou et al.30 Here too, a color change in the growth
solution from colorless to red, the characteristic color of Au NPs
in solution, was observed. Absorption band around 520 nm in
UV-Vis absorption spectrum of this solution also veried the
formation of Au NPs (Fig. S3, ESI†).
3.3. Synthesis of branched Au NPs on ITO and glass surfaces

The optimum seed size and growth media for the synthesis of
branched NPs on Si-substrates were also utilized for the
synthesis of these structures on ITO and glass surfaces. The
results obtained from this investigation show that the same
recipe can be applied to those surfaces as well for the potential
future applications.

SEM images provided in Fig. 7(a)–(c) belong to Au NPs
synthesized on Si, glass and ITO surfaces, respectively. Similar to
the ones on Si-substrates, NPs on glass and ITO surfaces have
branched structures with various numbers of tips grown out of
the NP core. Even though the synthesized NPs have non-uniform
morphologies with broad size distributions (between 350–500
nm), having all of the NPs with branched morphologies suggest
that only one type of structure was synthesized on all three
surfaces. In addition, since no major difference was observed
within the shapes and sizes of NPs, it was concluded that the
effect of surface on NP morphology was quite low. On the other
hand, the results show surface type has an important effect on
the obtained yield. The yield of NPs on ITO surface (ca. 1/mm2)
was signicantly lower than the ones on Si (ca. 7 particle per
mm2) and glass surfaces (ca. 3 particle per mm2) (Fig. 7, S4 and S5,
ESI†). There are two possible reasons for this observation. First
one is the loose attachment of Au NPs on to APTMS coated ITO
surfaces, leading to wash out of signicant amount of NPs
during purication. The second reason might be less effective
binding of APTMS on ITO surface compared to that on glass and
Si-substrates. Thus, lower number of Au seeds transfer to the
This journal is © The Royal Society of Chemistry 2015
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Fig. 7 SEM images of Au NPs synthesized on (a) Si-substrates, (b) glass,
and (c) ITO surfaces. The synthesis was achieved through the use of 8
nm spherical NPs as seeds and growth solutionwith pH 3.00 in each set.
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surface and less number of branched NP formation takes place.
First reason is ruled out because Au NPs are expected to form
strong bonds with the APTMS amine group and density of NPs
on the surface depends on the number of APTMS molecules on
the surface for binding. Therefore, possible weak interaction
between APTMS and ITO surface is the most likely reason for
observing less branched NP formation on ITO.
Fig. 8 (a) (i) SER spectrum of 1 mM R6G on branched Au NPs grown on
Si-substrate. (ii) Raman spectrum of 1 mM R6G on Si-substrate
(multiplied by 10). (iii) Raman spectrum of 1mMR6G on Si substrate. (b)
SER spectra of (i) 1 mM R6G, (ii) 0.1 mM R6G, (iii) 0.01 mM (10 nM) R6G
and (iv) 0.001 mM (1 nM) R6G on branched Au NPs grown on
Si-substrate.
3.4. SERS studies

The SERS activity of branched Au NPs grown on Si-substrates
was studied using R6G as a probe molecule. All of the vibra-
tional modes of the R6G molecule were observed for all the
batches of branched NPs on the Si-substrate tested (Fig. 8a).

The observed vibrational modes of the molecule agree well
with those reported in the literature and assignments of the
modes were based on these reports.43 The molecules' signature
modes associate with C–C–C ring in-plane bending at 618 cm�1,
out of plane bending at 779 cm�1, aromatic C–C stretching at
1188, 1315, 1367, 1514, 1578 cm�1 and 1652 cm�1, and C–H in
plane bending vibration at 1130 cm�1 were clearly observed.
The detection of relatively low intensity modes (below
600 cm�1), which are most likely belong to Au–N stretching and
ring bending, was also achieved with the use of synthesized NPs
as SERS substrates. The comparison of the signal intensities in
the measured SER spectrum of R6G on branched Au NPs to the
Raman spectrum of the molecule reveals the signicant
enhancement of molecules' vibrational modes. The modes were
not detectable in Raman spectrum of the probe molecule with
1 mM concentration, which are three orders of magnitude
higher than the one on SERS substrates.

Enhancement factor (EF) calculation is quite challenging for
nanostructures with branched Au NPs synthesized in this study
as they do not have regular morphologies and well-dened
surface areas. Therefore, we have estimated rough, lower limit
EF by comparing the Raman and SERS signal intensity of mode
at 1514 cm�1. The following expression12,44–47 was used to
calculate EF:

EF ¼ (ISERS/IRaman) � (NRaman/NSERS) (2)

where ISERS and IRaman are the observed intensities of a vibra-
tional mode in SERS and Raman, respectively. NRaman and NSERS

are the number of analyte molecules excited under the laser
spot in bulk sample and adsorbed on Au NPs, respectively. The
ISERS and IRaman were measured for the R6G mode at 1514 cm�1.
This journal is © The Royal Society of Chemistry 2015
The details of NRaman and NSERS calculations are given in ESI.† It
is important to note that NSERS calculations were done by
assuming synthesized NPs having spherical morphologies with
sizes ca 450 nm (average size of branched NPs) due to the
aforementioned structural challenges and not well-dened
surface areas of branched Au NPs. The calculations were per-
formed for two different reported surface areas of R6G mole-
cules in perpendicular (0.4 nm2) and parallel (4 nm2)
orientations on NP surface.48 Thus, the estimated EFs are ca. 2
� 108 and 2 � 109 for perpendicular and parallel orientations,
respectively. EF calculations involve assumptions that all the
analyte molecules added onto the SERS sample solution are
adsorbed on NPs' surface and are making equal contribution to
the measured SERS signal intensity. Therefore, the reported
values are representing lower limits of EF and they are expected
to be higher for branched Au NPs.

Evaluation of detection limits of NPs is another way to
investigate their potential use of SERS substrates.49–52 In this
study, branched Au NPs demonstrated signicant Raman
enhancement between 0.01 mM and 1 mM R6G concentrations
(Fig. 8b). The R6G modes were still clear at a R6G concentration
RSC Adv., 2015, 5, 101656–101663 | 101661
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of 0.001 mM (1 nM) even though the signal intensity was
signicantly decreased. Detection of the molecule at this very
low concentration with the use of branched Au NPs synthesized
on Si-substrate makes the prepared system an attractive choice
for further sensing applications.
4. Conclusions

In this study, the growth of branched Au NPs on APTMS coated
Si-wafer, glass and ITO surfaces were achieved in high yield and
all with single morphology. Parameters such as seed size and
pH of the growth media were investigated. Among all the
investigated seed sizes, 8 nm spherical Au NPs produced NPs in
highest yield (ca. 7 particle per mm2). In addition, an acidic
growth medium with a pH of 3.00 was determined to be the
optimum one for the synthesis of desired nanostructures. The
synthesis of branched Au NPs was achieved on ITO and glass
surfaces at these optimum conditions besides the Si-substrate.
The use of different substrates did not make any signicant
changes in NP size and morphology. Besides the synthesis of
branched Au NPs on surfaces with a facile route, potential use of
these supported nanostructures as SERS substrates was
demonstrated in this study. The Raman EFs for R6G molecule
on branched Au NPs were estimated as 8 orders of magnitude or
higher. Moreover, strong enhancements were observed for
vibrational modes of the probe molecule even at very low
concentrations (e.g. 1 nM). It is believed that NPs with special
optical properties synthesized directly on different surfaces
makes the fabricated systems very promising not only for
sensing but also for photovoltaic and electronic device
applications.
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