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ARTICLE INFO ABSTRACT

Resorcinol based reduction and capping of ultra-small colloidal silver nanoparticles (Ag NPs) optimally formed
hydrogen bond driven clusters within the water-based solution. Large-area self-assembled fractal structures of Ag
NPs aggregates were fabricated by solvent evaporation technique on silicon substrate. The final dried surface
structures were found to be pH dependent which was adjusted to particular values after the optimal reduction of
silver salt, capping of Ag NPs, followed by cluster formation at an optimum pH in the solution phase. These self-
assembled surface structures show controlled enhancement of various surface optical phenomena such as Raman
spectra of a model dye and luminescence of Ag NPs as a function of pH dependent fractal dimension of the
resulting structures. The structure, morphology and various relevant optical properties of self-assembled fractals
of Ag NPs were further established by combined use of X-Ray diffractometry (XRD), Scanning Electron
Microscopy (SEM), Transmission Electron Microscopy (TEM), UV-Visible, photoluminescence and Raman
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spectroscopy analysis.

1. Introduction

Preparation of specific substrate which would be suitable for various
surface enhanced phenomena such as surface-enhanced Raman spec-
troscopy, surface-enhanced photoluminescence spectroscopy is very
challenging as these spectroscopies can be used for various processes in
diverse fields of catalysis [1], bio-sensing and pH sensors [2,3], biology
[4], food processing [5] and materials science [6]. To date various
methods has been used to fabricate the SERS active substrates [7-9],
such as top down lithographic techniques [10], chemical [11] and
electro-chemical [12] deposition and thin film deposition by solvent
evaporation [13] from colloidal suspension of metal nanoparticles [14]
on cleaved mica wafer or silicon wafer [15]. The final properties of
these SERS active substrates depend on the final size, shape, and inter-
particle separation of the particles deposited on silicon substrate [16].
Attraction of silicon surface is immediate because of its possibility of
integration with electronics. The easiest among all these processes is the
deposition of colloidal suspension on silicon substrate. Not only the
solution grown substrates are easy to prepare, but these bottom-up
substrates can achieve very close inter-particle separation, critical for
any surface enhancement, which is not easy to be achieved by top-down

* Corresponding author.

methods [17].

Drying of the colloidal solution on the substrate is a complex pro-
cess, which results into various kinds of final arrangements of the col-
loidal materials on the substrate. In order to understand various factors
influencing the formation of different kind of patterns on various sub-
strates, a large number of simulations and experiments have been
conducted [18]. Starting from a set of seminal works by Deegan et al.
[19,20] large number of interesting works were done and the resulting
structures were found to be dependent on the intrinsic characteristics of
the nanoparticles, their species, shape, the polarity of the solvent in-
volved, the surrounding properties such as electric, magnetic, or even
macroscopic flow field [21]. The surface modifications along with the
use of tactics of changing particle and base fluid can also lead to a
variety of surface structures [22,23]. One such very interesting struc-
ture that results from drying of colloidal suspension on a substrate is
fractal structure, which can form in various ways including self-as-
sembly from a colloidal suspension. The localized dipolar excitations
were observed directly on the rough nanostructured surfaces [20-26].
Fractals are structures which lack translational symmetry but show
dilational symmetry. The roughness in ideal fractal can be scale in-
variant. But the real fractal-like structures, which might be dendritic,
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are usually self-similar within an effective length scale [19,20]. Such an
arrangement has a consequence for our main motivation to have sur-
face enhanced phenomena [27-29], which can lead to various kind of
sensing devices. Electromagnetic waves cannot travel translationally on
these kinds of structures. So, during normal mode excitations, while the
fractal volume is not excited, superhot localized spots are created de-
pending on the geometry and excitation wavelength and polarization of
the light used. The hotspot created, however, cannot be described by
conventional surface-plasmon wave's polaritons or by independent lo-
calized surface plasmon. Light with proper wavelength, when used, can
enhance the average electromagnetic field intensity for individual noble
metal particles. If the excitation wavelength is much bigger than the
individual particle, then these resonances are entirely dipolar in nature.
In fractal aggregates, these dipoles couple and convert these enhance-
ments localized at hot spots to become enormous [30,31]. This ex-
tremely high surface enhancement [32] makes the fractal structures
interesting. In our case, we have modified the process of formation of
Ag NPs in suspension using resorcinol [27]. This method is known to
produce high yield Ag nanoparticles. The modified method is aimed at
creating a situation, where on drying, the fractal dimension of the dried
structure can be controlled. Therefore, the impacts of the fractal di-
mension on various surface enhancements were studied in details. This
simple method and its results along with detailed characterization
studies are reported in this paper.

2. Experimental
2.1. Material and methods

Silver nitrate (AgNOs3), resorcinol (CgHgO,), hydrogen chloride
(HCD), nitric acid (HNO3), ammonia (NH3), hydrogen peroxide (H,O,)
and ethanol (C,HsOH) were purchased from Merck and Rhodamine 6G
(R6G), sodium hydroxide (NaOH) solution were procured from Alfa
Aesar. The chemicals were of analytical grade and were used without
purification. Ultra-pure water (18.2MQ cm resistance) from Milli-Q
was used for the synthesis. The Teflon coated magnetic beads and the
glassware were carefully cleaned in aqua regia solution (HNO3: HCL:
1:3) and then properly washed with Milli-Q water under sonication and
finally dried in vacuum oven. Ag NPs were formed as suspension within
water and capped with resorcinol in order to achieve reduction of silver
salt and control the size. Based on the pH of the solvent, they form a
clustered structure [27]. By keeping the concentration of AgNO; con-
stant at an optimum value, the concentration of resorcinol was varied in
order to obtain various Ag NP sizes. The individual isolated Ag NPs
were determined by UV-Vis spectroscopy. Clustering of Ag NP was
obtained by varying the pH of the suspension. UV-Vis spectroscopy can
provide the signature of the individual isolated Ag NPs and their cluster
formation [33]. From the band gap determined from UV-Vis spectro-
scopy, one can find out the particle size of the Ag NPs. A few re-
presentative results are discussed in the UV-Vis spectroscopic analysis.
The structural analysis of Ag NPs was performed by X-ray diffraction
and transmission electron microscopy. When casted on silicon sub-
strate, these suspensions form Ag fractals. In this work, we found out
the optimized best possible results in terms of surface enhancements
shown in the photoluminescence and Raman spectroscopy. The results
are presented in the following sections with their possible explanation.

2.2. Characterization for self-assembled fractal structure of Ag NPs

UV-Vis absorbance spectroscopy (Shimadzu UV-2401 PV) was used
to obtain the SPR of the samples. X-Ray diffraction (XRD) patterns of
the self-assembled structure of Ag NPs samples were obtained using
PANalytical X-Ray diffractometry (X'pert PRO). TEM-JEOL-JEM-2100
was used to analyze the microstructure and morphologies of the sam-
ples by Transmission Electron Microscopy (TEM). It was operated at an
accelerating voltage of 200kV and was equipped with Energy-
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dispersive X-ray spectroscopy (EDX) and Selected Area Electron
Diffraction (SAED). Scanning Electron Microscopy (SEM) (EVO 18 SEM
Carl Zeiss) was used to capture the images of these structures and their
fractal dimensions were analyzed by Fraclac Version 2.5 (NILGS,
NARO) and ImageJ software. Spectroflurolog (FL 3-11) was used to
capture Photoluminescence (PL) spectra of the as-synthesized samples.
Renishaw confocal laser Raman Spectrometry [INVIA (Gloucestershire,
UK)] was used to study the Raman and SERS spectra resulting from the
surface structures respectively.

2.3. Preparation of self-assembled fractal structure of Ag NPs

Self-assembled fractal structure of Ag NPs was synthesized by the
route previously reported by T. Pal et al. [27] with slight modifications.
In brief, an aqueous solution of Ag NPs was prepared using 10 mL of
aqueous resorcinol (100 mM) solution. 0.5mL of aqueous AgNO;
(5 mM) solution was then dropped into the solution and was allowed to
mix under constant stirring. Lastly, 10 mL of aqueous NaOH (0.5 mM)
was added drop-wise for 20 min and was allowed to stir further at room
temperature. Upon adding AgNO; solution it instantly changed to
yellow color, indicating the formation of Ag NPs. After stirring for
30 min the solution turned reddish-yellow indicating the aggregates
formation of Ag nanoparticles. Further, there was no change observed
which leads to the completion of the reaction. The pH of the entire
reaction was kept at 8, as this was reported to be the optimum pH for
cluster formation in the solution and fractal formation on the substrate
while drying [27]. Thereafter, we changed the pH of the solution both
to more basic and acidic direction. The idea was to allow an initial
reduction of silver salt followed by capping due to the presence of re-
sorcinol. We changed the pH after this process was complete so that this
process of metal nanoparticles formation and their adequate capping is
not affected. However, changing the pH after this process is expected to
affect the already formed cluster in the solution as well as the drying
process. The changes became obvious in UV-Vis spectroscopic study of
the pH-dependent solution and the corresponding solutions those were
cast and dried on substrates [34]. The details of the results and their
possible reasons are discussed at proper sections.

As synthesized samples were washed thrice using ultrapure water
(Milli-Q), and finally sonicated to be used for various characterizations.
As synthesized samples at (i) pH 8 in solution phase, and (ii) re-dis-
persed samples of 10 wt% in water are depicted in Fig. 1. Along with
this, emission under (iii) daylight exposure and under UV lamp at (iv)
254 nm and (v) 365 nm, are shown in Fig. 1 and Ag NPs casted on glass
slide and their emission in UV lamp before and after drying in daylight,
at 254nm and 365 nm is shown Fig. Al. When the sample solutions
were allowed to complete full reaction, various stages of nano-silver
formation can be observed. Initially, Ag NPs were known to form in a
non-clustered capped form [27]. If the reaction was allowed to go
forward, after the completion of the reaction, the pH of the solution
comes down to ~6. It was then adjusted to 8 at room temperature. At
this pH, silver cluster forms due to the hydrogen bonding between
various capped Ag nanoparticles [35]. As hydrogen bonding is not so
strong, this cluster formation is reversibly tunable based on the pH of
the suspension [27]. After the cluster formation was complete, which
was determined by UV-Vis spectroscopy, we adjusted the pH from 3 to
11. The probing of the pH modified suspension by UV-Vis spectroscopy
showed changes in the plasmonic peaks belonging to the silver clusters,
which implies pH based reversible changes in cluster size and in the
inter-particle separation of Ag nanoparticles. In order to study the dif-
ferent size of Ag NPs, we have varied the concentration of resorcinol,
keeping the concentration of silver salt constant and it has been opti-
mized at pH = 8. By varying the concentration of resorcinol from
100 mM to 25 mM, the particle size has been varied.
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Fig. 1. (i) As synthesized samples at pH 8 in solution phase, and (ii) re-dispersed samples of 10 wt% in water. Along with this, emission under (iii) daylight exposure

and under UV lamp at (iv) 254 nm and (v) 365 nm.
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2.4. Preparation of super-hydrophilic surfaces at silicon wafers

Silicon wafers were cut into 2 X 2mm in size and were cleaned to
achieve super hydrophilic surfaces as suggested by Kern and Puotinen
[36,37]. The processed silicon wafer is super hydrophilic having con-
tact angles < 5° (although the measured value is considered as zero)

1

Scheme 1. Schematic illustration of the DLA
mechanism: Initially single atoms migrated on
the substrate which aggregate to form nucleon
of Ag NPs around pinning centers. Then primary
branches (B; and B,) grow from the nucleon and
shortly secondary branches grow automatically
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which Ag nanoparticles break the energy barrier
to reach the surface. Thus, the self-assembly
pattern mechanically assembled themselves as a
fern-like fractal structure. This scheme works
the best when pH of the solution was 8, which
promotes DLA based growth. When pH is away
from 8, many pinning centers form on a silicon
wafer. As a result, the growth of structures on
the wafer shifts away from the DLA limit.

[38]. Then the silicon wafers were sonicated for 20 min with a mixture
of ethanol and DI water in the same ratio and finally sonicated for
20 min with ethanol to remove unbound monomers from the surface.
For SEM analysis, Ag NPs was cast drop-wise and allowed to dry in a
vacuum and the drying process is as shown in Fig. A2.

When these suspensions were cast and dried on a silicon wafer,
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Fig. 2. UV-Visible absorption spectra of the as-synthesized self-assembled
fractal structure of luminescent Ag NPs on glass slides with varying pH from (a)
pH =8 to 3 and (b) pH = 8 to 11.
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Fig. 3. XRD pattern of self-assembled fractal structure of Ag NPs.

which was usually covered with a native thin SiO, layer, the reacting
species in the solution due to addition of acid/base were likely to react
with the native oxide and create pinning sites. Our motivation to do so
was to influence the drying process to move away from the so-called
“DLA” mediated structure that finally forms on the silicon surface. The
formation of the final structure is a very complex process. The collapse
of the three dimensional structures those formed in the liquid to two
dimension [39,40] when cast and restructuring while getting dried,
were further influenced by the pH of the suspensions due to creation of
pinning centers on silicon, change in cluster structure in the liquid by
the effect of pH on hydrogen bonding [35,41,42] and influence on the
electrostatic force by pH [27].

2.5. Surface enhanced Raman Spectroscopy (SERS) measurements

Raman scattering measurements were done under an ambient con-
dition with confocal laser Raman spectrometry with an excitation
source of 785 nm. The samples were immersed in the Rhodamine 6G
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(R6G) solution for 30 min, followed by rinsing with ethanol and drying
under vacuum before SERS spectra were recorded.

3. Results and discussions

In the typical synthesis of silver nanoparticles, Ag ions are reduced
by resorcinol in the presence of sodium hydroxide. When the size of
nanoparticles approaches the Fermi wavelength of an electron (i.e.
0.5 nm for noble metals), luminescent Ag nano-clusters is formed [43].
Self-assembled fractal structure of Ag nanoparticles was characterized
using XRD, SEM, TEM/HRTEM, UV-Visible absorption, PL and Raman
spectroscopy. SERS was studied by Raman Spectroscopy. Fraclac and
ImageJ software were used to establish the fractal dimension (Fp) of the
resulting structures on silicon surfaces.

The morphology of the fractal structures was studied by SEM and
TEM/HRTEM. By the addition of resorcinol, the nanoparticles were
assembled in a close-packed assembly by the formation of hydrogen
bonding at a particular concentration, 0.5 mM of NaOH [44].

Due to the impact of resorcinol, an electric charge (highly negative)
exists on the surfaces which also abstain from oxidation and very small
sizes of Ag NPs (particularly in the range of 1-3 nm) are formed. The
overall reaction mechanism is given as.

206H602 + 214g+ = 2Ag0 + (C6H6OZ - CﬁHﬁOZ)

The schematic illustration of the self-assembled fractal structure of
luminescent Ag NPs is as shown in Scheme 1.

3.1. UV-Vis analysis of self-assembled fractal structure of Ag NPs

In order to study the different size of Ag NPs, we have varied the
concentration of resorcinol, keeping the concentration of silver salt
constant and it has been optimized at pH = 8. By varying the con-
centration of resorcinol from 25mM to 100 mM, the particle size has
been varied. At higher concentration (1.0 M) of resorcinol, Ag NPs were
precipitated [27]. The initial testing was done by UV-Vis absorption
spectroscopy. The typical absorption spectrum for three different con-
centration of resorcinol is shown in Fig A3(c), when the particles form
as isolated individual nanoparticles. The cluster formations followed by
fractal formation on silicon substrate are found to be function of re-
sorcinol concentration. At lower concentrations, Ag NPs do not form
clusters. No fractal formations were observed for these structures. A
single hump was observed with the plasmonic peak red shifting to
432nm and 438 nm corresponding to particles size 12nm and 20 nm
respectively [27]. We see that, Ag NPs forms dual peak at
Amax = 342nm and 490 nm at 100 mM concentrations of resorcinol as
shown in Fig A3 (a-b). Further, the formation of self-assembled fractal
structures was also confirmed by SEM images, as shown in Fig. 4.

By appropriate choice of metals, dielectric and geometries of the
colloid, the spectral position can be tuned in the SPR range [45]. The
absorbance spectra of the self-assembled fractal structure of lumines-
cent Ag NPs were studied using UV-Vis absorbance spectroscopy and
two maxima peaks were observed at 353 nm and ~ 500 nm as shown in
Fig. 2. With varying pH from 8 to 3 and 8 to 11, we see that the Ajax
blue shifts while Ay,,x broadened at ~500 nm and finally diminishes at
pH = 3 and 11 respectively as shown in Fig. 2(a) and (b). It is also
supported by the corresponding variation of the fractal dimension and
SEM morphologies of the samples at respective pHs. The noble metal in
the form of isolated nanoparticles shows plasmonic resonance based
band and for Ag NPs it appears near ~410 nm in a water medium. The
exact position and shape of this peak depend on the shape and size of
the nanoparticles and the dielectric permittivity of the surrounding
medium. However, in general, with the growth in size, the plasmonic
peak shows redshift. When there is clustering of such nanoparticles in
the solution, the plasmonic response of one particle gets coupled to
other plasmons in different particles and a coupled plasmonic oscilla-
tion of the aggregates originates, depending on the mutual orientation
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Fig. 4. SEM images of self-assembled fractal structure of Ag NPs at pH = 3 to 11 is divided into a number of boxes that covers the smallest possible fractal element.
The graph depicts the overall boxes count required to wrap the fractal pattern as a function of 1/e.

of the individual particles within the aggregate [40]. With red-shift of
dipole resonance, there is the growth of quadrupole resonance, which
also shows red-shift with an increase of the size of individual nano-
particle. However, the contribution of quadrupole resonance is small,
and the nature of the plasmonic resonance is therefore essentially di-
polar [27,39]. So, in addition to plasmonic peak due to individual
particles, a second peak near 500 nm grows which is of dipolar in
nature for optimized concentration of resorcinol [27].

3.2. XRD analysis of self-assembled fractal structure of Ag NPs

The crystallographic structure of as-synthesized self-assembled
fractal structure of Ag NPs was recorded using powder XRD as shown in
Fig. 3. The observed peaks (111), (200), (220) and (311) are indexed to
the plane of face-centered cubic structure (JCPDS File No. 89-3722)
and are consistent with their corresponding bulk counterpart [46],
confirming the formation of Ag NPs. The average crystallite size cal-
culated by Scherer's formula was found to be 1.82 nm. We know that Ag
colloid is extremely unstable especially due to the surface oxidation and
random aggregation of Ag NPs. In our case, Ag nanoparticles surface is
capped by resorcinol monolayer, which prevents the aggregation, based
increase in the size of the nanoparticles or surface oxidation of Ag NPs.
TEM/HRTEM image also confirms the characteristic diffraction peaks of
Ag nanoparticles.

3.3. Scanning electron microscopy (SEM) and fraclac analysis of self-
assembled fractal structure of Ag NPs

SEM was incorporated to analyze the surface morphology of the
nanoparticles as shown in Fig. 4, which confirms the formation of the
self-assembled fractal structure of luminescent Ag nanoparticles on the
silicon wafers. The fractal pattern can be analyzed as an index of fractal
dimension (Fp) by describing their convolution in the ratio of change in
detail to that of scale. For the self-assembled system, Fp provides an
idea about the structural complexity and its efficiency, specifically in
terms of covered surface area. Fp, is calculated by the box and counting
method as it has proved to be of sufficient accuracy and efficiency as
suggested by Barabasi [47]. Fig. 4 shows the SEM images of the self-
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assembled fractal structure of luminescent Ag NPs at pH = 3 to 11. The
image of the fractal structure is divided into a number of boxes (Ng) of a
fixed size (d) in such a way that it covers almost all the fractal structure
to any scale to get the overall dimension by analyzing each and every
box iteratively. The graph depicts the overall boxes count required to
wrap the fractal pattern as a function of 1/¢ (which is the inverse size of
the box).

Fractal dimension was calculated by Fraclac Version 2.5 software
developed by NILGS, NARO and ImageJ [48,49]. A linear fit has been
plotted for the logarithmic plot (Ng) vs inverse of the box size (1/¢) to
determine the value of fractal dimension (Fp) from the fractal structure.
A prototype of each sample of pH = 3-11 has been chosen which re-
presents the entire structure so as to analyze the fractal properties. All
the data points of the fractal structures correspond to the linear fit and
are almost in a straight line. The fractal dimension (Fp) was calculated
from the slope of the linear fit. Fig. 5 depicts SEM images of the self-
assembled fractal structure of Ag nanoparticles at pH varying from 3 to
11. It was found that when pH = 3, 5, 7, 8, 9, 10 and 11 the Fp was
1.62, 1.68, 1.71, 1.89, 1.76, 1.65 and 1.56 respectively. These images
reveal the evolution of the self-assembled fractal structure of Ag NPs
when pH was 8 and while increasing and decreasing pH beyond 8 the
fractal starts splitting into smaller fractals and subsequently the fractal
dimension decreases. We have varied the pH by varying the con-
centration of HNO3 and NaOH for acidic and basic medium.

When HNO3; and NaOH are in excess in the solution, their reaction
with the native oxide on silicon surface creates more pinning centers.
The surface itself also changes its nature. In acidic condition, the sur-
face becomes more hydrophobic while for the basic condition, it be-
haves hydrophilically. Although we started with a hydrophilic surface,
the addition of these conditions changes the nature of the surface based
on pH dynamically. So all these conditions really affect the way the
random walkers can redistribute themselves on the surface.

From the SEM morphology, it appears that with increasing pH from
3 to 8 and decreasing pH from 11 to 8, the branching of fractal struc-
tures increases. The change in the fractal dimension can be attributed to
a change in pH of the solution. Also, with variations in pH from 3 to 8
and 11 to 8, the zeta potential is known to increase and the protonation
tendency to decrease, leading to change in fractal structured patterns
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Fig. 5. SEM images at pH varying from 3 to 11 and their corresponding slopes depict the fractal dimensions FD.
[50]. highly crystalline image of the as-synthesized Ag NPs. We have further

3.4. Transmission electron microscopy (TEM) analysis of self-assembled
fractal structure of Ag NPs

Fig. 6 depicts the TEM/HRTEM microstructures and morphologies
of the as-synthesized Ag nanoparticles which confirm the formation of
the self-assembled fractal structure of luminescent Ag nanoparticles.
Fig. 6(a) show TEM images of the self-assembled fractal structure of Ag
NPs on the carbon coated grid. Some individual Ag NPs as well as ag-
glomerated nanoparticles of approximately 2.5 nm in size, which forms
the self-assembled fractal structure of approximately 1000 nm in
length. The formation of a fractal structure on the TEM grid depends on
the concentration of the sample cast on the grid surface. It appears that
self-assembled fractal structure formed when the sample was dried on
the TEM grid and such formation of the fractal structure has previously
reported by Magdassi and are well dispersed. Fig. 6(b) shows the mi-
crostructure of Ag NPs which are nearly spherical and are well dis-
persed. A histogram was plotted for the observed 320 nanoparticles and
the average diameter was found to be 2.5 nm, as plotted in Fig. 6(c).
Fig. 6(d) shows a high-resolution TEM image of the fractal structure,
where lattice fringes are visible. Fig. 6(e) shows a further magnified
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calculated the lattice fringes to be 0.24 nm [51] corresponding to (111)
inter-planar spacing of Ag NPs with face-centered cubic structure. SAED
pattern from the self-assembled fractal structure of Ag NPs is shown in
Fig. 6(f), which corresponds with the characteristic diffraction peaks of
XRD. In Fig. 6(g), EDX spectra show only Ag signals, Cu being con-
sciously eliminated, matched well with the XRD results.

3.5. Photoluminescence (PL) analysis of self-assembled fractal structure of
Ag NPs

Radiative damping resulting from the spontaneous emission of the
induced dipole (with initial rapid growth of emission which finally
reduces the size of the induced dipole, thereby increasing the line-width
of the plasmonic peak) competes with the depolarization of the radia-
tion across the surface of the particle due to finite ration of its size to
wavelength of the light used [39,40]. The depolarization changes due
to an increase in particle size introducing red-shift.

A fractal object with dilational symmetry having normal mode os-
cillations, where the excitation is not uniformly distributed over the
whole structure but concentrated at localized super-hotspots due to
very narrow inter-particle separation within cluster-cluster aggregation
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Fig. 6. (a) TEM micrograph (b) magnified TEM micrograph (c) size distribution histogram (d) high resolution TEM micrograph (e) lattice fringes of 0.24 nm
corresponding to (111) planes (f) SAED pattern and (g) EDX of self-assembled fractal structure of Ag NPs.

involving collective motions of the conduction electrons. The clustering
in these resorcinol based capped ultra-small nanoparticles developing
into a final fractal-like structureis essentially controlled by the hy-
drogen bonding. The hydrogen bond forms in resorcinol when H* ion
bonds with a negative ion or properly charged molecular group. pH
change may cause changes in the charge of the group, but not ne-
cessarily breaks H-bonds [35]. If somehow the deprotonation changes
due to change in pH, that will lead to change in the capability of
forming a hydrogen bond. Even though the H-bonds are not completely
broken there may be a rearrangement of the final structure.

Fig. 7(a) exemplifies the PL spectra of the self-assembled fractal
structure of luminescent Ag nanoparticles, excited with a constant laser
operational at 320 and 410 nm. The PL emission of luminescent silver
nanoclusters was studied in detail to elucidate the origin of lumines-
cence. The most important factor of the colloidal Ag NPs was that it
exhibits excitation wavelength dependent photoluminescence [52]. As
synthesized samples were cast on the glass slides and excited at 320 and
410 nm, the PL emission spectra were shown in Fig. 7(a). The PL spectra
depict two sharp peaks at 411 nm and 544 nm at excitation energy 320
and 410 nm respectively, which were red-shifted with respect to SPR
recorded using UV-Vis spectroscopy (see Fig. 6), indicating that the
observed PL was obtained from electron excitations between discrete
energy levels [43]. It was observed that two strong PL emission peaks
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were recorded when the luminescent Ag NPs were coated and dried on
glass plates. The excitation wavelength dependent PL emission from the
self-assembled fractal structure of Ag NPs implies that strong coupling
exists between SPR and Ag nanoparticles [53].

The luminescent silver is usually very small and the luminescence
generated by such nanoparticles is excitation wavelength dependent
[53,54]. The luminescence is due to recombination of electron-hole
pairs, electron being from sp conduction band from above Fermi level
and holes being from the Fermi level belonging to d-band of these Ag
NPs [52,55]. Even for some bigger Ag NPs, luminescence can be gen-
erated because of some different mechanism [56,57]. The transmission
electron micrograph in Fig. 5 depicts a fractal structure that can be seen
to be an assembly of very small Ag nanoparticles. Additionally, the
fractal structure due to its dilational symmetry has superhot spots
which provide electromagnetic enhanced fields [58]. Usually, these
spots are located at the inter-particle separating space, which is very
small and dependent on the hydrogen bonding which is active in this
case. This weak bonding is tunable to the pH of the solution and is
reversible in nature, which is reflected in the fractal dimension of the
resultant structure. The special way in which our samples have been
synthesized allows the capping to be complete. So, even in the clusters,
although the Ag NPs are very close, physical touching of the silver
surfaces belonging to various different Ag nanoparticles is not possible
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Fig. 7. (a) Photoluminescence emission spectra of self-assembled fractal
structure of luminescent Ag NPs on glass slide at excitation energy of 320 nm
and 410 nm. (b) Variation of fractal dimension (FD) and PL Intensity with
varying pH from 3 to 11 of self-assembled fractal structure of luminescent Ag
NPs.
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Fig. 8. Surface enhanced Raman spectra of the self-assembled fractal structure
of luminescent Ag NPs with Rhodamine 6G (10-4 M) on a Si wafer and pH
varying from 3 to 11 in the region 400-1600 cm-1.

as the capping layers always act as a barrier. The luminescence of Ag
nanoparticles in this case, therefore, gets enhanced by the super-hot-
spots of the fractal structure and is directly connected with the fractal
dimension. A plot of fractal dimension (Fp)/PL intensity vs pH of Ag
NPs was also obtained for the self-assembled fractal structure of lumi-
nescent Ag nanoparticles by varying the pH from 3 to 11. It was
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Table 1
Raman shifts of the three SERS bands in the spectra of self assembled fractal
structure of luminescent Ag NPs with pH and Fp, varying from 3 to 11 and 1.89
to 1.56.s

Fractal Observed SERS bands of self-assembled fractal
pH of self- dimension  structure of luminescent Ag NPs
assembled (Fp) of self-
fractalstructure of ~ assembled  ~612em™'  ~1365cm™'  ~1512cm”!
luminescent fractal band band band
Ag NPs structure of

Ag NPs Peak Peak Position  Peak Position

Position
3 1.62 608.2 1362.7 1510.5
5 1.68 609.4 1363.2 1511.1
7 1.71 610.7 1363.9 1511.1
Optimum 8 1.89 612.5 1365.1 1512.3
pH
9 1.76 610.7 1364.4 1511.7
10 1.65 609.4 1363.9 1511.1
11 1.56 607.6 1362.1 1506.9
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Fig. 9. SERS spectra of R6G with various concentrations: (a) 10-4 M, (b) 10-
6M, (c) 10-8 M on self-assembled fractal structure of luminescent Ag NPs and
(d) 10-4 M on a silicon wafer. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

observed that the fractal dimension decreases from 1.89 to 1.56 and
correspondingly PL intensity also decreases with varying pHs as shown
in Fig. 7(b).

3.6. SERS analysis of self-assembled fractal structure of Ag NPs

Fig. 8 shows surface-enhanced Raman spectra (SERS) of the self-
assembled fractal structure of Ag nanoparticles on a silicon wafer with
seven different pH varying from 3 to 11 in the region 400-1600 cm !
with R6G (10~ * M.
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At pH = 8 corresponding to Fp = 1.89 the peak position is highly
intense and increasing or decreasing pH beyond 8 leads to decreasing
intensity till F, ~1.6 and the Raman bands blue shift at three positions
from 612cm ™! to 607 cm ™!, 1365 cm ! to 1362 cm ™! and 1512 cm ™!
to 1509 cm ~'. The variations in peak positions corresponding to pH
and fractal dimension of the three prominent SERS bands are shown in
Table 1.

We have used R6G samples of low concentrations (10" *to 1078 M)
to verify the surface enhancement effect. Fig. 9 shows various peaks for
R6G at around 1510cm™', 1365cm™~', 1312cm™', 1183cm™',
769cm ™! and 610 cm ™!, which are in good conformity with the re-
ported values [59,60].

When the concentration of R6G was increased, the peak intensity
increases. We thus conclude that self-assembled fractal structure of Ag
NPs exhibits excellent SERS enhancement as reported earlier [61,62].
This result signifies that self-assembled fractal structure of Ag nano-
particles can be used as SERS active substrate.

4. Conclusions

In summary, resorcinol capped Ag nanoparticles forms hydrogen-
bonded nano clusters on silicon wafers by drop casting and evaporating
overnight under vacuum. These structures were observed by varying pH
from 3 to 11 with optimum pH at 8. Two-dimensional self-assembled
fractal structure of Ag NPs appeared on a silicon wafer, occurred due to
surface diffusion of atoms dissociated from Ag nanoparticles. The
growth formation, morphologies and the fractal structure of Ag NPs
strongly depend upon the concentration of AgNO3 and reaction time.
R6G has been used as probe molecules for SERS experiments which
proved that self-assembled fractal structures of Ag NPs acts as an active
substrate and it has high SERS response. The luminescence due to ex-
tremely small Ag nanoparticles was also enhanced following a similar
pattern of dependence on fractal dimension. The resulting fractal di-
mension is a complex process of drying of a colloidal solution of Ag NPs
formed and capped by resorcinol on a silicon substrate. These Ag na-
noparticles form clusters in the solution due to hydrogen bonding,
which can be tweaked by the pH of the solution. The tweaking of the pH
of the solution after the completion of reduction and capping can affect
hydrogen bonding. Additionally, a number of pinning centers and
pattern of diffusion on silicon substrate also gets modified by varying
the pHs. So, while drying, various different self-similar fractals like
structure form on the silicon surface. The surface-enhanced Raman
spectrum of model R6G dye and luminescence of ultra-small Ag nano-
particles change in tandem with the varying fractal dimension of the
silver structures. This study, therefore, can lead to the development of
various sensors based on this optical enhancement relevant to various
diverse fields.
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