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We have fabricated stable silver nanoparticles (NPs) and nanostructures (NSs) effectively through
double ablation of bulk silver substrate immersed in double distilled water using ~2 ps laser
pulses. The effects of multiple/double/single ablation on silver substrates via surface morphology
studies along with average size distribution of Ag NPs were investigated. Prepared Ag NPs in
solution exhibited yellow color with an absorption peak near 410 nm, assigned to localized surface
Plasmon resonance of nano-sized silver. Depending on the ablation parameters average sizes
observed were ~13 nm/~17 nm in multiple/double ablation case and ~7 nm in single ablation case.
High resolution transmission electron microscope studies highlighted that most of the Ag NPs were
spherical and polycrystalline in nature. Surface morphology of the substrates was characterized by
field emission scanning electron microscope and atomic force microscope. A different scenario
was observed in the double ablation case compared to single/multiple ablation case. Double
ablation resulted in dome like NSs on the substrate with dimensions of few hundreds of nanometers
while single ablation did not. Nonlinear optical (NLO) properties of Ag NPs were investigated
using Z-scan technique with ~2 ps pulses and corresponding NLO coefficients were obtained.
Surface enhanced Raman scattering (SERS) studies on multiple/double ablated Ag substrates with
adsorbed Rhodamine 6G molecules were carried out using excitation wavelengths of 532 nm,
785nm, and three orders of enhancement in Raman signal intensity was observed. Furthermore,
influence of laser fluence on the fabrication of SERS active Ag substrates with double ablation was
also investigated. In this case, Raman spectra of adsorbed Research Department eXplosive (RDX)
molecules on ablated surfaces were recorded for 532nm and 785 nm excitation. Enhancements
up to 460 were observed from substrates fabricated at fluences of 12J/cm? 16J/cm? with
excitation wavelengths of 532 nm and 785 nm, respectively. © 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4792483]

INTRODUCTION

Among diverse methods'™ investigated recently for
fabrication of metallic nanoentities, ultrafast ablation in lig-
uid media, based on the reaction dynamics of plasma and
ambient species, is an uncomplicated technique to synthe-
size desired functional nanomaterials.”™'® The technique is
versatile and proficient for fabricating both metal nanopar-
ticles and nanostructured substrates in a single experiment.
Moreover, ablation in liquids afford extremely stable NPs
with higher occupational safety since the fabricated NPs,
generally, are in colloidal form."” The incident laser pulse
initially interacts with the surface conduction electrons and
later with the lattice through electron-phonon coupling.
Comparison of pulse duration with the characteristic time
scales of electron-phonon interaction indicates that there are
two regimes of interaction. For longer pulses [typ-
ically >100 picosecond (ps)], thermal diffusivity determines
the surface temperature which proceeds in equilibrium
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conditions. For sub-ps pulses (<1 ps), ablation proceeds in
non-equilibrium conditions since the pulse duration is much
shorter than the electron-phonon interaction time and elec-
tron heat conduction time implying that electrons cool with-
out transferring the heat to lattice.'® In this regime,
threshold fluence is independent of the pulse duration. In
the present study, ~2 ps pulses were utilized implying that
the experiments were performed in the intermediate regime.
It has also been established that maximum rate of metal
ablation in liquids was achieved with 2 ps pulses.'® Further-
more, ablation of metals in aqueous media generates nearly
oxygen-free colloidal suspensions. The interaction of ultra-
short laser pulses with metals in liquids and dynamics of the
plume formation leading to generation of nanoparticles and
surface modifications are fairly understood and docu-
mented.”*" During viscous interaction of liquid vapor with
the molten layer, Rayleigh-Taylor or Kelvin-Helmholtz
instabilities are encountered leading to the redistribution of
metallic melt followed by formation of mushroom-like and
dome-like structures on the surface.”*** Barcikowski et al.
studied the dynamics of ablation of metals immersed in lig-
uid media as the function of laser parameters and nature of

© 2013 American Institute of Physics
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surrounding liquid in detail.**’ These fabricated nano-
entities exhibit novel electronic, optical, and other physical
properties depending on their crystallinity, composition,
shape, and size. Significantly, structured surfaces facilitate
the momentum conservation of horizontal components of
incident light wave vector and surface electromagnetic
wave vector. Such a possibility is fundamental for surface
Plasmon mediated Raman studies. Raman scattering, as
such, is a weak process with extremely small cross sections
(typically 103! to 1072 cm?), thus providing a poor signal
to noise ratio (SNR). This situation generally fails to deliver
essential, useful information of the important molecular fin-
gerprints under investigation. To prevail over the ambiguity
caused by poor scattering cross-sections many experimental
techniques, for instance stimulated Raman scattering, coher-
ent anti-stokes Raman scattering, surface enhanced Raman
scattering (SERS) were investigated.”®*>° Among various
techniques investigated, SERS is an efficient and simple
method, has recently caused a great deal of excitement due
to the fact that effective Raman cross-sections of molecules
on a roughened silver surface (or a metal surface which can
invoke SPR) can be enhanced up to 10® times compared to
the same molecules dissolved in solution.>'? Several tech-
niques have recently been employed to fabricate nanostruc-
tured surfaces.** >’ The main effects that can be employed
in SERS*® are nano-sized colloidal suspensions and nano-
structured substrates of plasmonic metals such as silver,
gold, and copper. The electromagnetic model*** elucidates
the enhancements resulting from the amplification of inci-
dent and reradiated fields by the Plasmon resonances. SERS
has great potential for applications in contrasting fields of
biology, medicine, diagnostics, sensing, etc., and therefore,
commercial fabrication of SERS active substrates remains
an active challenge.*’ Despite numerous works on ablation
in liquid media (pre-dominantly with nanosecond pulses),
multiple/double ablation of metal targets (overwriting the
metal substrate in liquid environment) has not yet been
explored. In the present work, we extensively investigated
the (a) nonlinear optical (NLO) properties of Ag colloids
achieved through multiple/double ablation in double dis-
tilled water; (b) the effect of multiple/double ablation in
defining the size, shape of the fabricated nano-entities on
Ag surface and their SERS activity using R6G; (c) the influ-
ence of laser fluence on structures in the case of double
ablation; and (d) Raman signal enhancements of 1,3,5-Trini-
troperhydro-1,3,5-triazine [Research Department eXplosive
(RDX)] molecules adsorbed on the nanostructured Ag sub-
strates. The last part of the work is significant since identifi-
cation of explosives*®™ at very low concentrations in
different environments is a predicament of critical interest
for security and forensic diagnostics. Silver has been chosen
because of (i) cost-effectiveness compared to gold, (ii) tend-
ency towards oxidation is less compared to copper, and (iii)
capacity to support strong Plasmon resonances. Amongst
earlier reports Lee er al.”® performed comprehensive study
of SERS using the silver and gold nanoparticles as well as
substrates fabricated in water via laser ablation with 6ns
laser pulses. However, they had studied the dynamics by fo-
cusing laser beam at a single point.

J. Appl. Phys. 113, 073106 (2013)

EXPERIMENTAL DETAILS

Ultrafast ablation was carried out using a chirped pulse
amplified (CPA) Ti: Sapphire laser system (LEGEND,
Coherent) delivering nearly transform limited laser pulses
(~2 ps, 1kHz repetition rate) at 800 nm. The amplifier was
seeded with ~15 fs (55 nm FWHM) pulses from an oscillator
(MICRA, Coherent, 1W, 80 MHz, 800nm central wave-
length). Ag substrate submerged in double distilled water
(2-3 mm above the Ag sample) in a Pyrex cell was placed on
a motorized X-Y stage. Plane polarized (s-polarization) laser
pulses were allowed to focus vertically onto the Ag substrate
through a plano-convex lens of focal length 25 cm. The posi-
tion of the focus was approximated to lie at the point where
plasma was generated. X-Y translation stages, interfaced to
Newport ESP 300 motion controller, were utilized to draw
periodic structures on the Ag substrate with separations of
5 pum, 25 um, 50 um, and 75 um. Typical energy used was
~150 pJ per pulse. For example, in the case of 5 um, a struc-
ture was initially drawn on the Ag substrate through the
movement of X-stage followed by vertical movement of
5 pm (using Y stage) and second structure was drawn on the
substrate through the movement of X-stage in opposite direc-
tion. Thus, ablation was carried out for 25 um, 50 um, and
75 um separations. Details of the experimental setup are pro-
vided in our earlier works.'' The schematic of multiple/dou-
ble/single ablation carried out on the Ag substrate is
explained in Figures 1(a) and 1(b). The scanning speeds of
the X-Y stages were 0.4 mm/s and 0.5 mm/s. The prepared
Ag colloids are designated as NP-1, NP-2, NP-3, and NP-4,
and the corresponding substrates as SS-1, SS-2, SS-3, and
SS-4 for separations of 5 um, 25 pum, 50 um, and 75 um,
respectively. As per the mechanism shown in Figure 1, SS-1
was influenced by multiple ablations, whereas SS-2 was
influenced by double ablation, since the estimated beam
waist on the Ag substrate was >20 um. Consequently, com-
plete overwriting (ablation of pre-ablated portion) was car-
ried out for SS-1 and partial overwriting for SS-2. Apart
from these, SS-3 and SS-4 were obtained through single
(a) Line separation 5 pm, 25 pm (b) Line separation 50 pm, 75 pm

Line2 - -
Lin Line1l Line2
Line1 r e3

- T T

\

Line 3 Line 4

Region of overwriting Y
(Multiple/double
ablation) Single ablation ablation

(a) Line separation <<estimated beam waist on metal surface
(b)Line separation >>estimated beam waist on metal surface

FIG. 1. (a) Mechanism of multiple/double ablation as a result of over writing
for substrates SS-1 and SS-2. The separation between the scans was much
less than the beam waist, (b) For SS-3, SS-4 ablation was carried out with
separation more than beam waist.
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ablation. Furthermore, Ag substrates (for a fixed scan separa-
tion of 20 um) were also fabricated at different fluences
of 4J/cm2, 8J/cm2, 12J/cm2, 16J/cm2, and 20J/cm>. To
achieve superior fabrication rate of nanoparticles laser beam
should be focused exactly on the surface of substrate. The
uncertainty in adjusting focus exactly on the metal substrate
because of the displacement caused by refractive index of
the surrounding liquid and other nonlinear optical effects
was taken care by observing the plasma.’! The theoretical
beam waist (wg) estimated at the focus (in air) was ~10 um
while the dimensions of fabricated structures were measured
to be ~20 um in the single ablation case. Subsequent to the
completion of scan, Ag substrates were removed from the
liquid and preserved after proper cleaning. Colloidal suspen-
sions were preserved in air tightened glass vials.

The absorption spectra of obtained colloidal solutions
and laser exposed substrates were recorded immediately
using a UV-Vis spectrometer (Jasco-V-670 spectrometer)
equipped with integrating sphere in the spectral range of
250-2500 nm. The EDX spectra and HR-TEM images of the
NP-1, NP-2, NP-3, and NP-4 were recorded to identify the
metallic finger prints and NP size distribution along with
their crystallographic information. Morphology of the laser
exposed portions of SS-1, SS-2, SS-3, and SS-4 were charac-
terized by FESEM (Ultra 55 from Carl ZEISS) and an AFM.
The NLO properties of NPs colloidal solutions were investi-
gated using open and closed aperture Z-scan method> with
1 kHz, 800 nm laser pulses (~2mJ, ~2 ps duration). Com-
plete details of the setup and procedures for evaluating the

J. Appl. Phys. 113, 073106 (2013)

NLO coefficients are reported in our earlier works.”>® The
performance of Ag substrates was evaluated by means of
enhancement in Raman signal from adsorbed R6G molecules
(typically uM concentrations). The substrates SS-1, SS-2
were immersed in R6G solutions for 2-3 hours to ensure
strong adsorption of the molecules on patterned surface.
Raman signals from R6G/RDX adsorbed substrates were
collected using micro-Raman and bulk Raman spectrome-
ters, which used continuous wave (cw) Nd:YAG laser at
532nm and cw Ar" laser at 785nm, respectively. Raman
spectra of analytes from the structured surfaces were com-
pared with the Raman spectra of analytes recorded from the
plain surface. The input power of laser was ~5 mW. The ac-
quisition time for each measurement was 5s, and all spectra
were calibrated with respect to a silicon wafer at 520cm ™"
In the Micro Raman spectrometer (excitation wavelength
used was 532nm), laser beam was focused on to the sub-
strate using an objective lens (100X) and beam waist at the
focus was near to 600 nm. In bulk Raman spectrometer (exci-
tation wavelength-785 nm), laser beam (diameter 1 mm) was
directed towards the sample without any focusing lenses and
Raman signals were in the back scattering geometry.

RESULTS AND DISCUSSION

Characterization of Ag suspensions

Suspensions of Ag NPs were characterized by TEM (SEI
cecnai G2 S-Twin 200kV instrument) providing an estimate
of size distribution and morphologies of the nanoparticles. Ag
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FIG. 3. Depiction of nanoparticles fabri-
cated by pulsed (~2 ps, 800 nm) laser abla-
‘ tion of Ag metal immersed in double
5 10 15 20 distilled water. (a) TEM image of well dis-
o . .
persed Ag nanospheres formed in colloidal
Slze (nm) water (NP-3), (b) size distribution histogram
30— - T+ of Ag nanoparticles in NP-3 depicting an av-
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g
254 Standard Deviation 0.7 nm | nanospheres in NP-4, (d) size distribution
histogram Ag nanoparticles in NP-4 demon-
20t | strated an average size of 7nm. The scale
E bar in (a) and (c) is 50 nm.
ﬁ 15} d
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5 P B
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colloids were centrifuged on carbon coated copper grids and
analyzed using TEM operated at 200keV. Figure 2 depicts
the TEM pictures and size distributions for NP-1 and NP-2
while the corresponding data for NP-3 and NP-4 are illus-
trated in Figure 3. Figure 2(a) shows well dispersed spherical
Ag nanoparticles (NP-1) and 2(b) shows the range (11 nm—

Size (nm)

25nm) of size distribution with an average size of ~13nm.
Figures 2(c) and 2(d) depict the TEM image of Ag nanopar-
ticles sized 12-30nm [NP-2 average size was ~17 nm] and
their size distribution, respectively. Similarly, Figures 3(a)—
3(d) illustrates the TEM images along with the size distribu-
tion of NP-3 and NP-4. Average nanoparticle sizes in NP-3

FIG. 4. (a) HRTEM image of the Ag nanoparticles formed shows the clear view of lattice planes observed at a characteristic separation 2.2 A (diameter of the
ring very next to the central maxima in the electron diffraction pattern) corresponding to the plane of Ag crystal (111). Right (b-e) — depictions of selective
area electron beam diffraction patterns from the fabricated Ag nanoparticles in NP-1, NP-2, NP-3, and NP-4, respectively, confirming the polycrystalline nature

of Ag nanocrystals. The scale bar in (a) is 5 nm.
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FIG. 5. (a) UV-Vis extinction spectra of Ag nanoparticles prepared in water
(I) NP-1with SPR peak at 412nm, (II) NP-2 with SPR peak at 417 nm,
(IIT) NP-3 with SPR peak at 407 nm, (IV) NP-4 with SPR peak at 407 nm,
(b) red curve depicts the variation of SPR peak with respect to line separa-
tion, blue curve depicts the average Ag particle size versus line separation.

(range of 3-14nm) and NP-4 (range of 5-15nm) were
~6nm, ~7nm, respectively. From the size distributions and
average sizes, it was confirmed that the ablation was slightly
different for nanoparticles in NP-1, NP-2 compared to nano-
particles NP-3, NP-4 even though all the exposure parameters
were same except the overwriting part in the later cases. Fig-
ure 4(a) shows the HRTEM image of a single Ag nanoparticle
exhibiting parallel Ag lattice planes having a separation 22A
(indicated with a red mark in the figure) corresponding to
(111) lattice planes of silver. Selective area electron diffrac-
tion patterns, shown in Figures 4(b)-4(e), revealed the poly-
crystalline nature of the Ag nanospheres for all the four cases.
The variation in the average sizes of Ag nanoparticles was
again established through the observed SPR peak position in
the UV-visible absorption data. The fabricated particles were
dispersed in water leading to coloration (light to golden yel-
low) of the solvent. The time of laser exposure in all four
cases was identical. The recorded UV-visible absorption spec-
tra of NP-1, NP-2, NP-3, and NP-4 exhibited LSPR peaks in
the neighborhood of 412 nm, 417 nm, 407 nm, 407 nm, respec-
tively, as illustrated in Figure 5(a). Figure 5(b) shows the var-
iations of SPR peak position and average Ag nanoparticle size
with respect to the scan separation. The position of SPR peak

J. Appl. Phys. 113, 073106 (2013)

depends on the size distribution of Ag nanoparticles. Due to
incubation®>®° effects, we expect different sized NPs to be
formed for NP-1 and NP-2.

Multiple/double and single ablation were carried by con-
trolling the translational stages which were operated at scan
speeds of 0.4 mm/s (X-stage) and 0.5 mm/s (Y-stage). The
pulse repetition rate was 1kHz implying a delay of 1ms
between two consecutive pulses. Estimated beam waist on
the metal surface in water was 20 um (wg). The estimation
was based on the observed line structure width (2w, was
40 ym) from SEM images in single ablation case. Between
two pulses, X-stage traversed a distance of 0.4 um during
ablation. Liang et al.>® and Nielsen er al.°® discussed the
effect of incubation on higher yield NPs, the arguments of
which can be extended to the higher yield of NP-1 and NP-2
observed in our case. Effective number of pulses per shot is
calculated from w(z)/d, where w(z) is the beam waist on the
surface of Ag, d is the pulse spacing. In our case of single
ablation, the effective number of pulses per spot was 50
since w(z) was ~20 um and “d” was 0.4 um. In the case of
double ablation, the effective number of pulses per spot was
100. The case of multiple ablations is slightly complicated
since the structure width created was 40 um [using a wq of
20 um], and the stage was translated by ~5 um for each
scan. Therefore, we expect a gradient in the number of inci-
dent pulses (perpendicular to the scan direction) and conse-
quently the ablation to be inhomogeneous. However, an
average of 250 pulses per spot is estimated for the regions of
observation since the SEM images and SERS spectra were
collected from the central portion of ablated structure. For
ablation in the case of NP-1 and NP-2, incubation effects are
expected to play a major role. In these cases, increment in
the effective number of pulses per spot decreases the ablation
threshold dramatically®”®” leading to the formation of metal-
lic melt in large volume which acts as the reservoir resulting
in higher yields of Ag nanoparticles. Incubation effects were
observed in fs ablation of dielectrics such as fused silica.””
Nielsen et al.®° studied the fs ablation of metals (Cu, Ag, W)
and observed the strong dependence of incubation effects on
ablation threshold. In their case, the ablation threshold
reduced (by almost 6 times) with increasing number of inci-
dent pulses (300). Similar incubation effects were observed
for fs ablation experiments on stainless steel, Cu, Nb, and
Ti.®" However, these effects were observed in experiments
performed with fs pulses and in air. There are not many
reports available till date to understand the mechanisms of
incubation effects during ablation in liquids. In our case, we
performed experiments with ps pulses and in liquids. We do
expect a similar incubation effect (though to a different
degree yet to be ascertained through separate experiments)
resulting in (a) reduction of ablation threshold (availability
of more energy per ablation) and (b) creation of a structured
target (through initial ablation) for subsequent ablations.

In the case NP-1, we anticipate a complete overlap of
the ablation regions (separation of 5 um), whereas in the case
of NP-2, only a partial overlap is expected (separation of
25 um). Ablation conditions for SS-1, SS-2 were different
from those used for SS-3, SS-4 cases, and therefore, the fab-
ricated sizes of Ag NPs will be different. According to two

Downloaded 21 Feb 2013 to 14.139.69.132. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



073106-6 Podagatlapalli et al.

temperature model,62 there are two regimes wherein either
skin depth or heat diffusion processes are dominant. These
two regimes occur at different laser fluences on the target
surface. Formation of different sized nanostructures is deter-
mined critically by the surface roughness. Furusawa er al.®?
investigated the ablation dynamics of plasmonic metals as a
function of fluence and roughness with laser pulses of dura-
tion in the range of 120-800 fs. In case of ablation of rough
metal surfaces, melting occurs in areas with weak thermal
bonding to the substrate, e.g., in the vicinity of micro-relief,
edges of scratches, etc., and consequently they observed
dome like nanostructures on the substrate.®* A comprehen-
sive study of the ablation of metals in liquid medium was
performed by Stratakis et al.> and demonstrated diverse sur-
face dynamics under different experimental conditions. In
our case, we expect that the ablation of pre-ablated substrate
occurs multiple times on SS-1 since the separation between
the two line structures (5 um) was less than the estimated
spot size on substrate (2wo=40 um). Ablation for the first
time creates initial roughness (micro-protrusions) on the sub-
strate. When the ablation is carried out for the second time
(on the first ablated portion), roughness offered will not be
uniform leading to inhomogeneous melting of tips and
micro-protrusions. An ideally polished surface will not melt
below threshold laser intensity, whereas a roughened surface
would offer loosely bound micro-protrusions to the laser
beam which decrease the ablation threshold resulting in
higher yield of NPs.®® Because of this we could also observe
larger range of NPs distribution in the case of double abla-
tion which accounts for the broad Plasmon band in UV-Vis
absorption spectra of NP-1 and NP-2. Nielsen ez al.*® dem-
onstrated that the roughness provided by ablation for over-
writing caused laser induced surface Plasmons and surface

J. Appl. Phys. 113, 073106 (2013)

scattered waves which led to the coupling of laser energy to
the modified surface in the next step of overwriting. This
sort of energy coupling could be higher in the case of NP-1,
NP-2 compared to NP-3, NP-4 since the former was affected
by overwriting where as the latter experienced only single
ablation.

In the UV-Vis absorption spectrum of NP-1 and NP-2,
main resonance peak was observed in the neighborhood of
400nm which is their characteristic surface Plasmon reso-
nance which can be attributed to the intraband transitions
from ground states of conduction band to excited states of
conduction band. In the case of NP-3 and NP-4, size distribu-
tion (3—15nm) of fabricated Ag NPs was less (compared to
NP-1 and NP-2) which led to the observation of a sharp SPR
band rather than a broad band. In NP-1 size distribution of
Ag, NPs was ~11-25nm and it was ~12-30nm in NP-2.
Garcia et al.®® have demonstrated that the size dispersion of
Plasmonic nanoparticles induces a broadening of the absorp-
tion peak. Some of the Ag NPs with large average size were
not considered (very few in number) while constructing the
histogram. Probably the SPR of these larger particles or oxi-
dized Ag NPs resulted in a weak absorption peak near
650 nm. Further, Schinca et al®’ investigated the effect of
core and shell sizing (silver and silver oxide) on the red shift
of absorption peak. Further investigations are pending to
accurately point out the mechanism responsible for observ-
ing this weak peak. Since nanoparticles in NP-1 and NP-2
are close enough they experience a net electric field at the
nanoparticles site due to (a) that of the incident light and (b)
the field created by the rest of NPs. Therefore, resonance
conditions will be modified resulting in a red shift of the
SPR band®® towards 412 nm. In a similar manner, a red shift
of SPR peak to 417 nm was observed in NP-2. Observed red

FIG. 6. Open aperture Z-scan curves
obtained for (a) Ag colloids NP-1 with
varying input intensities Ioo =83 GW/cm?
(open circles), Ioo= 138 GW/em? (stars).
Blue, red colors represent low intensity,

n,=3.4x10" em*/W |
I,,=28 GW/em’

high intensities, respectively, (b) closed
aperture Z-scan curves obtained for Ag
colloids NP-1 at peak intensity 28 GW/

0 20 40
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cm?, (c) open aperture Z-scan curves
obtained for Ag colloids NP-2 with vary-
ing input intensities Ioy=83 GW/cm?
(open circles), Ipo= 138 GW/cm? (stars),
and (d) closed aperture Z-scan curves
obtained for Ag colloids NP-2 at peak in-
tensity 28GW/cm2. Solid lines are the
theoretical fits.
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FIG. 7. UV-Vis reflectance spectra of the Ag substrates SS-1 (red, solid
curve), SS-2 (blue, short dash-dot curve), SS-3 (green, dashed curve), and
SS-4 (violet, dash-dot curve). A small hump (inset) near 340 nm confirmed
the formation of nanostructures on SS-1 and SS-2. For the other two cases,
no nanostructures were found.

shift of the SPR peak position of NP-1, NP-2 can also be
explained from the effective medium theory (EMT) also
wherein the modification of dielectric function of the me-
dium as the function of separations of NPs. EMT explains

2pm

DT = 5008V ==
=
=i 2 yum Mag= 809KX WO= 39mm Teme 165227 .

L“ I““u»g- 2000KX

J. Appl. Phys. 113, 073106 (2013)

that shorter the distance (since the yield is high), lower the
resonance frequency (higher wavelengths).®® SS-3 and SS-4
experienced single ablation since the separation between the
line structures was greater than the estimated beam waist on
the metal surface resulted in fine (~7 nm) nanoparticle fabri-
cation. NP-3 and NP-4 exhibited SPR peaks near 407 nm.
UV-Visible absorption spectra recorded for the colloids after
3—4 weeks depicted SPR peaks without significant change in
their position suggesting the stability of these Ag colloids.

It was recently demonstrated that NLO characterization
of freshly prepared Ag colloids presents large nonlinearities
and are poorly reproducible.®® Therefore, the NLO study (of
NP-1 and NP-2) was performed on the colloids 1day after
fabrication. Figures 6(a) and 6(b) depict the open and closed
aperture data of Ag colloids [Ag NP-1, Ag NP-2]. Open aper-
ture Z-scan was carried out at peak intensities of 83 GW/cm?
and 138 GW/cmz, while the closed aperture data were
recorded at 28 GW/cm?. Open aperture data of NP-1 [linear
transmittance (LT) ~90%] presented in Figure 6(a) demon-
strated switching behavior [from saturable absorption (SA) to
reverse saturable absorption (RSA)] with a saturation intensity
of 6.5x 10"W/cm?® at lower peak intensity (83 GW/cm?,
B=2x10""2cm/W). RSA with a strong two-photon absorp-
tion coefficient (f=4.5x 10"'2cm/W) was observed at
higher peak intensities (138 GW/cm?). The experimental data

4T = 5008V Signal A= InLens
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FIG. 8. FESEM images of the laser exposed portions in Ag substrate in water (a, b) dome like structures formed on the substrate SS-1 because of the over
wring and its closer view, (c, d) surface morphology of SS-2 shows the dome like structures. Closer view images show the fabricated Ag NPs grains on the sub-

strate. The scale bar in (a), (b), and (c) is 2 um while in (d) it is 200 nm.
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FIG. 9. FESEM images of the laser
exposed portions of Ag substrate in
water for (a) SS-3, fabricated at a line
sparation of 50 um,(b) SS-4, fabricated
at a line sparation of 75 um. The scale
bar in (a) and (b) is 200 nm.
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were fitted using standard equations.”>> The closed aperture
data were fitted’™"" to extract the nonlinear refractive index
(ny). NP-1 exhibited positive nonlinearity, as shown in Figure
6(b), and the measured n, was 3.4 x 10~ '®cm?*/W. Figure 6(c)
shows the open aperture data of NP-2 [linear transmittance
(LT) ~92%] indicating pure RSA for both lower
(f=6.2x10""?cm/W) and higher (f=1.78 x 10~ "' cm/W)
peak intensities. The closed aperture data for NP-2 are shown
in Figure 6(d) and n, retrieved from the fits to experimental
data was 4 x 10~'> cm?/W. Closed and open aperture data of
the solvent (water) were also recorded. The n, value of the
solvent was higher than the n, of NP-2 indicating that the sign
of n, of NP-2 was negative. The measured > (third order
NLO susceptibility) values for NP-1 and NP-2 were
229 x 10~ e.s.u, 2.69 x 1073 e.s.u, respectively. The val-
ues of nonlinear coefficients presented here with an error bar
of =10% due to errors in the fits, estimation of spot size, etc.
Observed switching (from SA to RSA) and pure RSA of the
Ag NPs can be attributed to the intraband transitions. Follow-
ing excitation with 800 nm photon (~1.55¢eV), intraband elec-
tronic excitation within the conduction band might occur at
lower intensities leading to ground state Plasmon band bleach,
and therefore, SA was observed. Further pumping (higher
peak intensities) could result in RSA, since the carriers can be
excited from the ground state to high lying excited states of
conduction band through two-photon (1 + 1) processes.> Fur-
thermore, the energy of the photon at 800 nm is much less
than the energy required causing interband (4d-5s for Ag)
transitions in Ag (~4 eV) which explains the observed nonlin-
ear phenomenon was not because of inter band transition but
only intraband transitions. Gurudas et al.”® observed SA
(lower peak intensities) and RSA (higher peak intensities) in
Ag nanorods with ~25 ps pulses at 532 nm. In their case, the
excitation was close to the Plasmon resonance, whereas we
are away from the absorption peak resulting in a switching
behavior.

Characterizations of the Ag substrates

The ablated Ag substrates were characterized by specu-
lar reflectivity measurements using UV-visible spectrometer

in the spectral range of 200—1000 nm. Plain silver substrates
were used as the reference reflectors. UV-Vis reflection spec-
tra of SS-1, SS-2, SS-3, and SS-4 are shown in Figure 7.
Observed peak near 315 nm corresponds to interband transi-
tions of “d” state electrons to the higher “s” or “p” states in
Ag. Furthermore, a small peak was observed in the neighbor-
hood of 340nm for SS-1, SS-2. The spectral feature near
340 nm clearly indicates the formation of surface nanostruc-
tures with lateral dimensions comparable’® to that of Ag
NPs. Lau e al.®*"* explained the presence of a broad peak
(centered at 370nm) in the absorption spectra of ps struc-
tured Ag target. The peak centered at 370 nm was an indica-
tion of Ag nanostructures on the laser exposed portion,
which was confirmed through AFM observations of their
structured surface. Further, oxidation of the nanostructured
surface resulted in a red shift with a new peak at 400 nm.
Analogous to this SS-1 and SS-2 exhibited a peak centered
at 340nm (and broadened towards the visible region) indi-
cating the presence of lateral dimensional Ag NSs compara-
ble to that of Ag NPs. This was confirmed from the FESEM
images of laser irradiated SS-1 and SS-2 (see Figure 8).
Moreover, position of the SPR peak depends on dielectric
function of the material under consideration (Ag) and the
surrounding medium (see equation below). The surrounding
medium was air in the case of NSs and water in the case of
NPs. Because of this, we could observe SPR peak near
340 nm for Ag nanostructures and near 400 nm for Ag colloi-
dal solution.

3
Ve, w.&(w)

¢ le(w) 4+ 2.8,,1]2 + & (w)

Oext = 2

where V is the volume of the nanoparticle; w is the fre-
quency of light used, ¢, & are real and imaginary parts of
dielectric constant of the metal, respectively, and ¢, is the
real part of the dielectric constant of the surrounding liquid.
We observed that the laser ablated portions of Ag sub-
strates turned to permanent golden yellow which could be re-
sultant of the collective oscillations of conduction electrons.
The surface morphologies of the laser exposed portions of Ag
substrates, characterized by FESEM, are presented in Figures
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FIG. 10. Raman signals recorded from R6G molecules (12 uM) in methanol
(a) with micro Raman spectrometer (excitation at 532 nm). Red, blue spectra
represent the enhanced Raman signatures of R6G from SS-1 and SS-2,
respectively (b) with bulk Raman spectrometer (excitation at 785 nm). Black
spectrum was from Ag plain surface. Red, blue spectra represent the
enhanced Raman signatures of R6G from SS-1 and SS-2. Signal collection
time for both spectrometers was 5 seconds.

8(a)-8(d), depicting the nanostructures on SS-1 and SS-2 with
dimensions of ~100nm. There were no such nanostructures
observed on SS-3 and SS-4 and was confirmed from FESEM
images, depicted in Figure 9. Because of multiple/double

J. Appl. Phys. 113, 073106 (2013)
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FIG. 11. Fluence versus Raman intensity enhancement observed from R6G
adsorbed on the Ag substrates with excitation at (a) 532nm (b) 785 nm.
Symbols are experimental data points while lines are only a guide to the eye.

ablation, we did not observe distinguishable demarcation
between two consecutive structures in SS-1 and SS-2, whereas
for SS-3 and SS-4, we could observe separation between the
structures. As discussed in earlier sections, morphologies of

TABLE I. Observed active Raman modes of Rhodamine 6G adsorbed on Ag substrates SS-1 and SS-2 and their corresponding intensity enhancement obtained

using excitation at 532 nm and 785 nm. Signal was collected for 5 seconds.

Raman intensity enhancement

in SERS spectra (Rhodamine 6G adsorbed on SS-1 and SS-2)

Observed modes

R6G reported Assignments of active Observed modes for Separation Separation for 785 nm Separation Separation
Raman modes (cm ') Raman modes 532 nm excitation 5 um 25 ym excitation 5 um 25 um
610 C-C-C ring in-plane bend 610 3 6 610 19 20
767 C-H out-plane bend 772 7 767 27 48
1185 C-C stretch 1184 14 40 1178 15 26
1269 C-O-C stretch - - - 1269 33 48
1308 Not assigned 1309 - - 1311 533 776
1360 Aromatic C-C stretch 1360 35 62 1362 610 1113
1503 Aromatic C-C stretch 1509 3 5 1508 533 761
1570 Aromatic C-C stretch 1572 3 - - -
1647 Aromatic C-C stretch 1644 3 4 1647 8 12
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FIG. 12. FESEM images [closer view of
the structure] of the laser exposed portions
in Ag substrate in water prepared for diffrer-
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ent laser fluences (a) 4J/cm?, (b) 8J/cm?,
(¢) 12J/em?, and (d) 16 J/cm>. The images
depict fabricated grains of Ag NPs on the
substrate. The scale bar in (a) and (d) is
100 nm and for (b) and (c) it is 200 nm.

ablated metallic surfaces suffer from incubation effects.”* The
density and height of the nano-sized domes were different for
SS-1 and SS-2. In addition to lateral nanostructures, there
were small nanoparticle grains on both the substrates SS-1
and SS-2. These structures with Ag nanoparticle grains could
enhance the Raman signals, and therefore, SS-1 and SS-2
were used for Raman measurements of adsorbed R6G mole-
cules. These two substrates were used in Raman studies with-
out further processing.

SERS is a surface spectroscopy indicating that adsorbed
molecules only contributes to the Raman signal and enhance-
ment of signal depends on the distance between the adsorbed
molecule and tip of the nanostructure.”>’® Nanostructures
based SERS studies have been performed by Van Duyne et al.
extensively.”” It is rather difficult to compare the performance
of different substrates prepared at different experimental con-
ditions. Raman spectra recorded for R6G on the laser ablated
surface SS-1 and SS-2 are shown in Figure 10(a) for 532 nm
excitation and in Figure 10(b) for 785 nm excitation. Excita-
tion with 785 nm demonstrated higher SERS enhancement
(compared to 532 nm excitation) and lower fluorescence back-
ground from the analytes.”**® The dome-like nanostructures,
probably, provided high local fields contributing to Raman
signal enhancements. Raman signal intensity recorded for
1362cm ™" mode of SS-1 excited with 785 nm was ~2439.
However, the Raman signal intensity from the plain Ag sur-
face was ~4. The intensity enhancement, therefore, was eval-
uated to be ~610. Raman signal enhancement for the
1362 cm™ ! mode of SS-2 with 785 nm excitation was ~1113.
For 532nm excitation, intensity enhancements measured
for the 1362cm ™" were ~35 for SS-1 and ~62 for SS-2. In-

tensity enhancements of the other modes along with their
mode assignments are shown in Table 1. For R6G, the absorp-
tion peak is at 528 nm, which is in the vicinity of excitation
wavelength 532 nm, pre-resonance effects resulted in strong
fluorescence. The recorded Raman spectra of R6G from SS-3
and SS-4 with excitation wavelengths of 532nm and 785 nm
did not show any Raman signatures apart from fluorescence.
From this observation, we concluded that the Ag substrates
influenced by multiple/double ablation only provided Raman
enhancement and single ablated surfaces could not. Raman
signal enhancements plotted for SS-1 and SS-2 are shown in
Figure 11. It was observed that superior signal enhancements
were from SS-2 for both the excitation wavelengths 532 nm
and 785nm. Observations demonstrated that substrate with
25 um line separations provided optimal Raman enhance-
ments as a result of double ablation compared to substrate
with 5 um line separation on which multiple ablation took
place. Probably, multiple ablation caused a partial washout of
the substrate roughness compared to double ablation case.
Measurements of R6G Raman enhancements revealed the per-
formance of double ablated surface to be superior to multiply
ablated surface. Therefore, we have concluded that scan sepa-
ration of 25 um provided optimal Raman enhancements as a
result of double ablation. Based on this result, dependence of
input laser fluence was studied in the double ablation case.
For a fixed scan separation (25 um), Ag substrates were
ablated in distilled water for the fluences 4J/cm?, 8J/cm?
12J/em?, 16J/cm?, and 20J/cm?. Figures 12(a)-12(d) illus-
trate surface morphologies of Ag substrates fabricated at dif-
ferent fluences (for a fixed line separation 25 um). Formation
of Ag nanoparticle grains was again observed on these
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FIG. 13. (a) Micro-Raman spectra of adsorbed RDX molecules (excitation at
532nm) in acetonitrile. The maximum enhancement of Raman signal was
observed at pulse energy 150 uJ (fluence of 12 J/em?). (b) Bulk Raman spectra
of the adsorbed RDX (excitation at 785 nm) in acetonitrile. The maximum
enhancement of Raman signal was observed at pulse energy of 200 uJ (fluence
of 16J/cm?). More signatures were observed with 785 nm excitation compared
to 532 nm excitation. For both, the cases time of integration was 5's.

substrates. SERS activity of these Ag substrates was investi-
gated for RDX (C3HgNgOg; 1,3,5-Trinitroperhydro-1,3,5-tria-
zine) molecules dissolved in acetonitrile. Raman spectra
recorded for RDX analyte (dissolved in acetonitrile) adsorbed
on the Ag substrates fabricated with different laser fluences
are illustrated in Figures 13(a) and 13(b) for 532nm and
785nm excitations, respectively. The spectra were collected
in the 250 cm ™" to 3500 cm ™" spectral range covering most of
the Raman bands of RDX. Since the vibrational modes of ana-
lyte moieties adsorbed on the surface of Ag substrates are
enhanced, typically fewer peaks®' ™™ are observed in the
SERS spectra compared to conventional Raman spectra.
Raman signatures observed in the case of 785 nm excitation
were higher compared to 532nm excitation. 383cm™ ',
924 cm ™! modes [Figure 13(a)] correspond to modes of aceto-
nitrile and others are from RDX molecule. Raman intensity
enhancements for different modes of RDX were measured as
mentioned earlier. In the case 532 nm excitation, the modes
corresponding to 2947 cmfl, 2255 cmfl, and 3005cm ! (C-H
stretch) exhibit 582, 652, and 86 times of the enhancement,

J. Appl. Phys. 113, 073106 (2013)
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FIG. 14. Fluence versus Raman intensity enhancement observed from RDX
adsorbed on the Ag substrates with excitation at 532nm (a) 2255 cm ! and
2005cm~' modes (b) 2947cm”~' mode. Maximum enhancement was
observed for the fluence 12J/cm?. Symbols are experimental data points
while lines are only a guide to the eye.

respectively. Some of the other modes observed were
1167cm™!, 1381cm™' (CH, twisting). However, fluores-
cence prevailed in the data obtained from substrates prepared
at fluences of 16 J/cm? and 20J/cm?. In the case of 785nm
excitation [Figure 13(b)], some of the dominant modes were
856cm ! (N-N stretch + NO, axial scissoring), 924 cm !
(CH, rocking or combination), 1240cm ™' (N-N and sym-
metric NO, stretch and may be with CH, twist), 1314 cm !
(N-N stretching CH, stretch), 1393 cm ! (CH, twisting),
1457cm™! (CH, scissoring), 1560 cm~ ' (ONO equatorial
stretching). Assignments of the RDX modes were supported
from the data obtained by Dregar er al.** Raman intensities
for adsorbed RDX molecules were also evaluated as a func-
tion of input fluence. In the case of 532 nm excitation, strong
Raman signal enhancement was observed from the Ag sub-
strate fabricated at 12 J/cm? [Figures 14(a), 14(b)]. Figures
15(a)-15(c) illustrate Raman signal enhancement observed
from the Ag substrates in the case of 785 nm excitation. All
RDX modes were observed to have maximum enhancement
from the Ag substrate fabricated at 16J/cm”. From the
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FIG. 15. Fluence versus Raman intensity enhancement for RDX Ag sub-
strates with excitation at 785 nm for (a) 379 cm’l, 600 cm’l, 710 cm’l, and
856cm " modes (b) 1008cm ', 1078cm ', 1136cm ™', and 1240cm '
modes (¢) 1314cm’1, 1393 cm’l, 1457 cm’l, and 1560 cm ™" modes. Maxi-
mum enhancement was observed for fluence of 16J/cm?® in most of the
cases.

analysis of Raman signal enhancements of RDX with
532 nm, 785 nm excitation optimal fluences of 12 J/cm?, 16J/
cm?, respectively, were obtained. Intensity enhancement of
the other modes of RDX is summarized in Table II. Oxida-
tion layer and other contaminations from the substrates can
be removed by cleaning with liquid ammonia and can use

J. Appl. Phys. 113, 073106 (2013)

TABLE II. Raman modes of RDX in ACN (~50 mM) adsorbed on different
Ag substrates. Corresponding intensity enhancements are listed. Excitation
wavelength was 785 nm. Signal was collected for 5 seconds.

Raman signal intensity enhancement
at different fluences

Observed modes of RDX
(in ACN) on Ag substrates 4 J/cm2 8 J/cm2 12 J/cm2 16 J/cm2 20 J/cm2

601 5 3 70 84 55
712 1.5 13 54 92 42
856 1 5 18 25 13
1008 9 10 46 73 42
1078 69 34 141 86 80
1132 13 12 58 83 42
1240 71 65 250 364 195
1314 105 78 175 197 134
1393 69 67 284 457 232
1457 5 9 247 308 176
1560 2 3 10 25 7

the substrates for number of times. Our future endeavor is to
identify the optimum conditions for achieving efficient NPs
and nanostructures for SERS applications by investigating
the ablation procedure with (a) 60° incident laser beam (b)
flow of liquid media while ablation.

CONCLUSIONS

Ultrafast laser ablation of metals submerged in liquid
media offers size controllable, well dispersed nanoparticles
along with nanostructured substrates in a single experiment.
We succeeded in fabricating well dispersed Ag NPs and NSs
using this technique. The nanostructures were observed pre-
dominantly in the regions where overwriting occurred. Dou-
ble ablation is expected to play a crucial role in determining
the hydrodynamic instabilities at the interface of vapor-melt,
consequently the production of nanoparticles and nanostruc-
tures. NLO characterization of Ag water colloids revealed
that 2PA prevailed at higher energies and corresponding
NLO coefficients were obtained. Switching from SA at lower
intensities to RSA at higher intensities is explained through
the transitions of conduction group electrons to higher
excited states. SERS spectra of R6G from SS-1 and SS-2
divulged that double ablation endowed favorable Raman sig-
nal intensities (SS-2) compared to multiple ablation (SS-1)
and single ablation (SS-3, SS-4). In addition, laser fluence
4 J/cmz, 8J/cm2, 12J/cm2, 16J/cm2, 20J/cm2) dependence
on the fabrication of SERS active substrates has been investi-
gated for the case of double ablation. It was observed that
the maximum enhancement of Raman signals were observed
from the RDX molecules adsorbed on Ag substrates fabri-
cated at the fluences of 12J/cm? (532nm excitation) and
16J/cm? (785nm excitation). Ag nanoparticle grains in the
nanostructures could possibly have generated hot spots for
the observed signal enhancements. Moreover, we used the
fabricated Ag substrate without any further treatment and
this substrate preparation (typically 1 cm x 1 cm) can usually
be performed in 30 minutes.
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