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Abstract

Ag-Ag>O composite structure, with fine tunability of Ildzad surface plasmon
resonance (LSPR), was fabricated by using Nd:YAt&rfipulsed laser ablation at
ambient conditions. In this structure, tunable LS#fRAg nanoparticles (NPs) with
the wavelength from 384 nm to 486 nm was realizeddrying the laser power to
regulate both the oxidation degree and the spacindg NPs. Moreover, Surface
enhanced Raman scattering (SERS) was also obsgueeth the composite structure,
which was demonstrated excellent stability and SEBSitivity with the detectable
concentration of Rhodamine B as low asifol/L. The SERS substrates fabricated
by laser ablation also exhibited favorable reprduility and uniformity. The
simulation results of finite difference time domé&DTD) regarding the electric field
distribution of all samples are in good agreemeittt whose of above results.

Keywords. Ag nanopatrticle films; oxidation; LSPR; SERS; FDTD

1. Introduction

Localized surface plasmon resonance (LSPR) is ritymaferred to the
collective electron oscillation phenomenon betwsestal nanoparticles (NPs) at the
time when the frequency of the incident light isigto the vibration frequency of the
conduction electrons [1, 2]. During LSPR, the iat#ion between light and surface
plasmon polariton results in the high extinctionefficient and significant
amplification of the electric field near the metanoparticle surface [3].With fine
tunability of LSPR, metal nanostructure has a $igamt application in surface
enhanced Raman scattering (SERS), especially, ISR substrates [4].

Noble metals such as gold and silver (Ag) are dbkrplasmonic materials to



fabricate SERS substrates because of their stéleimical properties [5]. However,
due to some disadvantages, i.e. high-cost of thedband easy-oxidizability of the
latter [6], such materials have not been widelyliadpas SERS substrates. On the
other hand, complicated and costly fabricatiorheit are still the matters that restrict
the development in practical applications, everugiothe problem of silver can be
solved by composite structure of Ag and semicoragci.e. Ag/TiQ, Ag/ZnO, and
AgQ/ISNG [7-9].

Previous studies show that the frequency of LSP&sendent on not only the
shape, size, spacing and metal materials but laésdiélectric constant of surrounding
medium [10-12].Interestingly, the partial oxidation in the surfacé Ag NPs
influences its local dielectric environment as wé@lven the assumption that surface
oxidation degree of Ag NPs could be regulated symible undesirable oxidizable
characteristic of Ag NPs would possibly provide effective way in regulating its
plasmonic performance. Meanwhile, the oxide layer,AgO, could also protect Ag
NPs from the sulfuration and oxidation, further noyang the stability of being SERS
substrates. Our recent report shows that lasatiatian technique offers an effective
way to tune LSPR property of Ag film, with the atiloin of Al buffer layer [13]. Still,
the intensity of both LSPR peak intensity and cspoanding SERS signal of those
irradiated Ag-Al NPs are not strong enough. Altéinreapossibility is the pulsed laser
ablation technique, an environment-friendly mettioat can fabricate metals NPs by
focusing high energy pulsed laser on the metaktaagd generating a plasma pluma
of ablated material [14, 15]. When this plasma emsgs, NP thin films are formed
on the blank cover glass [16, 17].

In this study, Ag-AgO composite structure was designed and fabricateana
ultrastable and sensitive SERS substrate by pu&ssa-induced ablation technique.
The LSPR frequency of Ag-A® composite structure can be effectively tuned by
varying the laser power. The effect of laser abtatin the composition, morphology,
resonance absorption and SERS performance of sanwdge also discussed.
Furthermore, the electric field distribution of gaes were calculated by finite
difference time domain (FDTD).

2. Experiment

Ag thin film was grown on the BK7 substrate by &len beam evaporation. The
thickness was about 100 nm monitored by an in gutartz crystal microbalance.
Following the deposition, the cover glass was @rdrbn Ag thin film and ablated by
an Nd:YAG fiber pulsed laser at ambient conditi®arameters of the pulsed laser
were set as follow: laser scan speed of 600 mroé&rsng line spacing of 0.01 mm,
pulse width of 200 ns, frequency of 45 kHz and dassam diameter of 0.01 mm,
respectively. The power of fiber pulsed laser weseas 2, 4, 6, 8 and 10 W, which are
corresponded to the denotation of S1-S5 for asedlaamples, respectively. For
comparison, we also investigated the Ag thin filmthe research. The schematic
diagram of the laser ablation is shown in Fig. 1.
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Fig. 1 A schematic diagram of the experiment preces
The phases of the samples were characterized by Xdiffraction (XRD,

Rigaku MiniFlex600 system, Japan). Surface analybitie samples was conducted
by the X-ray photoelectron spectroscopy (XPS, Tlee®aientific K-Alpha+). The
surface morphology was analyzed through atomicefonecroscopy (AFM, XE-100,
Park System) and scanning electron microscope (SE3#4800, Hitachi). The
absorption spectra were characterized by an UVIVIB- spectrophotometer
(Lambda 1050, Perkins Elmer). Raman signals wetairdd by Raman spectroscopy
(inVia Raman Microscope, Renishaw) with 633 nm ila&seitation.

3. Results and discussion

3.1. Sructural properties

The effect of laser ablation on the structure ohgles is revealed in Fig. 2. A
strong diffraction peak can be observed at 38.0f i(Rall the samples, corresponding
to the (111) crystallographic plane of silver (JG2D04-0783). Generally, for
non-epitaxial deposition on a substrate, the filnface tends to be either a (001) or
(111) plane owing to the minimum surface free epa@nghese planes [18Lompared
with the sharp diffraction profile of as-depositédy thin film, the diffraction
intensities of as-ablated samples are significaretiuced due to the thinner thickness
after laser ablation. No obvious peak-shift waseobsd in samples before and after
laser ablation. For the as-ablated samples, bet@aesajor diffraction peak at about
38.0° (D), there is another diffraction peak at 32.89)(@orresponding to A® (111)
plane (JCPDS: 41-1104). With the laser power irgtrggthe diffraction intensity of
Ag (111) slightly decreases, while those o,@g111) show an increased trend. This
means the surface of as-ablated samples is prdme ¢aidized at ambient conditions
during the case of pulsed laser ablation. Meanwtltile increase of AQ diffraction
intensity indicates that the oxidation of Ag NPsdmes gradually serious with the
laser power increasing.
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Fig. 2 XRD pattern of Ag thin film and as-ablatethples.

3.2.Composition and valence state

Fig. 3 shows the XPS spectra of as-ablated samytbsvarious laser powers.
The XPS spectra shape of as-ablated samples imistmithose reported by literature
[19]. Two peaks can be observed in as-ablated sanpbrresponding to Ag $gland
Ag 32, respectively. According to the literature [20fe Ag 3@, peak of Ag and
Ag,O appear at 368.2 eV and 367.8 eV, respectively.oNeious oxidation was
detected in the Ag 3@ peak of as-ablated sample at 368.3 eV as lasegipdess than
2 W. The Ag 3¢, peak of as-ablated sample shows blue shift wighiicrease of
laser power, which confirms the oxidation degreesamples and is in accordance

with the result of XRD.
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Fig. 3 XPS spectra of as-ablated samples.

3.3. Surface morphology

The AFM images of the Ag thin film and as-ablatathples are displayed in Fig.
4(a) and (b), respectively. It is obvious that therphology of Ag thin film is smooth
one. After the pulsed laser ablation, however, sheooth surface breakup into



metallic NPs under the action of the thermo-elaftice from pulsed laser [21],
attaching to the cover glass and thereby form tydgrheroidal structure on it [22].
According to Fig. 4(c), the root-mean-square swfaoughness (Rq) values of
as-ablated samples are 11.561, 12.164, 13.475911&8d 14.895 nm, respectively.
More laser energy was absorbed to form NPs witelasize along with the increase
of laser power, thus gradually increasing the s@rf@ughness of samples as well.

5+
—=— as-ablated samples

4 6 8
Laser power (W)

Fig. 4 The typical AFM images of (a) as-depositedthin film and (b) the as-ablated Ag thin film.
(c) The surface roughness of as-ablated samples.

Fig. 5 shows the corresponding SEM images of thabteted sample. The laser
ablation process is found to have a profound effecthe morphology. The Ag NPs
were densely distributed on the substrate with sfzbout 30-50 nm. Since this size
range is much less than that of the incident wangthe (200-800 nm), the higher
order oscillation modes are not considered in thalyais of absorption spectrum.
With the laser power increasing, the spacing of N&®sows gradually, and the state
of aggregation increased. When the laser poweeasead up to 10 W, the deposited
particles were so numerous that they were stacketbjp of each other. However,
with the laser power further increasing, the filoxface was no longer uniform and a
large number of particles were clustered togethes.worth noting that the excessive
laser power led to a nonuniform stacking of NPsttmn substrate, which negatively
affected the SERS performance of samples [23].




Fig. 5 SEM images of the as-ablated sample witkrlag(a) 2 W, (b) 4 W, (c) 6 W, (d) 8 W, (e) 10
W, (f) 12 W.
3.4. Optical absorption

The optical absorption spectra of Ag thin film aaslablated samples are shown
in Fig. 6(a). Before laser ablation, Ag thin filrhasvs strong resonance absorption
intensity with broad absorption band due to conseetopography of film [24]After
laser ablation, the localized electronic coherestillation was generated on the
structured surface of as-ablated samples, leadirthe resonance absorption peaks.
The corresponding wavelength of absorption peakamasbvious red-shift from 384
nm to 486 nm with the increase of laser power, mpanying with the decreasing
intensity of absorption peaks, as shown in Fig).6(b
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Fig. 6 (a) Optical absorption spectrum of Ag thilmfand as-ablated samples, (b) Absorption
maximum of every absorption curve.

The effective medium theory introduced by Maxwedf@ett and Bruggeman
can be used to research the absorption spectros¢agpherical or ellipsoidal shapes
nanostructure [25]. The as-ablated samples showod gerformance in LSPR due to
the regular nano-ellipsoid structure on the surfeceomparison to Ag film with
smooth surface. XRD and XPS results showed thabtted dielectric environment of
as-ablated samples varied accordingly with theem®ee of laser power. The LSPR
wavelength is related to refractive index of theiemmmental medium based on the
Drude mode [26]. The dielectric constant of surdiog medium increases as
oxidation takes place in surface of Ag NPs, and s8R shifts to the longer
wavelength accordingly [27]. Furthermore, when theolarized light beam was
incident onto the sample perpendicularly, smalperceng between NPs caused strong
coupling effect. It also caused the red shift fos@ption wavelength simultaneously
[28]. The increase of A® content in as-ablated samples also leads todbtease of
absorption intensity. It is apparent that the L§feRormance can be tuned effectively
by varying the laser powers.

8 10

3.5. SERS performance

In order to study the effect of laser power anddatibpn on the potential
application of plasmonic properties, all the sarmplere used as SERS substrates for
probing Rhodamine B (Rh B) molecules. The Rh B mdke solutions with the
concentration of 1®mol/L were spun onto the surface of samples. Adogrtb Fig.
7(a), there are three strong Raman peaks detectmbat 1361, 1504 and 1648 ¢m
assigned to C=C stretching modes of aromatic rifige Raman signal scattering
intensity from as-deposited Ag thin film was vergak, while the signal intensity of
as-ablated sample was significantly enhanced vhi¢himcreasing laser power. It is
well known that the thermal stabilization of Ag p®or [29], so the stability of
samples as SERS substrates should be evaluategstidied the SERS performance
of Ag thin film and as-ablated samples after 90sdeyposure. For convenience, the
Ag thin film and as-ablated samples tested afted®@ were defined as Ag thin film’,
S1’, S2', S3’, S4’ and S5’. According to Fig. 7(the SERS spectra after 90 days
exposure exhibit the same trend as those of theéyrabricated samples. Fig. 7(b)
and (d) show the corresponding histogram of thenisity variation with error bar for



Fig. 7(a) and (c), respectively. The error barsoalg 1-2% variation, which represent
the standard deviation of Raman intensity in tweheasurements. With the increase
of laser power, the Raman signal intensity of tisealblated samples enhances
obviously. The strong Raman peaks of Ag thin filmdaas-ablated samples at
different days were compared in Fig. 7(e). It iviobsly that the Raman signal of

as-deposited Ag thin film disappeared after 90 deyposure, while no obvious

changes in intensity for the as-ablated samplempgaoed with as-deposited thin film,

the thermal stability of as-ablated sample with AgO structure was greatly

improved.
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Fig. 7 Raman scattering spectra of Rh B on (a) Wig tiim and as-ablated samples with laser
power from 2 W to 10 W, (b) the errors bars of Ranmiensity of Ag thin film and the as-ablated
samples, (c) Ag thin film and as-ablated samplesr &0 days from fabrication, (d) the errors bars
of Raman intensity of Ag thin film and as-ablatesnples after 90 days from fabrication, (e) the
Raman band intensity at 1361, 1504 and 1648 ofmAg thin film and as-ablated sample at



different days. (f) Raman scattering spectra ofBRtn Ag thin film and as-ablated samples with
various laser powers.

During the laser ablation, the surface of Ag NPsengradually oxidized due to
the elevated temperature generated by the laseyyeray-AgO composite structure
would prevent the SERS substrate from being furthafurated and oxidized, and
enhanced the stability of the SERS substrate. Nesess, both the nonuniform
stacking of NPs and excessive oxidation will degrdde SERS performance of
as-ablated samples as shown in Fig. 7(f). The Rasigamal intensity of as-ablated
samples increased with the laser power up to 1(tivtlaen abruptly decreased with
further increase of laser power. Therefore, itgineated that the threshold of laser
power to fabricate excellent SERS substrate is 1@ Wis study.
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Fig. 8 (a) SERS spectra for Rh B of different canrations ranging from I0to 10" mol/L on
as-ablated sample, (b) dependence of intensitid®eaf648, 1504 and 1361 ¢rikaman peaks on
concentrations.

Fig. 8(a) shows the SERS performance of as-abkdeatple with laser power of
10 W at different concentrations ranging from°16 10* mol/L. According to Fig.
8(b), the intensity of the three strongest Ramakp®f as-ablated sample decreases
with the Rh B concentration decreasing. The loveesicentration of Rh B solution
that can be detected is ¥0nol/L, which is far below the detection limit of moal
Raman spectroscopy (~0.01 mol/L) [30].

The SERS effect is due to the fact that the Ramgnak of the analyte is
amplified by several orders of magnitude when thalyde is at or very close to the
metal nanostructure [31]. It is generally acceptidt the enhancement of
electromagnetic field plays a significant role IBRSS effect, and that it mainly relies
on the effect caused by LSPR [32]. Combined with #bsorption curve, all the
as-ablated samples exhibited obvious LSPR phengnmsalting in a stronger
Raman signal intensity. Recently, Mohammad Y. Khaywet al. reported the
relationship between the LSPR frequency and theSS&fRisitivity [6]. They reported
the intensity of Raman signal is inversely proporél to AA, which indicates the
absolute value of the difference between the plasmasonance peak position and the
excitation wavelength (633 nm) of Raman spectrogcAp the laser power increases,
the absorption peak shifts to a longer wavelengttere is close to the Raman



excitation wavelength, which contributes to ther@ase of Raman intensity. Besides,
the plasmon-enhanced Raman spectroscopy is strdeggndent on the aggregation
of NPs [33]. According to Fig. 5(a)-(e), with thpaging of NPs decreasing, the state
of aggregation increasing, the electromagnetic lbogipetween particles was greatly
enhanced, which leaded to the enhancement of SERS §34].
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Fig. 9 The errors bars of intensity for 1648 tRaman peak on (a) five different Ag thin films
and (b) five different as-ablated samples withigsmver of 10 W.

The Raman signal intensity of 1648 tmeak was chosen as the reference to
research the reproducibility and the uniformitysaimples. Five as-deposited Ag thin
films and five as-ablated samples modified undsergower of 10 W were measured
by the same method, as shown in Fig. 9. The intten$i1648 crit Raman peak for
twelve different points were recorded at random eath sample. The relative
standard deviation of the measured values of alpéas was less than 2%, indicating
that the point-to-point Raman strength of the sanmyms basically consistent. At the
same time, the average Raman signal strength csaimples from different batches
was almost the same. This means that both the pssiied Ag thin film and the
as-ablated samples have good uniformity and rep#iata
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Fig. 10 FDTD simulated electric field amplitude teaths for (a) Ag thin film and (b)-(f) as-ablated
samples.

Fig. 10(a)-(i) illustrate the electric field intatysin Ag thin film and as-ablated
samples. In this simulation, the polarized 633 m®et along the y-axis irradiates
vertically to the x-y plane of the samples. Accoglito Fig. 10(a), the intensity
electric field of Ag film with 200 nm thickness wgeaker compared with those of the
structure with NPs (Fig. 10(b)-(f)). According tagF10(b)-(f), the diameters of the
Ag-Ag,0O composite NPs were set as 40 nm, the diametdhedig core were set as
40, 38, 34, 34, 32 nm, and the spacings betweermiRs set as 5, 4, 3, 2, 1 nm, and
the thicknesses of the AQ shell were set as 0, 1, 2, 3, 4 nm, respectiVélg. electric
field distributions of composite NPs are shown ig. RO(b)-(e), simulating the effects
of different laser powers on both the surface axiladegree and spacing of NPs,
which can be realized by two types of parameteingetdecreasing the spacing of
NPs and the thickness of AQ on the surface, simultaneously. In order to m#teh
surface morphology of the stacked particles in b{g), the double-nanopatrticle stack
structure was simulated in Fig. 10(f). AccordingHig. 5(f), when the laser power is
over 10 W, the as-ablated sample no longer exhibisiform surface morphology,
and a large number of particles are clustered begeso FDTD cannot be suitable for
simulation. The tips or “hot spots”, aggregatiortlod red spots on local surface in the
pictures, indicates the Raman signal for NPs girectEvidently, the electric field
intensity increases with the decrease of spacinth@rincrease of A® thickness.
And the double-nanoparticle stacked structure hastrongest electric field intensity.
The FDTD calculation results indicate that the semaNPs spacing results in the
enhancement of the Raman signal intensity. Meamwhihe evenly distributed
double-nanoparticle stack structure had prefer8BIRS performance than the single
NPs.

4. Conclusions

In conclusion, laser-induced ablation, a cost-éffecand convenient technique,
was employed to fabricate Ag-4Q composite structure as ultrastable SERS
substrate. The Ag-A® composite structure exhibits excellent sensytiwitith a
detection limit of 1d* mol/L for Rh B molecule solution. The oxidationgiee and
the spacing dependent LSPR frequency and resomédsoeption intensity of Ag NPs
weretuned by varying laser power. The SERS perfoomaf samples is consistent
with those results of FDTD simulation. This studpydes a scalable and facile route
to fabricate Ag-AgO composite structure and to tune its LSPR proggrtwhich
might play a crucial part in the development ofspt@nic and other applications.
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Highlights:

1. Tunable LSPR property of Ag-Ag,O composite structure was realized by using
Nd:YAG fiber pulsed laser ablation.

2. SERS intensity was enchanced due to the LSPR performance of Ag-Ag.O

composite structure by increasing laser power.
3. Ag-Ag,0 composite structure has good stability and sensitivity as SERS substrates.

4. The ssimulation results of FDTD regarding the electric field distribution of samples

are consistent with those of experiments.
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