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Graphene-based textured surface by pulsed laser deposition as a
robust platform for surface enhanced Raman scattering applications

T. Tite, C. Donnet, A-S. Loir, S. Reynaud, 3Y. Michalon, F. Vocanson, and F. Garrelie*
Université de Lyon, F-42023, Saint-Etienne, France, CNRS, UMR5516, Laboratoire Hubert Cur9Q; 8aint-Etienne, France, Université
de Saint-Etienne, Jean Monnet, F-42000, Saint-Etienne, France. E-mail: florence.garrelies@etienne.fr

We have developed a surface enhanced Raman scattering (SERS)-active substrate based on gold nanoparticles-decorated
few-layer (fl) graphene grown by pulsed laser deposition. Diamond-Like Carbon film has been convirtgdpioene after
thermal annealing at low temperature. The formatiorfl-@raphene was confirmed by Raman spectroscopy, and surface
morphology was highlighted by scanning electron microscopy. We found that tefktgraghene film with nanoscale roughness
was highly beneficial for SERS detection. Rhodamine 6Gpaaahinothiophenol proposed as test molecules were detected with
high sensitivity. The detection at low concentration of deltamethrin, an active molecule of a commercial pesticide was further
demonstrated.

Since its discovery, graphene has attracted tremendousadvantages to be a conceptually simple, versatile, fast, cost-
interest due to its exceptional physical and chemical effective and scalable technique to design amorphous carbon
properties:? Graphene has potential applications in many such as Diamond-Like-Carbon (DLC) thin films. Moreover, by
fields, including nanoelectronics, photonics, biochemistry, and providing energetic carbon species, PLD is an emerging
energy storagéDespite its extraordinary properties, it is worth technique to growth graphene at low temperattitéAu NPs
mentioning that pristine graphene is not very useful for practical were deposited on thé-graphene to check the SERS activity
applications because of its zero band gap, low carrier densityRhodamine 6Gp-aminothiophenol and a commercial pesticide
and chemical inertnedsSeveral routes have been explored in were detected with a very good sensitivity. It is demonstrated
attempts to alter its surface and electronic structure, whichthat graphene synthesized from amorphous carbon can serve as
include mechanical straitf, patterning/texturing,and chemical an alternative SERS platform for molecular biosensing.
functionalization through impurities, defects and adsorfdtes. A thin DLC film (~20 nm thick) was grown on a n-doped Si
Although defects are usually considered detrimental to the sybstrate under high vacuum condition by ablating a graphite
properties of graphene, it is worth to notice that they are (yrget (99.997% purity) with an excimer laser in a deposition
opening many gateways for a wide range of new applicatibns. chamber evacuated to a base pressure of abduP40A KrF
Of our particular interest, decoration of graphene sheets with ; .

ser with a wavelength of 248 nm, a pulse duration of 20 ns, a

nanoparticles are new hybrids materials that can be used a o
catalysts, supercapacitors and biosenbdrsvas reported that ~ '€Petition rate of 10Hz and an energy per pulse of 400 mJ was

graphene decorated Au or Ag nanoparticles (NPs) canused for the ablation. The energy density of the pulsed laser was
effectively enhance Raman signals of absorbed organicset to 15 J cifi and the deposition rate of carbon was
molecules that makes it a useful surface-enhanced Ramar2nm min'. Subsequently, a thin nickel film (99.99% purity, 150
scattering (SERS) substrété\mong the different methods used nm thick) was deposited by thermal evaporation on top of the
for fabricating graphene/AuNPs composites, the synthesis ofp|c film. The samples were furthannealed (780°C during 45
reduced graphene oxide composites is the most populasr O"€.min) in vacuum and were cooled down naturally to room
Graphene oxide is usually preferred begause qf its rich Chem.'cakemperature. Unpolarized micro-Raman experiments were
structure and the presence of defective active oxygen sites, - . .

tarried out at room temperature with a multi-wavelength

which can enhance the graphene-metal/molecule bifiding. ) .
Although, new routes are under current investigations to spectrometer to check the formation as well as the quality of

provide better surface control synthesis and homogehity, graphene thin film” The spectral resolution was ~2 tnThe

the preparation methods are still challenging. Recently, laser beam was focused on the sample with x100 objective and
graphene films based on the conversion of solid carbonthe laser power was kept 3 mW or below 0.2 mW for SERS
feedstock with metal catalyst film through thermal treatment detection to avoid any deterioration of the materials. The
have been obtained. Orofe al. indicated that the use of scattered Raman signal was then measured with an Aramis

_ar;"lorprg_ous carbonh(@t) ";‘]S solid bS(:turce C?UIld [f)r?r\]/idmaf Jobin Yvon confocal spectrometer equipped with a charge-
interesting approach to have a better control of the surface , - , i
properties of grapherfé.Polycristalline Co and Ni thin fims coupled device camera. Scanning electron microscopy (SEM

are generally used because of the high carbon solubilityFEG), (FEI, NovaNanoSEM) has been also used to characterize
herein''2 However, although the synthesis of graphene from the films. To test for SERS activity, gold nanoparticles (Au
a-C thin film has become an attractive research activity, so farNP9 were prepared following a similar procedure reported in
the applications are still unexplored. the literature’®

Herein, we report the synthesis of few layer (fl) graphene by  Figure 1(a) shows the Raman spectra at 442 nm of a-

pulsed laser deposition (PLD) and investigate its applications asC(5nm)/Si before (spectrum i) and after thermal annealing
a SERS substrate for biomolecular detection. PLD has the(spectrum ii). The as-grown @-thin fim shows a broad



assymetric Raman lineshape which was deconvoluted in twoSi substrate during the heating with the concomitant formation
main Raman bands centered at ~1885' (D-peak) using a of transition metals silicides. Such dynamical processes
Lorentzian function and ~1530 &m(G-peak) using Breit- during the thermal heating are responsible of the formation of
Wigner-Fano (BWF) functioh’ The sg® content in the film was rough surface with a high defect density (upper part of
estimated ca. 55-65% on the basis of the relationship betWEEIII:Ig' 2(2)). According tAFM measuremenisurface roughness

. . . xtend from 3 to 20nm, with neighboring small areas rangin
the N pe7ak dispersion with laser wave.len.gth and. thg_ degree o p to 60-100nmln rough regions t%e aver%ge distance betwgeeg
disorder*’ Although the thermal annealing inducsiignificant defects is estimated between 10-15 nm, which corresponds to a

reduction of the spcontent in the as-grown film in agreement {efect density in the rangeix10*-10"?cm??* At nanoscale,

with the formation of nano-sized graphéfieve found thatitis  defects and corrugated surface could be extremely useful since
not enough to produce high quality graphene film in regards tothey could be exploited to tune the electronic and transport
the poor intensity of the 2D (~272%%) mode. In contrast, properties of grapherteln particular, it is worthwhile to notice
using Ni as catalysta sharp and intense symme#&i@D peak that defects as chemically active sites and roughness as surface
could be obtained. Figure 1(b) shows a typical Raman spectrurﬁc’i‘”th hlgherf Sp?C'f'CI area prorlnote t;e hadso;pgqn arc]id the
at 442 nm of a sample Ni/a-C(20nm)/Si after thermal annealing etection of molecules. Recently, Xu ait have fabricated a

unigue mechanically exfoliated graphene-veiled substrate, and
Thi D, G and 2D peaks were observedd7§ 1590 and 2752 have shown that both Au NPs and graphene topography should
cm™. No shoulder was observed on the low frequency side of infiyence the SERS activifj. In this context, the specific

the 2D peak, suggesting that the stacking between the layers igyrface architecture of our material with large séiatraphene
not AB stacking, and the interlayer coupling is rather wéak. could be particularly attractive for the SERS which requires
The intensity ratio of 2D/G is ~0.4 which indicates the rough metallic surface for higher detection sensitivity.
formation of few layer (fl) grapherg®*1t is worthwhile to In the present work, thlPssize deduced from transmission
notice an improvement of the results compared with those€lectron microscopy has been estimatedzat23 nm and by
previously obtained by FR,** and moreover a comparable referring to ultraviolet-visible-near infrared absorption analysis,
intensity ratio 2D/G with those obtained by filtered cathodic a sharp surface plasmon resonance (SPR) band of NPs was
vacuum arc techniqud, and standard reduced graphene ot_)served at 525 nm (ot shown). To degorateﬂtfgpaphene_
oxide?®* The mechanism of formation of graphene on nickel with Au NPs, a small droplet of AuNPs in colloidal solution
) o o ) e "~ was simply deposited onto the surface of the sample and rinsed

dissolution and diffusion of carbon in the metal during heating image of thefl-graphene surface after Au NPs decoration is
at high temperature, and (i) segregation and/or precipitation of shown in Fig. 2(b). Here, we point out that these images have
C atoms at the surface of the metal either at the growthbeen taken after the sample has been unreasonably rinsed five
temperature when the solid solution has been saturated, ofimes in ultrapure water. The AuNPs are obviously seen which
during cooling because of the decrease of carbon solubility inindicates their good anchoring with the surface of the platform
the metaf? via _electrostatlc, Van der Waals and elastic interactions. In

SEM analysis indicates the formation of distinct surface particular, surface roughness, topography and wettability may
morphologies after the sample Ni/a-C(20nm)/Si has been play a predominant role in the adnhesion.
thermal annealed (Fig. 2(a)). The texturing of the surface is
explained through a diffusion mechanism of Ni atoms into the
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FIG. 1. Raman spectra at 442 nm of a-C(5nm)/Si (a) before (i), and afteatipeavessing (i Curves fitting are added in solid lines. Typical Raman specau442 nm
of Ni/a-C(20nm)/Si after thermal annealing at 780°C (b).



additional peaks were observed at ~1072 and t&81in the
Raman spectra after 1 puM pATP was adsorbed on the surface
of the sample. The vibrational bands PATP are further
revealed when its concentration was increased froftM1t
10°M. At 10°M, the peaks ofpATP were located at 1005,
1079, 1140, 1177, 1388, 1432, and 1588'¢#2 cm?), in good
agreement with previous results® The main peaks at 1079
and 1588 cn are attributed to the vibration modesvefctve.s
and ve.ct+onz, respectively®*? Compared with the spectra of

10 pym

AT Kodar > 1 PATP at 10°M, the main peaks opATP at 10°M are found
FIG. 2. Typical SEM images of Ni/a-C(20nm)/Si after thermal processing at Plue shifted (+0.9 meV), likely due to the interaction between
780°C before (a) and after Au NPs decoration (b). pPATP and the SERS substrate via pheswyiur group.
To investigate whether the as-fabricated AuNIRgaphene 35004 (.‘”I
(Au-fl-G) substrates can be used as an effective SERS platform, | .G — REG 10°M ‘
rhodamine R6G ang-aminothiophenol gATP) were used as 2000 +—— Au-1-G R6G 10°M-Au

SERS probes because of their well-known vibrational
properties®? In recent papers, Yao at.*® and Huang eal.’
have detected respectively, R6G apiTP by SERSusing
reduced graphene oxide as a platfowith agood sensitivity at
the corresponding concentration 2% and 10°M. Firstly,
SERS activity was investigated by depositing a droplet of R6G
diluted in ultrapure water with a concentration of’iDonto .
the surface of the substrate. Typical Raman spectra with and '”; —
without R6G are shown in Fig. 3(&]lhe Raman intensities o 500 750 1000 1250 1500 1750 2000
D-band and G-band on the A4G/Si are stronger than that on
fl-G/Si substrate, which was attributed to the coupBRR : 0.00
absorption of AuNP$® Additional vibrational bands have been (b) | Mode <1647 cm ' |8 .
clearly observed after the deposition of a droplet of R6G on the
surface of the sampléu-fl-G/Si, which has been rinsed twice
in ultrapure water to remove the unbounded molecules (Fig. y e
3(a)). These spectral features observed at 612, 772, 1186, 1310, ! ‘i
1361, 1508, 1575, 1597, and 1647 2 cmi') are due to ’ tT™
vibration modes of the R6G molecufe.n particular, we \
noticed that the intensity of the modes at 1647 and &675
which are attributed to €C symmetric stretching motions, is ’ A
enhanced in comparison to others modes under a 488 nm W X o
excitation (Fig. 3(a)). This behavior was attributed to a change
in their molecular geometries under resonant Raman
excitation®® Figure 3(h shows a typical Raman mapping at 633
nm excitation of the intensity of the mode at 1647 @whR6G
(10°M) taken in the rough region. Although the mode at 1647
cm® was chosen to evaluate the Raman enhancement =
magnitude, we argued that similar results were obtafoed 0 750 |
others modes. The colorful Raman cartography suggested rather Wavenumber (cm )
a good and uniform detection of R6Ghe SERS activity onthe  FIG.3. Raman spectra of R6G(1®), R6G(10°M)-Au/Si, fl-graphene, Adt-G,
samples is interpreted as a combination between theand R6G(16M)-Au-fl-G at 633nm and 488 nm wavelengths (a); typical Raman
electromagnetic EM) and chemical (CM) mechanisrﬁ’s, mapping at 633nm of RQG (Fon) droppgd on AWt-G (b); typical SERS spe;tra
although according our experimental results EM effects which from the spots marked with corresponding colored cross in (b) are shown in (c).
are particularly sensitive to the inter-particles distance should o o
prevailed® We emphasized that using our SERS platform, a 1he toxicity posed by pesticides even at very low
sensitive and fast detection were obtained in regards to the lowFoncentrations has becoragarge concern for both health and
laser power density used (6¥¥@cr?) and short acquisition environmental safe_ty. Among _aII challenging _ methods
time (6s). Having established that the as-fabricéitegiaphene developed for detection _of C(_)ntamlnants_, grap_h(_ene is be_come a
sample is a SERS-active substrate, we employed it for the"€W Playground due to its high adsorption efficiefitin this
detection op-aminothiophenoldATP) and a pesticide. contex_t, we propose to evaluate the SERS per_formance of_ the
Various concentrations from Bl to 10°M of pATP in asfabricated samples to de_tect deltamgt_hrln, the active
methanol was dropped onto the SERS substrate, and rinseaubstance of a commercial agrlcultural pesticide Decis Protech.
twice in ultrapure water after the methanol was evaporated for” Study of cultured human keratinocyte cells exposed to
SERS measurement. Figure 4(a) shows some typical Ramar€eltamethrin has evaluated a cytotoxic dose betweén Ehd

spectra ofpATP on Au-fl-G/Si obtained at 633 nm excitation 2.5x10"M.* Fig. 4(b) shows the Raman spectra of deltamethrin
for the concentrationsrom 10°M to 10°M. Two main on Au-fl-G/Si with concentrations in deltamethrin increasing
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