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Abstract The interaction between the radially polarized vectorial light and GO/AuNRs composite structures is
studied to boost the SERS performance. Based on the simulation of the finite-difference time-domain solutions
software, the SERS enhancement factor of the GO/single- AuNR composite substrate illuminated by the radially
polarized light is up to 10*, which is six orders of magnitude greater than that achieved by linearly polarized light
under the same conditions. The physical mechanisms for this performance improvement are due to both the
electromagnetic enhancement of gold nanorods excited by the radially polarized light and intrinsically chemical
enhancement afforded by the GO film. Furthermore, the effects of different GO thicknesses and the number and
arrangement of gold nanorods on the properties of SERS with radially polarization illumination are discussed in
detail. The performance control of the SERS based on radial-vector light field bestirring the multifunctional
substrate has great potential in biochemistry, food safety, and sensor detection.
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Table 1 SERS enhancement factor of composite substrate

Incident polarized light

Composite substrate

Enhancement factor

Linearly polarized light 3 nm-GO/single-AuNR 3.6 X10°
Radially polarized light single-AuNR 7X107
Radially polarized light 1 nm-GO/single-AuNR 1.69X10°
Radially polarized light 2 nm-GO/single-AuNR 2.56X10°
Radially polarized light 3 nm-GO/single-AuNR 9Xx10°
Radially polarized light 4 nm-GO/single-AuNR 6.25X 10"
Radially polarized light 5 nm-GO/single-AuNR 7.29 X108
Radially polarized light GO/dual-AuNRs 107
Radially polarized light GO/three-AuNRs 4 10°
Radially polarized light GO/four-AuNRs 2.3X10°

R BN KL T 77 A A T AR R R L DT Y SR

Yy %, SERS 3% 538 i ML) 3 22 A @E Hg ok, A HF Z £ x #t

FE FBEHE TR 1) i ' B OR (B AR B A Y
AL GO/ B KR 5 & L, — 5 1 i I 1) Al
X FRPE RS2 B4 A K AR S GO v B5E42 fh i 45 5 - It
e (Y HLRE IG5 5 50— T3 T, GO N TE (1 Ak 27 PR B 7T LA
fre TR 2 TG R A RS L S B A

4 4k 7w

APREBIZH A FDTD Solutions A R JT 7 £ 4k
% GO/AuNRs & & B K % L 1 58 B Ffl SERS
OB HEAT T 508, 459 LB, B A FIEM SERS 1
RESWA LI . &M KB E.GO WEESA
%, BrmARGE IR & GO/ &g Kk ER
GHIC. A XZ Pl B AEMWIE P RK.h 3X
10" W/m?* X W i SERS B4 58 [ 7Ry 9 X 10°, Hb 2k
TR R IR T 6 DSBS, [RIB, 7242 0] i 4
JEEE T b TR R B HES 5 =X, DL AN TR ]
B 1) &2 40 OK B X SERS RO 150, 25 R R B . B
GO JEREESE K 158 K e 38 K50/, GO JEEE R
3 nm W52 9 52 A 5L A s OR e dr . e M
P B G A B B SE R AR R B g KR L = g
K DU 4 g oK B AT A RIS Y SERS B P 1 3% i
W, H 5 R e gk G LR LN T 1~2 A4
Bom g, ERRRIRIGHBE T, & 40K # 1 r fig
HSRHLE S GO Mtk sm Ll &5 &, =4 T BHA
o R R AR M R S 8] 4y BE R 3 nm-GO/
B G KRR A LS LB T DAAE R — R fee 1 4% Ik
Rl 7z A T AE Y B 2 R AR S O S A
SEI

[1]

(2]

(3]

[4]

(5]

(6]

[7]

(8]

0630003-7

Fleischmann M, Hendra P J, McQuillan A J. Raman
spectra of pyridine adsorbed at a silver electrode[J].
Chemical Physics Letters, 1974, 26(2): 163-166.
Sarma T K, Chattopadhyay A. Starch-mediated shape-
selective synthesis of Au nanoparticles with tunable
longitudinal plasmon resonance[J]. Langmuir, 2004,
20(9): 3520-3524.

Hering K, Cialla D, Ackermann K, et al. SERS: a
versatile tool in chemical and biochemical diagnostics
[J]. Analytical and Bioanalytical Chemistry, 2008,
390(1): 113-124.

Ding S Y, Wu D Y, Yang Z L, et al. Some
progresses in mechanistic studies on surface-enhanced
raman scattering[J]. Chemical Journal of Chinese
Universities, 2008, 29(12): 2569-2581.

TN, RPEED, BBk, . R R B S U
SRALEE B R o> R S0 R R (0] AR e AL R A A
2008, 29(12): 2569-2581.

Tong . M, Zhu T, Liu Z F. Approaching the
electromagnetic mechanism of surface-enhanced Raman
scattering: from self-assembled arrays to individual
gold nanoparticles[J]. Chemical Society Reviews,
2011, 40(3): 1296-1304.

Park W H, Kim Z H. Charge transfer enhancement
in the SERS of a single molecule[J]. Nano Letters,
2010, 10(10): 4040-4048.

Stiles P L, Dieringer ] A, Shah N C, et al. Surface-
enhanced Raman spectroscopy[J]. Annual Review of
Analytical Chemistry, 2008, 1: 601-626.

Tian Z Q, Ren B, Wu D Y. Surface-enhanced Raman
scattering: from noble to transition metals and from

rough surfaces to ordered nanostructures[J]. The



e =

n2,
¥

i

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

Journal of Physical Chemistry B, 2002,
9463-9483.
Eustis S, El-Sayed M A. Why gold nanoparticles are

more precious than pretty gold:

106 (37):

noble metal surface
plasmon resonance and its enhancement of the
radiative and nonradiative properties of nanocrystals
of different shapes[J]. Chemical Society Reviews,
2006, 35(3): 209-217.

Zhang X L, Zhang J, Zhu Y. Raman enhancement
and structural parameters optimization of silver
nanoparticles/ carbon nanotubes composite structure[]J].
Acta Optica Sinica, 2018, 38(4): 0430004 .

Heme, Wl k. Ag Bk BURLES U 4K o
BEBR S R L S S B [T]. Sbaree
iz, 2018, 38(4): 0430004 .

Xu B B, Zhang R, Liu X Q, On-chip

fabrication of silver microflower arrays as a catalytic

et al.

microreactor for allowing in situ SERS monitoring
[J]. Chemical Communications, 2012, 48(11): 1680-
1682.

Ling X, Xie L M, Fang Y, et al. Can graphene be
used as a substrate for Raman enhancement?[]J].
Nano Letters, 2010, 10(2): 553-561.

Lombardi J R, Birke R L, Lu T H, et al. Charge-
transfer theory of surface enhanced Raman spectroscopy:
Herzberg-Teller contributions[J]. The Journal of
Chemical Physics, 1986, 84(8): 4174-4180.

Roy D, Furtak T E.
complexes in enhanced Raman scattering[J]. The
Journal of Chemical Physics, 1984, 81(9): 4168-4175.
Zheng X R, Jia B H, Chen X, et al. In situ third-

order non-linear responses during laser reduction of

Characterization of surface

graphene oxide thin films towards on-chip non-linear
photonic devices[J]. Advanced Materials, 2014,
26(17): 2699-2703.

Zheng X R, Jia B H, Lin H, et al. Highly efficient
and ultra-broadband graphene oxide ultrathin lenses
with three-dimensional subwavelength focusing[J].
Nature Communications, 2015, 6: 8433.

Zhao Y C, Nie Z Q, Zhai A P, et al. Optical super-
resolution effect induced by nonlinear characteristics
of graphene oxide films[J]. Optoelectronics Letters,
2018, 14(1): 21-24.

Wang S C, Ouyang X Y, Feng Z W,

Diffractive photonic applications mediated by laser

et al.

reduced graphene oxides[J]. Opto-Electronic Advances,
2018, 1(2): 17000201.

Yang Y Y, WulJ Y, XuX Y, et al. Invited article:
Enhanced four-wave mixing in waveguides integrated
with graphene oxide[J]. APL Photonics, 2018, 3(12):
120803.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

0630003-8

Wu D Y, Liu X M, Duan S, Chemical

enhancement effects in SERS spectra:

et al.
a quantum
chemical study of pyridine interacting with copper,
silver, gold and platinum metals[J]. The Journal of
Physical Chemistry C, 2008, 112(11): 4195-4204.
Furtak T E, Roy D. Nature of the active site in
surface-enhanced Raman scattering[J]. Physical Review
Letters, 1983, 50(17): 1301-1304.

Gao S M, Wang H Y, Lin Y X, et al. Surface-
enhanced Raman spectra of aflatoxin B, adsorbed on
silver clusters[J]. Acta Physico-Chimica Sinica,
2012, 28(9): 2044-2050.

R, EH, MO E, S SR B ER A
3 TH W Y B 2 TG 0 5 200 RS L] W AL AR A AR,
2012, 28(9): 2044-2050.

Huang Q L, Wang ] M, Wei W X, et al. A facile
and green method for synthesis of reduced graphene
oxide/ Ag hybrids as efficient surface enhanced Raman
scattering platforms[J]. Journal of Hazardous Materials,
2015, 283: 123-130.

Dorn R, Quabis S, Leuchs G. Sharper focus for a
radially polarized light beam[]J]. Physical Review
Letters, 2003, 91(23): 233901.

Wang H F, Shi L P, Lukyanchuk B, ez al. Creation
of a needle of longitudinally polarized light in vacuum
using binary optics[J]. Nature Photonics, 2008, 2(8):
501-505.

Li X P, Lan T H, Tien C H, et al. Three-dimensional
orientation-unlimited polarization encryption by a
single optically configured vectorial beam[]J]. Nature
Communications, 2012, 3: 998.

Kozawa Y, Matsunaga D, Sato S. Superresolution
imaging via superoscillation focusing of a radially
polarized beam[J]. Optica, 2018, 5(2): 86-92.

Dou X J, Yang A P, Min C ], et al. Polarization-
controlled  gap-mode  surface-enhanced = Raman
scattering with a single nanoparticle [J]. Journal of
Physics D: Applied Physics, 2017, 50(25): 255302.
Yang A P, Du L P, Dou X ], et al. Sensitive gap-
enhanced Raman spectroscopy with a perfect radially
polarized beam[]]. Plasmonics, 2018, 13(3): 991-
996.

Lei X, Liu Y, Huang Z L, et al. High sensitivity
tapered fiber SERS probe and its application on
pesticide residues detection[]J]. Acta Optica Sinica,
2015, 35(8): 0806001.

WA, XUME, AT, SE. m R R OB L SERS
PREE SO AE A gk il A g 1 LT . OS24, 2015,
35(8): 0806001.

Yin P G, Jiang L, Lang X F, er al. Quantitative
of mononucleotides by labeling

analysis isotopic



e =

g3

i

[32]

[33]

[34]

[36]

[37]

[38]

[39]

[40]

surface-enhanced Raman scattering spectroscopy [ J].
Biosensors and Bioelectronics, 2011, 26(12): 4828-
4831.

Han HW, Yan X L, Ban G, ez al. Surface-enhanced
Raman spectra analysis of serum from diabetes
mellitus and complication [J]. Acta Optica Sinica,
2009, 29(4): 1122-1125.

ke, EES, PR, S MR KORRE TE 1Y
FETH M 5 B2 OG G [T]. Jh A4k, 2009, 29 (4):
1122-1125.

Zhao Y X, Peng S J, Zhao ] F,

enhanced Raman scattering for the rapid detection of

et al. Surface
melamine in milk [J]. Journal of Dairy Science and
Technology, 2011, 34(1): 27-29.

BFEM, wOA, BlF, 5. RmHRI 2ok
PRI A g = R EUE (J] . Fk R SR,
2011, 34(1): 27-29.

LiuR M, LiuR M, WuY C, et al. Investigations on
NIR-SERS spectra of serum for liver cancer based on
NIR-SERS substrate [J]. Acta Optica Sinica, 2011,
31(6): 0630001.

AW, X, RAE A, AF. TR R NIR-SERS
L JIF 98 1 NIR-SERS 6 i 8 58 [J]. 2%
i, 2011, 31(6): 0630001.

Dong Z H, Liu Y, Qin Y Y, et al. Fabrication of
fiber SERS probes by laser-induced self-assembly
method in a meniscus and its applications in trace
detection of pesticide residues[J]. Chinese Journal of
Lasers, 2018, 45(8): 0804009.

TS, XM, RIRER, . WOLIE WA A 4%
il % 62T SERS R B H A 24 % 8 45 2 A [0
[ #OE, 2018, 45(8): 0804009.

Fan W, Miao Y E, Ling X Y, et al. Free-standing
silver nanocube/graphene oxide hybrid paper for
scattering[J].  Chinese
Journal of Chemistry, 2016, 34(1): 73-81.

Zhao Y, Chu B H, Zhang L. C, et al. Constructing

sensitive SERS substrate with a sandwich structure

surface-enhanced Raman

separated by single layer graphene[J]. Sensors and
Actuators B: Chemical, 2018, 263: 634-642.

Jiao S J, Wang Y K, Chen C, ez al. Graphene oxide
mediated surface-enhanced Raman scattering substrate:
well-suspending and label-free detecting for protein[]].
Journal of Molecular Structure, 2014, 1062: 48-52.
Ke SL, Kan C X, Mo B, er al. Research progress
on the optical properties of gold nanorods[J]. Acta
Physico-Chimica Sinica, 2012, 28(6): 1275-1290.
FIEM, G, BHE, . 49K BE MY 2% I T F
GEHERET]. WRALAE A, 2012, 28(6): 1275-1290.
M C, Astruc D. Gold

assembly, supramolecular chemistry, quantum-size-

Daniel nanoparticles:

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[51]

0630003-9

related properties, and applications toward biology,
catalysis, and nanotechnology[J]. Chemical Reviews,
2004, 104(1): 293-346.

Polavarapu L, Liz-Marzan 1. M. Towards low-cost
flexible substrates for nanoplasmonic sensing[J].
Physical Chemistry Chemical Physics, 2013, 15(15):
5288-5300.

Zeng Z, Liu Y Y, Wei ] J. Recent advances in surface-
enhanced Raman spectroscopy (SERS): finite-difference
time-domain ( FDTD) method for SERS and sensing
applications[J]. TrAC Trends in Analytical Chemistry,
2016, 75: 162-173.

Tira C, Tira D, Simon T, et al. Finite-difference
time-domain ( FDTD) design of gold nanoparticle
chains with specific surface plasmon resonance [J].
Journal of Molecular Structure, 2014, 1072: 137-143.
Johnson P B, Christy R W. Optical constants of the
noble metals[J]. Physical Review B, 1972, 6(12):
4370-4379.

Nesterov V, Niziev G, Yakunin P. Generation of
high-power radially polarized beam [J]. Journal of
Physics D: Applied Physics, 1999, 32 (22): 2871-
2875.

Jiao ] Q, Wang X, Wackenhut F, et a/. Polarization-
dependent SERS at differently oriented single gold
nanorods[J]. ChemPhysChem, 2012, 13(4): 952-
958.

Cui X X, Chen J, Yang Z H, et al. Research progress
on radially polarized beam[J]. Laser Journal, 2009,
30(2): 7-10.

BEHE, BOE, Bk, 5. 12 m 3R 6 F 52 10 d5o8
PERLT]. WOEAeR, 2009, 30(2): 7-10.

Fan W, Lee Y H, Pedireddy S, et al. Graphene
oxide and shape-controlled silver nanoparticle hybrids
for ultrasensitive single-particle surface-enhanced
Raman scattering ( SERS) sensing[]]. Nanoscale,
2014, 6(9): 4843-4851.

Hao R, Zhang C J, Lu Y, et al. Preparation and
surface-enhanced Raman scattering effect of graphene
oxide/( Au/Ag) hybrid materials[]J].
Chemistry, 2016, 28(8): 1186-1195.
ML, A, F, . F AL A B/ KR
TR AR 4 & SERS R i 5x [J]. b2t
J&, 2016, 28(8): 1186-1195.

Aroca R, Rodriguez-Llorente S. Surface-enhanced

Progress in

vibrational spectroscopy[J]. Journal of Molecular
Structure, 1997, 408/409: 17-22.

Xu W H. Preparation and properties graphene oxide/
phenol formaldehyde resin in-situ composition[D].
Guilin: Guilin University of Technology, 2013: 26.

TrRAhfe. Sfq S80% /I W I I 52 & 40 Rk il 4 A



g3

i

[52]

(53]

PEREWF ST (D] . bk EEARER TR, 2013: 26.
Gong T C, Zhu Y, Zhang J, et al. Study on surface-
enhanced Raman scattering substrates structured with
hybrid Ag nanoparticles and few-layer graphene[]].
Carbon, 2015, 87: 385-394.

Cai W B, Ren B, Li X Q, et al. Investigation of

surface-enhanced Raman scattering from platinum

0630003-10

electrodes using a confocal Raman microscope:
dependence of surface roughening pretreatment [J].
Surface Science, 1998, 406(1/2/3): 9-22.

Le Ru E C, Blackie E, Meyer M, et al. Surface
enhanced Raman scattering enhancement factors: a
comprehensive study[J]. The Journal of Physical

Chemistry C, 2007, 111(37): 13794-13803.



