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FEE, BB, ZBA, 5ERT :
I T A LR S TR . AT 2300095 — il )
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Pri R R AR K TR B, LA 230026 S
&, &k ®@¥Likis Z k% (Surface-enhanced Raman spectroscopy, SERS) 2 —# & R #L. &4 F 695 T3]
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J ik, %% SERS ARANRFE| T )2 EA. AXESMAET O kMK AS & SERS k4w L% ik,
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H|& SERS Ak eyt S A x, WERT RAMAAE T A& SERS AR TR, BEASBMIARIR
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Femtosecond laser direct writing processing of
SERS substrates and applications

Yin Zhidongl, Ni Caidingz, Wu Sizhu', Lao Zhaoxin"*

'Hefei University of Technology, School of Instrument Science and Optoelectronic Engineering, Hefei, Anhui 230009,
China;
?University of Science and Technology of China, School of Engineering Sciences, Hefei, Anhui 230026, China

Abstract: Surface-enhanced Raman spectroscopy (SERS) technique plays an important role in molecular
recognition fields due to its highly sensitive and high-resolution. As an emerging low-cost, high machining accuracy,
and high-flexibility processing method, femtosecond laser direct writing processing has been widely used in the field
of preparing SERS substrates. This work introduces four methods of preparing SERS substrates by femtosecond
laser direct writing, including femtosecond two-photon reduction, femtosecond laser cutting metal, femtosecond
laser cutting-sputtering, and femtosecond laser 3D printing. The article introduces the performance and application
scenarios of each method in preparing SERS substrates and illustrates the advantages of femtosecond laser direct
writing processing in preparing SERS substrates, aiming to provide a reference for future related research.
Keywords: SERS; femtosecond laser direct writing; micro/nano processing; SERS substrate
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1 3| §

TE RR LA, AR E BRSO MRS .
IO 6T MARE BT A UL e, PRI
SR S ST R B S i STy
A MO UG PO AN
R, BH SR E s, HE2R
T RIS, XfE AR Bsp i A2 el . L il
(A% IR oK o 3 T 3% 5 7 = 3% (Surface-enhanced
Raman spectroscopy, SERS) 7£ 5& B AF il YR P4 A il
il 28 R TR B L R e R R (IR TR AU
By Sy T B A AR w2 i e
B 26 T RS [R) B0 40 K 25 (K TR BR 7L 4ok
NP N SN P/ Q UE A I N EZ S
T CmREERGI™ | AT A Ak
AR AR 12 R FH RS

KFME O EHE (Femtosecond-laser direct writing,
FsLDW) 10— il st i = 4Efanin THoR, B
T2 R 2 R AT TP S gl 2544 B 9 oK i T4
AP RO HE AR BA TSN TR .
BRI BoHE . S Bl . S TR LGE
TEMEAEV A ISR A . TEL AW HER, 15
FSLDW FE AT T, 4 I8 i/ a1 oK 4544 1y il 5 Fn g
BURAR TE R, & B A& M G 20
AR EZ 1 T R2E A B A s T %
CEMBOG T, SERS JEIRAS M SN A R0E s 5 RN
B ZI0 ORI RN A JE 2R S A TR AR L
RO T T 288 AR AR, BORE R
CEMROGH A SERS IR K ML IR RS T & 5
AIAT BT TR S5, R REDBOE =4 R G 10 FF
R, BEMEAERRAS RO B A T 0 PR X,
I RENEOEAE T £ SERS BRI 7 THIJ2 LA AR 7
BZ—

SRS T CESBOGIAA N TAE SERS LK
Tl A in Tor ek, IF B AN R CENEO S T it
T TXTE, 200 T RERMEOE 4 )8 RN K S5+ T g
AR TTHR . A RENEO G SERS R4 i 1
KEG LA IUZE (F 1) RENEOEXOEF 4R i
il % SERS LK . KFMHOCIHI 48 Hil % SERS JEJIE |
TREPHOE I E IR 45 SERS LK . WEMEOL 3D 4T
ENil 4 SERS EJiE, SCEXT RFMHOLHI 45 SERS L
G VIR TR TR G . 3T, B TS HIOTEAR

PR SRR, TR IR AR LR A .
2 SERS W5 IR E 4T

2.1 SERS H#AEN

FIHT IR Z G (SERS) S —Fh Rz i 1%
JREEAR, Y5511 W B 3 I S04 s AR T (R B4 2
KIFORD) B, 23 FREESPECEUR (5] 2(a)) KRR
1974 4 Fleishmann 55 A& 3 24 531 B4 W B 75 A7 I 20
F4mFmE (N4 sER) La, 2 Faghi S s Rk
AR, AR I A 5 S DR S AR ALY, 1977
4F Jeanmaire F1 Van Duyne" 25 A X % — M 42 EA 7%
NGRS T iZI G R LEE, R R FRZ N
RGPS ORISR PSSRy R
AR S G (surface enhanced Raman spectroscopy
SERS).

TE 40 ZAEM A LR, SERS MHHEEEA IS
TARKRMHEE . Y3 AR R 2R HELE SERS Th R4 K
ZERIE, A RLE A S SRR, SERS HJK
WHRAH Ag. Au. Cu & @A B TIRZ5,
Horp 4 Ja Tl B AT OR B S B AR 7 A R R R
1A %5 B A 3L R (localized surface plasmon resonances,
LSPRs), LSPRs 5 AHf &G S 17 140
KA AR B, 774 T BFHREL, AR
4 )@ Fim (FE B 0 10 nm) 19 L 7% 3 4 P 10°~10°,
XA B G B FR o SERS HL #4318 98 (electromagnetic
enhancement mechanism, EM) #L#l, & SERS {5 %5
£ 10°~10" 7 Fl P9 3388 1) R TR (4 2(0) BR T
L G 3% 5, SERS 34 1 ULl i £k 2= ML (chemical
mechanism, CHEM) #4353k 10° 4%, CHEM j= 4 T4
Hr AN 4 J 2 T 2 ()3 0 i AR Pk (LA B IRtk = A= 1
SERS fi55)™, X Flfsm AL HI AR R AR L B T4y
B ) A 2 Jo A 53 B 4 5 2 T AR B AR 2R T
Kt CHEM A3 FH 1 0 B o 7 A0 78 ) A 2 P s Bl
W, W IR £ 4y F 4% . fF SERS I & v 34 5 [N 1
(enhancement factor, EF) 5 /3 #73 5% [K - (analytical
enhancement factor, AEF) f& & L2 {& SERS 1 5% 1Y
PR ZAE AR EF J@ad L4 SERS HIIE i i
%t (normal raman scattering, NRS) {5 5-5% & (1) 5 H#.

A7 T AR PN WG B B B A 0T B0 (V) SR AR S R
= (1)
_ Isgrs / Nsers
EF_ INRS/NNRS ' (1)
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Fig. 1 Four methods of femtosecond laser preparation SERS substrate "**~*?. Figure reproduced with permission from:
ref. [7] © Wiley; ref. [30-31] © Elsevier; ref. [32] © The Royal Society of Chemistry

+ +
Incident Metal
light ‘, (plasmon

resonances)
-~
Enhanced — — ‘% Amplified
EM field (<10 nm)

raman signal
Incident
light Molecule near
plasmapic.surfaces
Plasmonic-active

Surface-enhanced fgierpring

nanostructures 5
raman scatterina

B2 SERS R¥. (a) kst BAd boF ek tss™;
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Fig. 2 SERS principle. (a) Inelastic light scattering of molecules on corrugated metal surfaces™”; (b) localized

surface plasmon resonances (LSPRs) on the surface of precious metals®™. Figure reproduced with permission from:
(a) ref. [33] © American Chemical Society; (b) ref. [36] © The Royal Society of Chemistry

AEF U] 2 M\ [ %% SERS F1E 3 37 2 B (normal
Raman scattering, NRS) {55 5% % () 50 M ik &
(O) mALfE 54 (1=t (2)),

ISERS /CSERS (2)

AEF =
Ings/Cxrs

[33].

REHUE O T A1 s LB A R R 70 10°2
)Y, R T SR AL (Y 33 58 PR T AR 35 10°~10"
ZIA™, R SERS S5 LI i i B 1 o — ke 31 32
SAEN, MHHEGRACR S SERS B R A5 IES
YRR, FRE ARG RS SR, ARCRE
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JE LYesE T SERS H458 R T K/NS, A5 gk sl
PR LT Y EM Y38 # 2 AE 8 5) 0 A ), SERS #4
SRS = A A v R BR 253 (R A B8 X ek, gy
KGR . IR TR) 299 K [ B ol A - BE SR A K T it 4
/N Y SERS #R S AR AN K JIURE 25 w5 R S 5 A5 8 AR
PRI & @ Fim =, R HS 0 K/ N T ] B
FE B AL LT 4E . BRGSO PRIE 5 I BN AR
K, 1M SERS #A s 1Y LE A FI7E 2~10 nm Z 7], 4411
YK R [E) BE P 2 A SE 2 1 nm LAF B, AR RS0
TR R AEVER . 1A, 78 1 nm LUF f/NE RS,
TR, T REFBOE 2w Rk R 2t
(BPAEZPERL, () B EAR I M /L, 5373850 s L) o
FEX PR G HIBE N, S F-90KK T R NTE)E
PERTRE S R A, ORIk 252 E] SERS 13k
JES BB SERS A R, X IE 4K F 4H
KRNI IR o B 5 s Gt B A TR AR Y
HRUE T E LN,

2.2 LB SERS EK#IFH*

H i SERS flZs 8 T 074k F2n] Lhar o H B
) S I AT S = L R

B LN RO T4 SERS &5k, [ 4
ZARAUIF R T R™ . B B K= 48
PN TN 2 BT T 3 MRS BR S 84 S AR A
I T2 (reactive ion etching, RIE) Il T ik 40 KA
RGBS R K ORI 28 T KT AR Y SERS 254, SEBL T
o A RS [ 250 B B R A (5] 3 ()™
FE KR 22 v 4 TR B2 558 A F i o6
(electron beam lithography, EBL). fk2# < AHTTELAI4:
JEZEBE NI IA T 2R LS5 4K SERS HT,
T R A S M G/ S A AN R A TR B R S
ARZE G, P T Pt Re iR TG s b 2 U
PR3k 038 R 7 ik IR S B T SRS B Y SERS A il
(151 3(b)™ . FERTIR A2 S8 A1 AR F EBL il 4% T
P AT BRI S 90K ALY, l i A PR 2
BT S S A S S, PR T —Fh e e
DNA ALY SERS P15 (F 3(e)™. A LT R
I Corkare R, BRI th —4E SERS JIT,
L3 T B i BRI A A 2 T, A
A, HM TR BEEAEAEARR

S 1 A & I T S | MR | R O AN AL
o BUOKIURL F AR S — R IR 3 R T b Ty
B, HAEH#5 SERS FERE i AR S| 1) 12 EM

KRV, 2010 4F Fan %5 ATE Science K FiE3C,
HH A FE A5 A6 (1 AN R JI0RE [ 20206 1l 4 AT 25 B T35
e RS, SEE USC WMF9E N G151 S4 9
K WikE (Au nanoparticles, AuNP) 21 %&JE if, SERS #4
ST MG, $REET —Fh e hRil [t
YUK I FERE 3, T FH 40 P R A P 7 s R
B0 A e BRI () 228K SERS FGA 8™, /e
Tl 2 XS AR A A FH -7k S T 5 | 40 K Uk HE
A SERS #5,  FH 6 AR 24 5% 1 A e o
(%1 3(d)~3(0)o HAb, BFFEN K YRR B 1Y
SERS # & SR RS &, TFE T 0 T 55843
HrRRLIRAAR SERS FAR il -G AKITURL [ 20 25 il £
SERS RIS T2 B o, (EAFTERE RIS gy . 451
AR 2L AN, TEVS TR P i, X LSkt A
Wiz sh ST, Rtttz

R T R RAURL [ 20266 053 T B BRI 3l 45 )
B, W NSRS A B L S o TR A R g1,
PR TR A AL AR AN T A IR R e
JeffiF EBL, RHAER TR (FIB). 49K ENEF-BO
T W /N 4 T A R R B /4 TR B b RN
KAL), BESTRIRA ; TEMARZE AT, IRk
FEZ BB K TAORFESS 7, MgsH A4l
BEIE B SERS #H G55 4), XSk EAR
SIFEGKRIBR AT PP | [RIBR A A R A5 7 A —
SEGEME AR BN R AT 1 £ R SR AR T B B 1
EBL fl FIB %%, U4, 7€ SERS 25K SLbrn M,
AT EEAE SO AP TR SEH I TR L,
A BT EBL 1 FIB #9017 vk L SE Bl 3R F
AL [ SERS 25614

HAr, b=k @ LmE. AL
FEH 2 %€) — M ] DUAE — A 57 T 07 1 D e
SERS I fits 45 #4y Y B 26 i T W) A, 2 B RS Y
SERS f&J8%, (R MM 5 Bt LI s sl B 21 T
i, HZECA BTV IS IS SERS 451,
SE LS B SO S SOGEF R e S . 25 Bk, dE
SFIRISEC b SERS 4544 B 2544 (1 48 s T AT 8K & — A~
MERS, BRI T SERS IHHELE I E—A N

3 Tk#ESEIMIHIF SERS HHFTE

T EIRBINTHOR, FOL TR—Fr %
% SERS JEJRAYHAR™, HAZR MR . T
B ARSI . RO Tk, CRNEOL
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Fig. 3 Preparation of SERS microstructures by top-down micromachining and particle self-assembly. (a) RIE*”; (b, c) EBL"*™";
(d-f) Nanoparticle self-assembly“*™”; Scale bar: (e) 20 nm; (f) 200 nm. Figure reproduced with permission from: (a) ref. [45] © American
Chemical Society; (b) ref. [46], (e) ref. [49] and (f) ref. [50] © under a Creative Commons Attribution-NonCommercial-No- Derivatives 4.0
International License; (c) ref. [47] © American Chemical Society; (d) ref. [48] © The American Association for the Advancement of Science

220322-5


https://doi.org/10.12086/oee.2023.220322

FHEIAR, % G T2, 2023, 50(3): 220322

https://doi.org/10.12086/0ee.2023.220322

Gold fingers close

Au
Ar plasma A S 4 AU Water drop -, i
ey vaporallio l —App"ca“g
" N s R B "5 %
" ol - «
)

Micro moleculars

//-‘, o
%, R
1 E Laser ’«f{g‘ S Raman

N

oupI M field

W E Polymer

: nPS sphere * Au sheII

6 f;’f
. Sputtering Au

Porous AAO
Au film

VIl
—_—

Large-scale
observation

- Laser

Fig. 4 Preparation of SERS microstructure by microcolumn self-assembly methods. (a) Self-assembly of gold nanopillars

Living cells situated
on top of the fingers

B 4 A B k4% SERS MM, (a) &vhkaaz g aE’™,  (b) Bodh-4st g g™,
meW%%MﬁQ%#W](@&Mﬁéﬁ“m,wﬂdwhéMﬁam”W

B (b) Self-assembly
of polymer-silver micropillars®; (c) Self-assembly of polymer-silver micropillars®”; (d) Self-assembly of silver mlCl‘OpI”arS[SB]
(e) Self-assembly of polymer-gold micropillars®™. Figure reproduced with permission from: (a) ref. [55] and (e) ref. [59] © American

Chemical Society; (b) ref. [56], (c) ref. [57] and (d) ref. [58] © Wiley

ITABEMFRRS . D) BRIV, TR, L2, aiEsE. Baw . WgEsEmo,
HROCHM R AR, RN TR,  3) IRERIEZOE T FOL TR AL T RYRE

FI E LT 5 RS 8 AL 3 ] B 4 v e -
FHEGIE] (1~100 ps). MOGHK 585 THE 5 R,
KO CRE B R TR, TR B AL RS 45 A AS 1T T
P BAFE S Y RO E AR L, TR
otk SE B R R G, e R AE T AL 45 T

Mﬁ&ﬁ%ﬁﬁﬁﬁ,ﬁuxﬁﬁﬁﬁ#%ﬁ%mﬂ
N, PR ORI EAT N T s AR A . 2) T
RRERE, LSRR, T ENEOER IE(E
M, ik TW(0"2 W) 4%, Rt WRNEOE T

BRI, PR RIS TR
PR, R R (HEDE TR R,
A A TR RER IR TAP R, AR Tl
RN AT, AR RS, il R pipRiE
2T, MRS R APRHEEZ
KA AR R 05 = i) KR EOE AT, A
TR RE AR TR

T CEROCRARE R RIGPER . MORRE
PR RO A PR, AR 2 T2
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RO E S A HE T A By =4 TRk
TCHERNN T & T AR R ISR e PRt
£ SERS J&JiC i TR F R AMBOL R G = 4E 5
o, BEES BTN T 2 RO [R 25 F9 1 SERS JEJIE .
H Al SRS G Hl 4 SERS JLJE AN T 5% 25 A L
TFRUZ: CEMEOEROE T AR R . RO E 4
J& . TCENEOGDIEI-IRT . TRENEOYE 3D 4TER.

3.1 kRN FEBIERS & SERS EIK

CANHOLBUE TRV K AR AR 2600 2 A% 0 KA1
BUT, k] I W s A [ E B A0 1 el B el
SRR IR ] A SRS G T S BROG T IRISORH EE
WAHEE, BUG TR RO SO BT,
I B T i A3 R AR SO TRk R
U817 4 R ARV M RO CIR I R, A Ak e AR
PRV B B TR IR AR AN R S5 K, R (i
K 5()) J RAPEOEXS Rk o B T s SR S 2T
S TP A PRNE , At A T ORE R )
MopT. BT ET . HIRESE). 7E AgNOEHR,
RS (Ag") 7ERESE B AR A 5 L& Ak
YA R U A A R N 11 ST 7l b A
AP PR (A")o TR, OGS SR RESE RS Tk T]
AR K S 8 TR AR G i TR A A, iE—2D8
Ag I R SR

2010 AE At BAZ AT BATF & T —Fh R 35 (1 R AD
WOESE AL, TedR-F m B b HEA 4 Jm 9 K 2 18]
AL R B HOETE SR T RRGE
e HE - T R Al B T AR A A B B e (i
¥ 5(b)), JF HSCHTERGE TE N B9 s mom P,
BT X G0 A B g ) BRI FBE T, S MEMSS
(microelectromechanical systems), LOC(lab on a chip)
SRR BEAVLZR G Hh A I H B TN A 3 T T )
o 2022 AEAE TR T AR A BRI RENEO
XOGT38 S il 8 1 HAT R B 2 PR ROT XA 230 nm
A HL B S 4R 26T, BRI RO T Sk —F AR H.
AWK TR E BRI S . 2012 4R 5K R #4255
NAR T — P T ROR A8 18 AR B RS Y e A
PR SN s AN E A R SERS Waillg'™ . si ik CRbiK
RO I8 75 T BRI, AR 2 i v )
HH BT A AR AR AR B 2 1) 2 K UKL AL) 180 ) B A E [ 51
G548, WEEENT 4-NP B JFH 4-AP WAL~ RN id 72
(Wi 5(d)), HBEAER R SERS HEGRAN, IHIT

Sk SN W
KRNEOERUOE T T 4 8 1R X — SR m S T 7E
TR M IE TP E RSk SERS 2R, I TEZ
JERFFRN BT T — R 5 TAE, 2017 4535 Mok 2%
PRI A5 350452 45 N Bl A P (R AR B oK 250 5 SR Ak
FEHEHRENES Fa FREMRE, FIH CEEOEAES
LR R AN Se)), RIS TR A TSR A TR
FERSGE T R TSR] e LU AR AR (Ag-Pd) &
SHUOREER, FIF Ag-Pd Z5H9IE LA 4 (- SERS 2
JEA G WA . e BAT 18% 4 & i AR A
SIMRFE T2 2.62x10° R385 K7, HAE H %3R5
T RE S dERE 20 K B A5 A, X TR S R
SERS M A bR At TR RS . 2017 4R 4R
Wi 2 RS 80452 1A AR FH R A s J s il 2 Bl i
FE /31 SERS B45 (A&l 5(e)™. B S WA
R AR BT, FERGEIE A T — IR KL
TRA S, THUGEE SRS RO R AR
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Fig. 6 Femtosecond laser cutting metal to prepare SERS substrate. (a) Femtosecond laser directly ablated metal surface forming
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directly on copper surface ®”; (d) S-Ag-Ar substrate™; (e) Titanium alloy SERS substrate™. Figure reproduced with permission from:
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R T REAUKKL T 16 1 fs LIPAA #13& i9 T SERS
R (4 B R AR A TCRR (1] 7(e)t™ .m0
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TR Mo T JCIEMERR (7 i#E A 3] SERS 2
G R = N VA= W P N R = NG 15 1 B = S 2 )
B, HA DX A DTk, PR —ER 4
W N UG ST FFIR K 2246 SERS BLJieH,  tnisisK/
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Figure reproduced with permission from: (a) ref. [126] © American Chemical Society; (b) ref. [7] © Wiley
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Femtosecond laser direct writing processing of
SERS substrates and applications
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Four methods of femtosecond laser preparation SERS substrate

Overview: Surface-Enhanced Raman spectroscopy (SERS) is a highly sensitive and high-resolution molecular
recognition technique with important applications in many fields. As an emerging low-cost, high-resolution, and high-
flexibility micro-nano processing method, femtosecond laser direct writing has been widely used in the field of
preparing SERS substrates. Compared with traditional processing methods for preparing SERS substrates, femtosecond
laser direct writing processing has certain advantages in terms of flexibility, three-dimensional molding, processing
material range, processing accuracy, and other aspects. In this review, we classify the processing methods of
femtosecond laser preparation of SERS substrates into four categories, including femtosecond laser two-photon metal
reduction, femtosecond laser cutting metal, femtosecond laser cutting-sputtering, and femtosecond laser 3D printing.
Femtosecond laser two-photon metal reduction uses the two-photon reduction effect to reduce metal cations in metal
solutions to metals, such as silver ions in silver nitrate solutions to silver nanoparticles. This method is suitable for the
one-step preparation of SERS substrates in closed microchannels. Femtosecond laser cutting metal directly prepares the
SERS substrate structure on a metal substrate. This method takes advantage of the high peak power of the femtosecond
laser to ablate the surface of the metal sample to obtain a patterned surface structure. At the same time, femtosecond
laser ablation produces particle fragments, which are usually redeposited on the patterned surface, resulting in SERS "hot
spots". Femtosecond laser direct cutting of metal can prepare SERS substrates in one step, which has the advantages of
high processing efficiency and simple processing and is more conducive to the application of large-scale production of
practical SERS detection. Femtosecond laser cutting-sputtering is to process any structure on non-metallic substrates
such as polymers and then sputtering/evaporating metal nanoparticles on the surface of the structure. This method can
prepare transparent and flexible SERS substrates, which are rich in application scenarios. Femtosecond laser 3D printing
is to use the three-dimensional processing ability of femtosecond lasers to obtain rich "hot spots” by designing the
structure of SERS substrates, and then using template-guided self-assembly technology with different driving forces to
deposit/evaporate metal nanoparticles at designated locations. In this paper, we first introduce the current methods for
preparing SERS and then conduct a comprehensive review of the processing methods of four femtosecond lasers to
prepare SERS substrates. Finally, the advantages and disadvantages of the four femtosecond laser preparation methods
for SERS substrate are briefly summarized, and the development prospects of this technology are prospected, aiming to
provide it for future related research.
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