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Regulation of Hierarchical Structure on Surface-enhanced Raman
Scattering Characteristics of Nanoporous Metals
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(School of Optical=Electrical and Computer Engineering, University of Shanghai for Science and Technology,
Shanghai 200093, China)

Abstract: Hierarchical nanoporous materials with high—density "hot spots" were obtained by constructing
secondary mesopores on the single-stage nanoporous metal ligaments. The finite difference time domain
method was used to simulate the local electromagnetic field intensity and distribution of hierarchical
nanoporous structures, and the SERS characteristics of dealloyed hierarchical nanoporous metals were
detected with the help of Raman spectroscopy. Combined experimental results with theoretical analysis, it
can be seen that the local electromagnetic field intensity and hot spots density of the hierarchical nanoporous
metals are higher than that of the single—stage nanoporous metals, resulting in better SERS activity. The
detection limit of hierarchical nanoporous gold and hierarchical nanoporous copper for crystal violet
molecules can reach 10" mol-L™", and the SERS enhancement factor is about two orders of magnitude
higher than that of single—stage nanoporous metals. The study indicates that the introduction of secondary
structure can greatly improve the local electromagnetic field intensity of single—stage nanoporous metals,
which provides a new method for preparing of high—performance SERS substrate.
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2 10 38 5% $7 2 #USF (Surface—enhanced Raman Scattering, SERS) J& — Fl 3 T 4 J& 40 K 45 ¥4 44 L 18 R
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Qo] 3 3 25 R 1A T R A s ) A 48 50 v 4 P I A R A A SERS LK I EEF S 1. WANG
Jiajia 55K AR AN KR T 2H 3 AE Z AL REE AR AS T B A 450 0 R AUE SERS B, HoxE B PRI 6G 4
TR AR BR 7T 35 107" mol- L™ CHENG Ziqiang %53 i5b B AR S0 4k 47 A5 0 4l By rlt A2 0Bk 1l 48 17 v 2%
BRAOKR ORI FES , X 1, 42K B B4 T 19 SERS A& I % BR 7T 35 107 mol- L™ ; WU Meimei % JH 5 H 3L 4
§i T2 H1 g (Polymethyl Methacrylate, PMMA ) 3 22 4 44 K UKL il 85 T —Fh =2 & F8  R 2 & SERS B,
HXFE FFIH 6G 4 T B9 SERS 383 [N a5 5 3.95X 107 AT WL, &2 4 45 ¥4 B0 #5  ml hn o Fi i R 45, 208 17 42
L B SERS #4545

Yk 22 L 4 JE S R A 4 vk T A5 i B L% S FLAR B = 4R DR S5 4, i TR B0 g ok 85 4, & 3% R
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A AR S R RERE L IR A R IR B R R Ak 24L& R 1 SERS TR M

AR SCR ] =4 @A A T o AN Ok 2 AL G AE R A R R R AN TR B RS A 0 26 i AR
Hop KRR EMRIN FRE/NRIE R REA L LA gak 2 5L 4 a8 45k R, R A i 3k BR 22 43 3%
(Finite Difference Time Domain, FDTD)BI4EL I X b T 4 FE FAR FE 43 9 Kk Z AL &5 5 g gk Z 1L 451
T 1) Jr S5 H 3 0 A R B AR AL o RV S 2 G A 1 A T BRI i oK 22 FL 4 T G ik
JiE , LAZE %8 (Crystal Violet, CV) 1% £FB] (Rhodamine 6G,R6G ) R 28 7, 4 H ALK SERS $5 7 #4746
M, AERIZE RS SR AR R M T RN K AL S R EE Y, AN K L L4 B S
SERS 15 5 58 & 1y 5 0 3, SERS 1458 [ 2 55 £ 50T 35 AN B0 9 . AR SCH I I8 25 3 0 il 4% = P B SERS
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1.1 ##

SOOI MR E AL A AL (NaOH, 96.0%) . #h % (HCIL, 38.0%) . & £ (C,H,0, 99.7% ) Fil 45 it %5
(CV) g A 25 EH A FARAF, LB F RN 1825 MQ. 48 JFE R Au(99.99wt. % ) |
A1(99.99wt. %) \Mg(99.99wt. %6 ) .Cu(99.99wt. 26 ) W F v i B A4 (A6 35 ) B A BR A | | I i BELE ] 7 5 51
AL AT L R 15 8] Au-ALFI Mg-Cu i 4 545 .

12 BEHKREAEENRAKESAEERNFF

L IGK Z AL H & 2% T QI Zhen S5V 1462 A 4205, i 50 mL NaOH(0.01 mol-L ™) ¥ i
FEER T A E M5 8, N A Al (wt. %6 ) & 4 v 8 B8 M 1 75 A 55 il 2% B 2% 4 K £ 4L 4 (Nanoporous
Gold, NPG)EE % . 8 /KA 415 ¥k 3R LA b, B L AL 8% B i k2 W) s #4519 22X 0.7 em Y IR
PN A 2 AL 4 TSR AE 300 CFIR k3 ho deJa , FF HA ML 94 K AL R B4 1 3B k5 B9 NPG &4 i — 25
£ 50 mL NaOH (0.01 mol-L™) /K % W 28 i 45048 F 43 5 #0442 15 min 30 min 60 min, JE& 8 H A 7 [F]
WA FLFLAE R SF 1793 9% 40 K £ £ 45 (Hierarchical Nanoporous Gold, h-NPG)J:JiE .
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) e 2 K 22 L5 R 1 ) A% T R 1k A OSSR 22 8 2X0.7 em 19 Mg,,Cuy, (at. % )& 4 S5 52 4212 A 50 mL

R R £ B W (0.68 mol- L) 7E % I 5% 14 T & 4 0.5 h J5 B LB % 4 K £ fL 4 (Nanoporous Copper,
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NPC) &M LK . ZER G 4 F ] 22 3 h 6 h.9 h, i i — 25 i & 4 i 4 B A A R IR A FL AL RO 19 53 9%
4l >k Z fL 4 (Hierarchical Nanoporous Copper, h-NPC) & it , 5 i XF i il 5 19 2% i 76 25 8 F /K th il vk 31k
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1.4 HENA

FH A $ 2 F 2 5 5% (Scanning Electron Microscope, SEM) il i% it #1 F & f# i ( Transmission Electron
Microscope, TEM ) W4 T i 45 4 AE 5 0 2 LW S5 44 . 1 A B35 a0 3L A2 0 =0k AU 4T SERS I & .
AW ZE H Al B IEOG I K 532 nm 1633 nm, G HA R E N 2 um, O E H 1 mW.,
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YRR T BN K 2 FL A A G oK 22 L A5 AR 0 AT T, O S B LR o AT AL
Ho AuflCuly AL H FORE SCER[ 23], Bl i S i 280y 1. S5 AT ol e i & 4 o 72, Bl
R A )E R ik B Tk A e i 0 2 ke T R B A 3R T R e R e, DRI A A L R o DL R SIS
SERS # i K5 P 23 M1 b 72 v 35 ok % iR sk R M 4 )8 . R A K R 532 nm Al 633 nm 7K P i 41k 19 42 3
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{

100 nm

(a) Cross section of single-stage nanoporous structure model  (b) Cross section of hierarchical nanoporous structure model

1l B2RRRLZAEME LIRS EMER N HE E

Fig.1 Cross section of single-stage and hierarchical nanoporous structure models
2 HRMTE
21 HESRSH
K2 0 5 HFT S B oK Z AL R R K 2 L& W R B #E 3% 40 A o 18 2(a) Fl 2(b) 7R T B 4 4

K2 LG S5 M TE A TR I IO T W R 37 23 A, e PRRT DL 5 1 Jy vl 12 3 A0 B LA e il 38 1) <6 B
FAA BRI, (7 AR B D 25 ) 5 AR . AL Z R IR FL I ST A 3 AR Z AL A5 = A T R

532 nm ‘ 633 nm 8
4
100 nm r 100 nm
] —— 0
(a) Local electromagnetic field distribution of (b) Local electromagnetic field distribution of
NPG for 532 nm incidence wavelength NPG for 633 nm incidence wavelength
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100 nm 100 nm

O ‘ ~ N 3 : " ‘ “
(c) Local electromagnetic field distribution of (d) Local electromagnetic field distribution of
h-NPG for 532 nm incidence wavelength h-NPG for 633 nm incidence wavelength

W2 AERHAKKT . FOTDENLR G 2 RAKSIL 2 E W RHE B oG F
Fig.2 FDTD simulations of local electromagnetic field distribution in NPG and h-NPG with different incidence wavelength
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g T 25 DTS 3R 43 200 K 2 9L 55 M6l AR [ 4 8 Jed 5 P, 5 10 2 00k TS5 4 60040 o, 2 ORI 19
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i T30 A 3(d) g 5 2 R I 005 S oK 2 LA 45 M B 7 2028 50 AT 3(b) TR 3() kg i, il it 5

R 9
532 nm 633 nm
5
100 nm 100 nm
I 0
(a) Local electromagnetic field distribution of (b) Local electromagnetic field distribution of
NPC for 532 nm incidence wavelength NPC for 633 nm incidence wavelength
. 9 - ) .
633 nm )i H
v
4 20
100 nm
0 0
(c) Local electromagnetic field distribution of (d) Local electromagnetic field distribution of
h-NPC for 532 nm incidence wavelength h-NPC for 633 nm incidence wavelength

H3 FEANHKKT,FDTDEMER G 5 RAK 5 ILH G 0RO #3572
Fig.3 FDTD simulations of local electromagnetic field distribution in NPC and h—-NPC with different incidence wavelength
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B AL ARG DAE/ E, =>4 S w8 3 5 AV ) 55 018 58 57 a5 HU AR, X bb BP9 400 0K 22 FL A 235 #4940 S 4 oK 2 AL
Y] 35 ) v R X 5 T, S S R B 0 A EE S PR K Z AL S5 R I E/E >4 KO H R 2.93%, T 5 2
XoF IO7 B 4 2% 40 2K 22 LR 45 A8 PP G o LU GA B T 22,61 % . A, AT L JR R H 1 37 50 B R A B — T 2
5% A (Enhancement Factor, EF ) W HL % &7 34 58 1) STk, EF 38 % & U ([E/ED . B 3(b) Bge gk 241
WA 25K v |E/E |55 6 R 9, 2% B Fi i 7 14 5 ok 5 B0 2 1 50 1 19 STk 2958 6.5 X 107 43 S 4 oK Z L 25 7
(P 3(d) ) A dae i 5 41, A% 530 F R 3 188 5 X6 s EF 10 53 kB8 1 2.82 <107, [ Bt 2 i 3 J=y 38 ri #3343 A i L,
KA FLI T TR 38 5 R 488 w3 24 2 S B
22 £EERMRMS SERSHMESH

PLAu-ALE G AT BR800 G 4 R BE , SE I A5 T B GUR o3 G K 2 L A B, W A R LA
O LY K ARG R R FAH BT 2E Bl il 1 254 . 1B 4(a) Ak 22 G 4 5 il 45 1 NPG ) SEM
B B Rl LA 1), NPG R0 ]RE KR/AN R 70~90 nmo B 4(b)~(d) A #E— 2 & 415 ] NPG
B R PR TR KE R A 4 S h-NPG (19 SEM K . 1B ki NPG B4 )i 2ok, RFA8 K, 25
TR A 4 15 min 5 L ERAL I B 2R AL AR 10 nm A IR B AL (K 4(b) ) s 1E K5 R i & 4
Fs 18] 2 30 min, M A5 2 B9 3 9 Kk ZFL &85/ 5 - 4(b) 2, FI R BN FLFLAE LR 20 nm (] 4(c) ) ;
Uk 5 JiE K A 4 B 1] 2 60 min, 15 21 (19 43 90 K £ FL 4 450 B W e fLZ i i R, B a0 IR A FL AL
BEEZI AR, EE A 35 nm AL .

SN &
(b) Second dealloying time of 15 min

(c) Second dealloying time of 30 min (d) Second dealloying time of 60 min

W4 BR{AXZILEEFZZRAFMEEH BB RN 2 %A K LI 40 SEME
Fig.4 SEM images of NPG and h-NPG formed by the second different dealloying time
FDTD f§ B4R LW, 73 ook 2 L 6 s 454 BAT 5 4F 19 W w34 s Pk g L CV 20 1 T R6G 73 1 1F
HRE 2T 0 7 PN K 2 L BRI S PR SERS PEREHEAT 1AL IN , OF 5 B R4 K AL & 2R 2EAT T He B
& 5(a) AT 5(b) 435 24 10° mol- L 1) CV 43 F Fl R6G 43 F W Bt £ NPG #il h-NPG JL i€ I 9 SERS &4, 1J
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DL h-NPG B R 53 19 SERS 15 558 B K0 B = T NPG JL %, 1 B % 56 kA & i E i E K, CV
43 F M REG 43 B $r B FEAE I ik B S 38 K5 /)y, b B 4 I8 TH] 24 30 min B, h-NPG 2% 3RAH 1Y
SERS 15 55 5 B e K, 05 22 1Y 5250 18 UK — LI IEAT AR 5T . fh 030 el B8 1T nT O, £ KA G & 0 b AR A
A L7 B ) A 3R 1 B — Le 9K AR vy A0 K R B 45, 78 5 S 6 AH VR B, 33 26 94 0K 45 #) il 23 5
2 h-NPG H i 2 1 B 3 0 o FE R IR 5 I & 3R 10 55 B8 TR OT AL , 72 IR FL I R R A L 22 18] B i

Bl 57 — U 4 N T A 184 00, U A L AL AR AR R, S B v KA B RV 855, SERS B 5 M B 2 0.
FI5Ce) 45 10 T AN TR BE 1 CV MR I ) SERS D63, T WLBE % C'V ¥ BE A B AR , 045 (9 1% 5 56 B2 320 W 0 55
£ 107 mol- L MR E R, AR A CV 40 T 19 SERS FRAE W& o A7 F 1 179 em ™ Ab 14 551 & i )i iy £ 4n /1 5(d)
iR WG M2 05 B y=655.932+7 217.73 , M K R R*=0.990 71, K M # FRA% % 0.95X 10" mol- L™,

5 2.5
105 mol/L CV 10°° mol/L R6G
A4 L /\ 60 min A H /\ [\ 20F ” 60 min N A H ” A “
s =
< <
S3t z 15}
< i X 30 mi
> 30 min < min
'z 2 Z 1.0}
8 A o I\ A n 5 .
E 15 min = 15 min
1F 05F
NPG
NPG A x5 D
0 1 L L 1 1 1 1 0 L 1 1 1 1
400 600 800 1000 1200 1400 1600 800 1000 1200 1400 1600
Raman shift/cm™! Raman shift/cm™!
(a) SERS spectra of CV adsorbed on NPG and h-NPG (b) SERS spectra of R6G adsorbed on NPG and h-NPG
substrates with 633 nm laser excitation substrates with 532 nm laser excitation
35
] 1000
_30r 1=655.93x+7217.73
_ 107 mol/L Z 25t R*=0.99071
Z 2,0l
} 10 mol/L é, ’
Rz 2 15
=
- A 10 mol/L A ~ A g Lo
107" mol/L 05 F
102 mol/L ot
400 600 800 1000 1200 1400 1600 -11 -10 -9 -8 -7
Raman shift/cm! 1g(C.,)/(mol-L")
(c) SERS spectra corresponding to different (d) Does-intensity curve of CV with logarithmic
concentrations of CV concentration coordinates

B 5 NPGH T Eh-NPG %&b CV #1 R6G 2 F 8 SERS i, 1 Fl # B CV i SERS ot # B #1447 T oy 7 -9 B th %
Fig.5 SERS spectra of CV and R6G on NPG and h-NPG substrates, and SERS spectra corresponding to different
concentrations of CV and dose-intensity curve in logarithmic coordinates

K 6(a)h CV 435 (10" mol-L " ) 7E h-NPG & JiE ) SERS i A1 CV 40 F (10° mol- L ) FEFH 1 ik
ARARAY IE R B G X AT 1 179 em AR PR WE(E R A (1D 5 h-NPG JEJ Y SERS 35 R 1
EF = (Lsexs/ Nsers )/ (Ins/ Nis ) (1)
T, Lows A Lis 53 B8R CV 43 F (1 SERS FEAE W A IE 5 B2 FFAE 16 1 LA 38 L Nis 55 Ngrs 23 591 7R 0O
WS EBE N i A AT h-NPG 26K X RS A1 SERS AR 5 A 5i#k 19 CV 70 T80 AR B 2RI 19 53 7 35 50 b oy A
PRI I, B T AR S AT SERS RS 3 B 72 [R]RF (9 52 50 2% 00 F 647, B st ] DA 3 2 5 (2) A B30 A A6 00 41
M ECR R
N =(NaiMV qion/ S ) Star (2)
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A, N BT AR AN GE 2 B, MO CV I IR BE IR MR Vo 2 T BRI B CV IR IR R, S | 2 A RO IR
A, S B WOCOCRE 2 . S S 80T H 15 3 h-NPG L (5L 8 38 58 R 7 24 2y 2.16 X 107, & W] il 4 19
I RAPAK L AL a A B RS SERS WM. 18 6(b) 45 it T h-NPG JE 8 L EEHLEH 20 4> 34T SERS Il
BB CV 40T 1179 em " Ab 47 2 W SR B2, AR XS fi 22 4 3.47 %, W] h-NPG 25 B AL R 195
Sk

n a 10 ' mol/L, 55 11179 cm™
b 10 * mol/L S Y~ T o P e P
E 3
= < 15}
= >
x X
z 10
5 Z
= =05
0 1 1 1 1 1 1 1 0 1 1 1 1 1
400 600 800 1000 1200 1400 1600 4 8 12 16 20
Raman shift/cm™ Test dots
(a) SERS spectra of 10 ' mol-L ' CV on h-NPG (line a) (b) Intensities of SERS peaks from CV at 1179 cm !
and RS spectra of 107 mol-L™' CV on Si wafer (line b) for 20 spots on h-NPG substrate

B 6 CV # SERS K fudi B ot bl R A& h-NPG & | 20 52 #9 SERS 1 38 &
Fig.6 SERS and Raman spectra of CV and the intensities of SERS peaks for 20 spots on h-NPG substrate

23 FAEEREHRIS SERSHMHEST
K — MG a0 B & T g K Pk 2L LS, BRI nE 7R . A4 0.5h/5E1

e

=

(b) TEM image of h-NPC with dealloying time of 3 h

b
450'nm
—‘

(¢) TEM image of h-NPC with dealloying time of 6 h (d) TEM image of h-NPC with dealloying time of 9 h

H7 BAsAREEHENERAKSZILAS 2 RAKLIAELRKE SEM X TEM H
Fig.7 SEM of NPC and TEM images of h—-NPC prepared by dealloying at different times
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F ) NPC £ i (K 7(a) ) EIAGE L Z L4, FE LR 80 nms B 7(b)~(d) /BB A4 3h .6 hfT9 h
J5 R4S B9 h-NPC HJE 9 TEM [, 7] LU 2, B & A 4 ] A 380, 56 804 H I U IR fLAL ARt 25 72
Ko MWFFEH £ B FEE X SERS MERE B9 520 , 239l £ NPC Flh-NPC &€ B hn 2 wL(10° mol- L) A CV
R6G #E47 SERS Ml , 45 R AN & 8 it/ o 45 & &1 8(a) A1 (b) AT 1, 43 G 40 K Z FL A LIS 75 19 CV R R6G
47 F 1 SERS FRAF 16 50 B 14 5 T 5 2 9 oKk 22 ALAR LR, FLRH 25 IR A FLFLAR 938 K, SERS {55 5 5if i Jc 3 i
JE U BG4 6 h S IE A h-NPC /) SERS {5 5 5 B i fi, J5 28 S B e #6x — B AT F o8 . 181 8(c) R
T XA A BE CV Y SERS OGS, B4 CV K BE A FEAR, A7 T 1 179 em "&b (8 47 AE 06 58 J32 328 0 3 AR, JHC Xof i
4 ) B o R R AN P 8 (d) B, A T R N - y=603.442+6 673.53, H & R B R*=0.996 07, 7£ 10" mol- L
2 107 mol- L™ A& 3 [ A X CV 43 A il R 15 31 0.87 X 107" mol- L'

T 3.0
10¢ mol/L CV 10° mol/L R6G
6 ! . /\ H A ”
= W\M 23 2
S 5F -
z S 20t
X 41 % sl 6h
% 3 6h § .
: g 0 ;/\\—MW\A/\,/\J\\A__\
E2r 3h g 3h
I 05F
1 NPC 5 NPC A A A
0 1 1 1 1 1 1 1 0 0 1 1 1 1 1
400 600 800 1000 1200 1400 1600 800 1000 1200 1400 1600
Raman shift/cm'! Raman shift/cm'!
(a) SERS spectra of CV on NPC and h-NPC (b) SERS spectra of R6G on NPC and h-NPC
substrates with 633 nm laser excitation 35 substrates with 532 nm laser excitation
I 1000 sol
ERyy! 1=603.44x+6673.53
107 mol/L, = R*=0.99607
—~ (=]
5 T 20}
G =
E 10°* mol/L ? 15t
172} =]
S ) 3 L
g E 1.0
A_10 mol/L, A A A \ ’\ 05}
10" mol/L
10 mol/L 0F
400 600 800 1000 1200 1400 1600 -11 -10 -9 -8 -7
Raman shift/cm™ 1g(C,,)/(mol-L™")
(c) SERS spectra corresponding to different (d) Does-intensity curve of CV with logarithmic
concentrations of CV concentration coordinates

8 NPCHn & # h-NPC # ik £ CV 5 R6G 4 F # SERS K%, £ B & CV 8y SERS K35 Bt # A 47 T 89 7| -5 % #h &
Fig.8 SERS spectra of CV and R6G on NPC and h-NPC substrates, and SERS spectra corresponding to different
concentrations of CV and dose-intensity curve in logarithmic coordinates

WE— 2 85 AR E CV 4 F4E h-NPC FEE LY SERS i & 1F % 18 63 (K 9(a)) , R B (1)
JEEFECV AT 1179 em A BUFRAE 6335 h-NPC JEJE SERS 5955 [K 7, 15 20 90 94 2K 22 L4 K25 0 7 2 14
5 R T 298 2.03X 107, 3 & FER KK ZFLA FE IR (~10°) o feJa , £ h—-NPC LK L B AL 20 AN 05, )
HAECVAEL 179 cm A E (B 9(b)) , 75 A X 25 8 2.82 %6 , R B SL IR 9 35 2 M R 4F .
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4l a 10 mol/L, 18 B 79!
b 103 mol/L 15}
3 E
< <
& 5 12
X z
s s 09
5 506}
= A=
03F
O 1 1 1 1 1 1 1 0
400 600 800 1000 1200 1400 1600 4 8 12 16 20
Raman shift/cm™ Test dots
(a) SERS spectra of 10" mol-L™! CV on h-NPC (line @) (b) Intensities of SERS peaks from CV at
and RS spectra of 107 mol-L™! CV on Si wafer (line b) 1179 cm™ for 20 spots on h-NPC substrate

B9 CV# SERS X fudi &t ML R A h-NPC &k F 204> & B9 SERS I 5% &
Fig.9 SERS and Raman spectra of CV and the intensities of SERS peaks for 20 spots on h-NPC substrate

3 #ig

T A 2 B G 4 R TE AR G0 PR K 22 AL A R A DA BRI A L A T R = M B 2K
R Z AL 4 B S5 1 2 G RIS, OF % H SERS 1 M M3 s AL #E4T T 5% . FDTD #4045 R 3
B, FR T 4R g 5800 B P RS 5 8O0 A FL R S I A 23 SR K 22 L4 T 25 0 b e v R R AL B
AR R K % R RN K EZ A E AR FRRYKZI &8 IR,
SERS # 38 [ 7#2 % 1 W B0i 20, x5 CV 737 BRI B FRARZE 107 mol- Lo JRWE S8 45 3Ry #3145 B
BOTH R K P e SERS R AR UL T —Flosh s 12 .
S % 3Lk
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