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Fig. 1. Typical spectra of SM-SERS and traditional
SERS.
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Fig. 2. (a) The Gap structure constructed by DNA modified gold@silver nanoparticles for SM SERS detection); (b) schematic dia-
gram of TERS controlled by scanning tunneling microscope, where Vj, is the sampling bias voltage and I, is the tunnel current;
() high-resolution TERS spectrums and images of target molecules®; (d) TERS imaging between adjacent molecules (up) and the
corresponding spectral evolution of ten consecutive TERS measurements along the trajectory in the left image (down)?¥; (e) mo-

lecular sub-nanometer resolution STM image (left) and single molecule dipole moment simulation calculation diagram (right)?%;

(f) TERS image of DNA single-stranded fragments/*®..
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T EIR PR ISR AL, or 5 R Ak
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WAIER e T g 54> HOMOAM LOMO #iE
Z B R 22 VE LI | JE ARG SR L 2 U (re-
sonance-enhanced Raman spectroscopy, RERS).
MG AIE SERS L ZEE BRI R R R, ¢
ST SM-SERS WFFEHT, IX Fhd s iy SRk 2 A2
Zug Y. EAR RERS HBEHAE R Z 102—100 £5 1)
HERACR B2, 3 H IS PR AR EF AR XE
B TR SM-SERS {75, R E S
2 38 5 Y O3 RV A Bt — 2D 4 s 8 43 i it
255, Wil SM-SERS 15 & R & 5 A2 fg n]
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AR Z O B T BT IO S A DO 4y T
L2 A5, bR TRBHB RN Ttk oh, E#A
& RERS 47 B T SM-SERS #:illl. 785 2098 5%
H Blackie 55 49 & BUAS [A) HUS AR TR B0 5 92 30
SM-SERS 7 Z #) EF A 85K X . X T U #i
bR I AR A 73+ (10 27—10 2 cm?/st), 5
JEE b 2E 5 A RERS B DTk, <3 b 1) s
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. i
2 SM-SERS with “~ /
£ | do/d2~10-%"—10-2 cm?/sr
&
= N
\
Maximum
EF (~1011)
106 108 1010

Enhancement factor (F)

B3 OR[RN O R 4 T 928 SM-SERS 46 3 r 223 2 Y
o, {4 o EF 1)

Fig. 3. Electromagnetic enhancement EF value of molecules
with different cross sections required for SM-SERS detec-

tionH3.
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Fig. 4. Monitoring in situ catalytic reaction via SM-SERS: (a) SERS spectra of Thiophenol generated by single-molecule 4-NTP via

in situ catalytic reaction!*; (b) SERS Spectra of Rhodamine B isothiocyanate catalyzed by single-molecule thodamine B under dif-

ferent illumination timel*.
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Fig. 6. The schematic diagram of the diffusion of a single-
molecule in the hot spot area. Where Ey is the electric field
of the incident light, K’ is the wave vector and O is the

"hot spots" center.
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Fig. 7. Study on the diffusion behavior of a single molecule™: (a) The number the SERS centroid position that appears in two-di-
mensional space during the detection (the right color bar represents the number of events); (b) the average SERS intensity meas-
ured at each centroid, where the emission centroid of nanoparticles is set to (0, 0); (c) the intensity and position of SERS centroid

change with time, which indicates that single molecule wanders around the hot spots.
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Fig. 8. The effects of molecular orientations on spectrum fluctuations in SM-SERSI™: (a) Schematic diagram of silver nanocavity

structure; (b) spectrum 1-3 is SM-SERS signals of molecules with different orientations in the nan-gap, and spectrum 4 is the SERS

spectrum of high concentration molecules; (¢) the chemical structure of Rh6G molecule and the projection of different field direc-

tions on the a-y and -0 planes of this molecule.
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Fig. 9. (a) The “silver nanosphere-gold film” nanocavity structure in SERS measurement!® (This figure contains chemical struc-
tures of NBT and DMAB molecules, as well as the dark field scattering spectrum of a single nanostructure cavity); (b) the trace of
the intermittent spectral characteristics of intermediates generated by catalytic reaction®; (c) SERS spectra sampled from Fig. 9(b)
during on (red) and off (blue), the differences between the two spectra (orange) and the Vy = 1364 cm™' component (green) of the
covariance matrix. The intermittent SERS peaks at 1160, 1314 and 1364 cm™! are attributed to the Raman peaks of the intermedi-
ate product hydroxyl aminobenzenethiol®); (d) the relationship between the spectral step-up frequency f,, (left) and step-down fre-

quency fiown (right) and the decay rate constant kygp of 4-NTP moleculel®.
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Fig. 10. The Blinking phenomenon in SM-SERS [®: The
time-dependent trajectories of SERS signal of a single Rh6G
molecule. Obvious spectral fluctuations are observed at
614 cm ! and 774 cm L.
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spectra lasted for about 0.3 ms and separated by 61 ms; (b) images of spectral fluctuation events; (a) three spectral wave trajector-
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Fig. 12. Broadening of SM-SERS spectrum: (a) Inhomogeneous broadening of a single Nile Blue dye molecule at 590 cm ! energy vi-

bration%?; (b) inhomogeneous broadening of a single Rhodamine 800 molecule at 2226 cm ! energy vibration/®?; (c) the relationship
between the FWHM (I) of a single Nile Blue molecule indifferent SM-SERS events at 590 cm ! with increasing temperature 7. The
result indicates that the SM-SERS spectrum broadens uniformly with the increase of temperature (T)?!l.
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N B TR EE T e B A N gE B R4 2 R
T S5RIRES L AIETIERG I 2. i
5% SM-SERS WOGIG WIS, A Tif—2 7T
fi# oy T 5 HR BABE A EAEH (43 F 2 87
SRR ) KR EIMER ZX 07 3 S8

.

3.4 N 4

$i = A T I s B4 SM-SERS 63 i
A H 2 RAIE. BARIEIE A B Y AT 2 2 MR
BEWOR A B i R AE s R A AT T SM-
SERS Jtif i sh i IR A, H 2 an SRR 5T AT 5 1
BRI K AH I 1) W AT R 75 BEARE— 25 14 TAEE.
H 2 2R S0 5T FUERL g o N0 4 T 17 SR
YRGB R GE e — R ARPPIRE, IF B2
T 2 Y R R IR W] R 5 Ay AR B gy A i ER
BiA %, W SM-SERS W98l i B4 I =5 R 3
515 S SM-SERS WA & A i B I 5 4 048081,
Ik, 78 SM-SERS i3k 8h i 5t it 22X AT g ik
THE I Wb A S5 Dok HEBR AL R R T4 H
I CL 245 1 30 5 7 4 i 2 T A o e 11 52 )2 ok
SRR TR A0 B AT b A G (NER T SN
YR Al S AR A5 T Bl 4 e e R ik
DI EL i I SM-SERS ARG R B, {H 2 anfuf
X BN 3 A TR A b A A 0 RE A A A
B 380 A5 DX 08 55 B8 HEBR B 43 Tt 1S Dk
B4 3 1SR 0 TR, AR Rt — 25
FIHE AT

4 RAEL5RERD

AR SCH S A AT T SM-SERS B {5 5 19
T, LA K& SM-SERS 16t itk 5l 48 14 F1AH
KHLHE. SM-SERS ML #AE T HX 50 F B4 F
b 2E A R SR RE ), X AR & &bk v) 2
Iy FH T e A sz i e A [4445,5782) g M Wy -
J [55:50.83.84] ZEGGUY. I Ah, SM-SERS XAk 245 4E 7
PETEUN A 8 1 AR ASF 53 35 J) L R 55 1) v A
FHEAE R B T BE, X9 T8 2 1A%
T B IR oA B0 AR AR A FAE G R AT R Y
i WA 3 A (67); L ER A3 5 G =2 [ ) L AT 7
B0 —Jr i, B AR AW KSR, AR
KWFFEH N B AE SM-SERS #:1l th 454 TERS #;

R BENE TE 53T 7K T v X 43 &5 A6 A AR B4 2 A6
43, HO AR B ) 25 6] 43 3 0] DL s Y o
AT AR | W S5 2 e W oy x5 o
R, IZE ARG BT B 5 RS 4
Jaf [33—38,86-88]

SR, SM-SERS TEAF 5 >k A A 4b 21 5 1
T LN ] SRR R i, BR T ARSCE 4R
RSy, BT E TR 1) 78 SM-SERS Jtigu s
SRS R A TR e BER RO R
CCD Ry BT B 45 P 3R & S 8OEIE I 3l 80 m
TEREMCR. Fr IFEWFIE o> T o Ji e iy ad fe b, 75
B RO AL SZ 50 7 1 HERR 5k S R 3 S B 4
FIFEIR . 2) W5 F 5 T 7 AR A 0K [E] B 22

YN RAORE 2 ) B4 ] B A B SR DL SE B —, X
PSS AE 52 06 rp AR ME ST PR TR, 5 B ST W N 5¢
2 M4 B B8 7 1248 SM-SERS #&: i T 54 )
A 3) T REL T M HE MR, B
TNHAF B A BT R, LIS TR R R (8 A A
JH st 2 2 381 ity ) S R 00 A A Yy 4 P
&z 9L 4) 7E TERS HoAR T, infuf iR fase . Ak
Hhu i A LA LA 4 8 T 2 R v e bl
Yoy A S TR DU A B AT R — Pk R

AL SM-SERS 1) 4 i, SM-SERS {5 5 )
RS SM-SERS [ GIER-E 45 7 AT T 0120
BT, 1T SM-SERS AR BEfSHL I =5 1) 2 45
JEE K B FAE RN IR ST Hr A TN RRAE, PR i
ARA BT 5T RALHT A k. A AR SC
B 5 L 52 B 248X AR ST ) GV, TEMLER 2y
M A2 06 #5055 2 1w L E— A 4 R A E E SM-
SERS HJFHIAT.
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Abstract

Single-molecule detection (SMD), which represents the detection limit in molecular spectroscopy, has
opened a new research realm in the fields of catalysis, DNA sequencing and protein analysis. Meanwhile, it
provides new insights into the understanding of the molecule behaviors in a complex system. Specifically, SMD
enables the quantitatively identifying of molecules accurate to single digit, provides the molecular distribution
state under specific environments, and permits the in-situ observation of signal fluctuations of a single-molecule
under chemical stimulus. Single-molecule surface-enhanced Raman spectroscopy (SM-SERS) is a new subject in
SMD which features specific recognition of molecules by identifying the molecular chemical bonds. It is a non-
destructive technology which reflects the vibration energy and rotational energy information of molecules. This
technique employs metallic nanostructures to form surface plasmon resonances (SRP) under external excitation.
The SPRs generate strong local electromagnetic fields ("hot spots") around metal surface to amplify the Raman
signal of probe molecules in the vicinity of plasmonic materials. The giant field enhancement endows SERS
superior sensitivity in trace molecule detection down to a single-molecule level. The SM-SERS offers a facile
method to track the evolution of a single molecule, revealing the reaction pathways, adsorption state and
distributions, and charge exchanges between the molecule and surrounding environment. Though SM-SERS has
been proposed more than 20 years ago, the acquisition of SM-SERS spectra remains a bottleneck in this field
due to the disability in judging the origins of these spectra. On the other hand, the lack of knowledge in
analyzing SM-SERS spectra also limits the development of SM-SERS as the origins of molecule behavior at a
micro level is basically unknown to the public. This review paper covers the development of SM-SERS, the past
and current methods of verifying SM-SERS including the non-statistical and the bi-analyte statistical methods,
the investigation into the understanding of the fluctuation characteristics of SM-SERS, as well as the related
mechanisms with regard to the unique phenomena in SM-SERS such as molecule diffusion, spectral blinking and
broadening. We hope this review can help the readers to relate the characteristics in SM-SERS with the origins
of molecular variations during the detection, in this way to get a clear and in-depth understanding of the
roadmap for SM-SERS.
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