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Fig. 2 Schematic of three-beam LIIFT Ag micro-dot. (a) Optical path diagram of three-beam LIIFT; (b) schematic of three-beam

LIIFT process; (¢) SEM image of transferred Ag micro-dot array
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Fig. 3 SEM images of Ag micro-dot array structures transferred by LIIFT technology and statistical distribution results of Ag

nanoparticles in single Ag micro-dot. (al)-(a3) SEM images of Ag micro-dot array structures transferred by LIIFT technology;

(b1)-(b3) magnification images of single micro-dots; (c1)—(c3) statistical results of nanoparticle distributions in central regions

(elliptic part) of single micro-dots in Figs. 3(b1)~(b3)

B =W A S TR Y R 1, A5 ff FIRE A0 A 45,
FAEF M (0,120°,240°) . fE TM-TM-TM A A F, =
6o 9635 3 A AE 2 B0y 5 1) B TR 3 40 S

2
* 3sind
o (D)
' 3sind
A0 WA
5 Y f KA L, 05
Im:%[l+ 3cos(20) . (2)
TG L E VR

3cos(20)—1

2 ] (3)

GNP 06{0, ﬂﬂﬂ“,ﬁﬁﬁﬁﬂﬁiﬁMUﬁ

AN O G B TR 2 s (38 ) TR] IR O 5 f R
{EL Lo AOG 3 30 LU E Vsl /IN (385 K, 4n 5 7 o
I, B WO AR, i T 8Ot R & O (E
WO, AT EE RS I Ag G N, Ag 98 K JBURL KO K, i
7 A B B DX T AR O 5 [ I B 3 6 3 SR B 3
T, ol s Xk b RE 3 ORGSO BE 14 P T
SiR B4 R DX, B AR R R T Ot  MR  Bs

1602406-4



£ 51% 5§ 16 H1/2024 £ 8 B/ EH*¢

900
e 300
5 800 -
2 — 250
g £
= 700 | o £
k® 4200 %
g z
g i
§ - —
500 | - 100
400 1 1 1 1 1 1 1 50
9 10 11 12 13 14 15
Period /pm
P4 Ag s 2540 v 4 K MORL Al 55 5 ) 0] 22 1 1) 5

Fig. 4 Relationship between distribution of nanoparticles in Ag

micro-dot structure and dot array period
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Fig. 5 Three-beam interference simulation diagrams under TM-TM-TM mode. (a)-(c) Interference patterns; (d)—(f) interference light

intensity distributions
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Fig. 6 EDS analysis of transferred micro-dots. (a) SEM image of transferred micro-dots; (b) elemental analysis spectrum of transferred

micro-dots; (¢) surface distribution diagram of Si element in transferred micro-dot structure; (d) surface distribution diagram of

Ag element in transferred micro-dot structure

x1 B

Table 1 Components in micro-dots

Element Si Ag
Mass fraction /% 99.14 0.86
(\]HzCHu (|)H2CH3
N O N? 1649 —=
CHsCHz~"~ S
—— ‘ / CH:CHs
cr

C—OH

'
O

7 12000

=

=2

8

k|

Z 8000

n

=1

3

5 L

4000 l
Si
0 1 1 1
600 800 1000 1200 1400 1600 1800

Raman shift /cm™!

7 RhBYEAS A JE B0 Ag s B L iy B2 6%
Fig. 7 Raman spectra of RhB on Ag micro-dot substrates with different periods
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Abstract

Objective Surface-enhanced Raman scattering (SERS) plays an important role in trace detection and other fields of research. The
use of periodic micro-nano structures has been a popular method for realizing high-performance SERS substrates. Traditional
preparation technologies can prepare micro-nano structures with high precision and excellent quality. However, most of them have the
limitations of strict environmental requirements, low efficiency, and high material dependence; therefore, it is necessary to develop
alternative micro-nano periodic structure preparation techniques. Laser-induced forward transfer (LIFT) has been used to transfer
almost all types of materials; however, it is limited in preparing periodic micro-nano structures. Laser interference lithography (LIL)
has the advantage of high efficiency in preparing periodic micro - nano structures with large areas. Therefore, combining LIFT with
LIL technology, a novel technique of laser interference-induced forward transfer (LIIF T) is proposed to transfer the periodic Ag micro-
dots under three-beam laser interference in this study, which can overcome the shortcomings of traditional technologies and realize
large-area metal micro-nano array structure manufacturing in a rapid, low-cost manner. Finally, the SERS properties of the Ag micro-

dots transferred via LIIF T are tested and analyzed.

Methods The donor film to be transferred consists of a quartz substrate, a polyimide(PI)sacrificial layer film mixed with carbon
nanoparticles (CNPs@PI), and an Ag film. The preparation process of the CNPs@PI thin film is described in Ref. [16], and the
Ag film is evaporated onto the CNPs@PI film (Fig. 1). The principle of transferring a micro- dot via LIIFT is shown in Fig. 2.
The azimuth angles (07, 120°, and 240°) and transverse-magnetic (TM) mode of the polarization direction are chosen. Moreover,
the effect of the interference period on the transferred microstructure is discussed. Finally, the Raman spectra of RhB on the
transferred Ag micro-dots with different periods (9, 11, and 15 pm) are tested to analyze the SERS property of the transferred Ag

micro-dots.

Results and Discussions The transferred Ag micro-dot structure is observed on the receiving substrate, as shown in Fig. 3(al)-
(a3). While the interference periods of the three beams are 9 pm, the outline of the micro-dot structure can be observed, but there are
many overlapping areas between adjacent micro-dots, as shown in Fig. 3(al). While the interference period increases to 11 pm, a
micro-dot with clear edge can be observed, as shown in Fig. 3(a2). Upon increasing the period to 15 pm, the clarity of the micro-dot is
further improved [Fig. 3(a3)]. These results, combined with Fig. 3(b1)-(b3), indicate that an increasing number of nanoparticles are
distributed in the middle regions of a single micro-dot, leading to an improved resolution of each micro-dot with an increase in the
period. The average diameter of the nanoparticles in the consistent area in the middle regions of the micro-dots with different periods
is 129-141 nm, as shown in Fig. 3(c1)-(c3). These results, combined with the statistical results of the numbers of Ag nanoparticles in
the consistent area (Fig. 4), indicate that, with an increase in the interference period, the average size of the Ag nanoparticles changes
slightly, whereas the number of nanoparticles increases significantly. This is because the maximum intensity and contrast of the three-
beam interference light field increase with the laser interference period (Fig. 5), which affects the transferable mass of the Ag film and
the distribution of Ag nanoparticles on the receiving substrate.

The SERS characteristics of Ag micro-dot substrates with periods of 9, 11, and 15 pm are tested by selecting Rhodamine B
(RhB) as the analyte with a concentration of 10™° mol-L."" and compared with the RhB Raman spectrum on the bare Si substrate. The
results show that, while using an Si substrate covered with the transferred Ag nanoparticle micro-dots, the Raman intensity of RhB is
significantly enhanced compared with that of the bare Si substrate. Simultaneously, the Raman intensity of RhB on the Ag
nanoparticle micro-dot substrate increases with the micro-dot period (Fig. 7). This can be attributed to the local surface plasmon
resonance effect. With the increase in interference period, the density of the transferred Ag nanoparticles increases evidently, which

can create more and stronger “hot spots,” making it easier to excite strong Raman signals.
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Conclusions Periodic Ag nanoparticle micro-dots are realized efficiently with three-beam laser interference LIIFT. The
distribution of Ag nanoparticles in each micro-dot i1s controlled by adjusting the laser interference period. With the increase in the
period of the laser interference from 9 pm to 15 pum, the density of Ag nanoparticles in the micro-dot increases. Finally, the Ag
nanoparticle micro-dot substrates prepared by the three-beam LIIFT technology show significant SERS characteristics. Moreover,
the Raman intensity of RhB on the transferred Ag micro-dots increases with the period of the micro-dots. This study demonstrates the

potential application of LIIF T technology in the field of SERS chips.
Key words laser technique; laser interference lithography; laser induced forward transfer; Ag micro-spot structure; surface-

enhanced Raman scattering characteristics
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