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Abstract
Ultralow concentration molecular detection is critical in various fields, e.g., food safety, environmental monitoring, and dis-
ease diagnosis. Highly sensitive surface-enhanced Raman scattering (SERS) based on ultra-wettable surfaces has attracted 
attention due to its unique ability to detect trace molecules. However, the complexity and cost associated with the preparation 
of traditional SERS substrates restrict their practical application. Thus, an efficient SERS substrate preparation with high 
sensitivity, a simplified process, and controllable cost is required. In this study, a superhydrophobic–hydrophilic patterned 
Cu@Ag composite SERS substrate was fabricated using femtosecond laser processing technology combined with silver 
plating and surface modification treatment. By inducing periodic stripe structures through femtosecond laser processing, the 
developed substrate achieves uniform distribution hotspots. Using the surface wettability difference, the object to be measured 
can be confined in the hydrophilic region and the edge of the hydrophilic region, where the analyte is enriched by the coffee 
ring effect, can be quickly located by surface morphology difference of micro-nanostructures; thus, greatly improving detec-
tion efficiency. The fabricated SERS substrate can detect Rhodamine 6G (R6G) at an extraordinarily low concentration of 
 10−15 mol/L, corresponding to an enhancement factor of 1.53 ×  108. This substrate has an ultralow detection limit, incurs low 
processing costs and is simple to prepare; thus, the substrate has significant application potential in the trace analysis field.

Highlights

1. The prepared superhydrophobic and hydrophilic com-
posite structure realizes the enrichment and localization 
of the object to be measured.

2. The laser-induced periodic surface structures (LIPSS) 
are combined with the silver-plating process to achieve 
optimal hotspot regularity and high-density distribution.

3. The LIPSS structure was prepared at the edge of the 
hydrophilic region, and the coffee ring effect was used to 
further enrich the tested substance in the hotspot distri-
bution region. A detection limit of R6G  10−15 mol/L and 
an enhancement factor up to 1.53 ×  108 were realized.

Keywords Femtosecond laser · Surface-enhanced Raman scattering · Coffee ring effect · Superhydrophobic–hydrophilic 
surface

1 Introduction

Detecting ultralow concentration molecules has been a chal-
lenge in research and practical applications, especially in 
areas related to human health, e.g., food safety testing [1–3], 
environmental online monitoring [4, 5], and early disease 
diagnosis [6–9]. Common challenges include low analyte 
concentrations, high testing demands, and the require-
ment for rapid results. As a result, detection sensitivity, 
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cost-effectiveness, and efficiency are stringent demands. 
Surface-enhanced Raman scattering (SERS), which is a 
highly sensitive, noninvasive, fast, and label-free detection 
technology, remains one of the most promising approaches 
[10–12].

Currently, the two main enhancement mechanisms 
accepted for SERS are electromagnetic enhancement (EM) 
[13] and chemical enhancement (CM) [14]. Many studies 
have improved the detection limit of SERS by manipulating 
these mechanisms, with EM playing a major role  (108–1010 
enhancement) [15]. For example, Sakir et al. employed the 
seed-mediated growth method to fabricate copper nanostruc-
tured substrates, where the substrate achieved a detection 
limit of  10−7 mol/L for Rhodamine 6G (R6G)and exhibited 
excellent uniformity [16]. In addition, He et al. prepared 
the three-dimensional (3D) silver microsphere aggregation-
induced Raman enhanced scattering and utilized the 3D col-
laborative interaction to create more hotspots to achieve the 
quantitative detection of carbendazim in tea [1]. Although 
they have all achieved good enhancement results, there is 
still a lot of room for improvement in detection limits.

Recently, efforts have attempted to increase the detec-
tion sensitivity via the concentration of analytes, and supe-
rhydrophobic surfaces are being targeted because they can 
reduce the spread of analytes and increase the number of 
molecules per unit area, which enhances detection sensi-
tivity. Song et al. fabricated a bull’s eye structure featur-
ing a superhydrophobic gradient through photolithography, 
achieving a detection limit of  10−15 mol/L for R6G [17], 
and Song et al. investigated a SERS substrate fabrication 
method that integrates the nanodendrite gold structure with 
a superwettable surface. This method achieved a detection 
sensitivity of  10−12 mol/L for R6G and inhibited the forma-
tion of coffee rings through the ultra-hydrophilic surface 
[18]. These methods have achieved remarkable detection 
results; however, the challenges associated with reducing 
the complexity and cost of the preparation process limit the 
widespread use of SERS substrates in practical applications. 
Thus, it is necessary to adopt a simple and low-cost method 
to prepare high-sensitivity SERS substrates. Laser process-
ing technology is based on the interaction between light 
and materials, and it is known for its simplicity, efficiency, 
and cost-effectiveness. Femtosecond laser pulses, with their 
exceptionally high peak power and minimal thermal dam-
age, offer significant advantages in micro- and nanostructure 
fabrication [19]. The femtosecond laser processing technol-
ogy has played a pivotal role in various research and engi-
neering applications, including surface modification [20], 
surface micro-structuring [21], and the fabrication of SERS 
substrates [22].

In this paper, a superhydrophobic–hydrophilic SERS sub-
strate is designed and fabricated using femtosecond laser 
processing. The designed SERS substrate achieves precise 

analyte enrichment through modulation of the surface wet-
tability. Combined with laser-induced periodic structures, 
dense and uniform distribution of hotspots is realized, 
thereby providing an ultrahigh detection sensitivity of 
 10−15 mol/L. In addition, the distinctive surface morphol-
ogy contrast between the superhydrophobic and hydrophilic 
regions enables rapid localization of the boundary of trace 
areas, which facilitates practical detection. The coffee ring 
effect (CRE) is leveraged to enhance detection sensitivity. 
With the advantages of high efficiency, good affordability, 
and high sensitivity, the proposed superhydrophobic–hydro-
philic patterned Cu@Ag composite SERS substrate has 
great promise as an ultra-sensitive detection technique with 
application potential in various fields, e.g., food safety and 
disease diagnosis.

2  Experimental

2.1  Preparation of hybrid Superhydrophobic–
Hydrophilic Substrates

A single-sided polished copper sheet (≥ 99.95 wt%; initial 
size 5 × 5 × 0.5 mm) was used as the substrate. The fem-
tosecond laser used in this study (BWT Tianjin Ltd.) can 
generate 285 fs pulses at a wavelength of 515 nm, and its 
output power, repetition frequency, and pulse number are 
adjustable through software. A schematic diagram of the 
SERS substrate preparation and detection process is shown 
in Fig. 1, and the femtosecond laser processing system is 
shown in Additional file 1: Fig. S1. Prior to femtosecond 
laser processing, the sample was cleaned ultrasonically in 
both ethanol and deionized water for five minutes, respec-
tively, to remove surface impurities. The ultrashort laser 
pulses were focused onto the sample surface through a 
40-mm focal length optical lens (MBFCX10609-A), and the 
intensity distribution of the laser pulse closely followed a 
Gaussian distribution. Real-time monitoring of the machin-
ing process was enabled using a charge-coupled device cam-
era. In the first step, large aspect ratio microcolumn grid 
arrays were machined by controlling the uniform motion 
of the stage. A laser fluence of 4.95 J/cm2, scanning speed 
of 6 mm/s, scanning interval of 15 μm, and two reciprocat-
ing scans were used in our experiment. During the motion, 
a square area was retained at the center through program-
ming to facilitate the preparation of periodic structures. In 
the second step, a laser was employed for point-by-point 
scanning to induce periodic structural patterns within an 
80 μm range inward from the untreated central region. The 
parameters used are as follows: a laser fluence of 0.34 J/cm2, 
an interval of 6 μm, and 200 pulses per point. Following the 
first and second steps, the sample was cleaned using deion-
ized water for five minutes to remove processing residues. 
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In the third step, a layer of silver film (thickness: 80 nm) 
was deposited on the sample surface using an ion sputter-
ing instrument (ISC150T). In the fourth step, the processed 
sample was immersed in a 0.01 mol/L stearic acid solution 
at room temperature for 10 min and left to air dry. In the 
fifth step, 10 μL liquid drops were added to the SERS sub-
strate using a pipette, and a Raman test was performed after 
volatilization. Finally, in the sixth step, the measured Raman 
signals were processed and analyzed. The size of the trace 
area of the dryer R6G at different immersion times is shown 
in Additional file 1: Fig. S2.

2.2  Surface Morphology and Hydrophobicity 
Testing

The surface morphology and trace amounts were character-
ized using a field emission scanning electron microscope 
(Apreo S LoVac), a laser scanning confocal microscope 
(Olympus, OLS4100), an inverted fluorescence microscope 
(LEICA DMi8), and a commercially available atomic force 
microscope (AFM, Dimension Icon). The contact angle 
(CA) measurements of a 10-μL solution of  10−7 mol/L 
R6G were performed using a CA measurement instrument 
(JC2000D1) under carefully controlled room temperature 
conditions, ranging from 30.5 to 31.3 °C with a relative 
humidity of 26.7%–39.1%. To ensure high measurement 

accuracy and reliability, the measurements were repeated 
three times, and the averaged results were reported with an 
error range.

2.3  SERS Spectral Characterization

In Raman testing, a 10-μL R6G solution was dropped onto the 
substrate surface using a pipette and allowed to air dry at room 
temperature. Due to the excellent adhesion properties of the 
central hydrophilic surface, the analytes can be concentrated 
at specific locations, thereby enhancing SERS performance. 
The Raman system used in this study comprised a confocal 
microscope–based smart Raman system (developed by the 
Institute of Semiconductors, Chinese Academy of Sciences) 
and a spectrometer (Horiba iHR550) operating at an excita-
tion wavelength of 532 nm. The grating groove density was 
600 lines per millimeter (600 gr/mm). Prior to testing, the 
spectrometer was calibrated carefully using the Raman peak 
of silicon at 520.7  cm−1. During the measurement, the laser 
power was approximately 86 μW, the spectral integration time 
was set to 3 s, the integration was repeated twice, and the spec-
tral range was 500–1800  cm−1. Using a 50 × objective lens 
(Olympus; N.A. = 0.75), the lateral spatial resolution was bet-
ter than 1 μm, and the axial spatial resolution was better than 
2 μm (in air). Given the strong fluorescence peak of R6G at 
550 nm [23], baseline correction was performed on the Raman 
spectra to mitigate its impact on the results.

Fig. 1  Schematic diagram of SERS substrate preparation and detection process
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3  Results and Discussion

3.1  Key Processing Parameters 
of Superhydrophobic–Hydrophilic Structure

The detailed structures obtained after each processing step 
are shown in Fig. 2. As can be seen, in Step I, the substrate 

exhibits a dual-roughness structure [24] comprising a 
micrometer-scale columnar array generated by laser abla-
tion and nanoscale particles formed through rapid solidifi-
cation during material removal. These nanoscale particles 
adhere to the surface and exhibit periodicity. The aver-
age spacing between microcolumns is 8.7 μm. In Step II, 
laser-induced periodic surface structures (LIPSS) with an 

Fig. 2  Fabrication flowchart of hybrid superhydrophobic and hydrophilic platform
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average period of 330 nm are generated through laser point 
array processing. This laser-induced fabrication method 
produces regular nanoscale periodic structures, which pro-
vide an effective and uniform adhesion area for the depo-
sition of the silver film. The formation of periodic nano-
structures can be attributed to the interference between 
the incident laser beam and the surface electromagnetic 
wave generated at the rough surface [25]. Silver is widely 
utilized in SERS technology due to its significant enhance-
ment capability. Compared to other enhancing noble met-
als, e.g., gold and copper, silver is used more extensively 
to achieve successful SERS [26–28]. By comparing Step 
II in Fig. 2 with the nanoscale particles, it can be observed 
that after silver plating, the original nanoscale particles are 
covered by a silver film, thereby leading to a significant 
increase in diameter, as shown in Step III (Fig. 2). This 
silver-plating process results in a closer arrangement of 
nanoscale particles and a noticeable reduction in particle 
spacing, which further enhances the SERS effect. For trace 
detection, the distribution of the analyte on the substrate 
surface is crucial for the test results. Preparing a superhy-
drophobic surface reduces the distribution area of trace 
amounts significantly, thereby increasing the distribution 
of the analyte within a trace unit area substantially. The 
hydrophobicity of the material is determined by the sur-
face structure and surface energy; thus, chemical modifica-
tion of the rough surface is performed using a low surface 
energy reagent, i.e., stearic acid. The modified substrate 
exhibits a Cassie–Baxter (CB) state of superhydrophobic-
ity. The final surface morphology of the substrate is shown 
in Step IV (Fig. 2).

In the CB state, the CA �CB can be obtained as follows 
[22]:

where � and f  represent the equilibrium CA of the droplet 
on a flat surface and the fraction of the liquid–solid con-
tact area, respectively. Based on this formula, reducing the 
solid–liquid interface area fraction can enhance the surface 
superhydrophobicity significantly. Increasing the amount 
of material removed during laser processing can increase 
the air volume between the liquid droplets and the bottom 
substrate. Previous studies [29] have demonstrated that the 
presence of air at the bottom can exert an upward force on 
the liquid droplets, thereby promoting the CB state. Three 
types of microcolumn grid arrays were processed by adjust-
ing the laser flux. (1) Type I: under a laser flux of 3.54 J/cm2, 
the array’s average depth was 11.06 μm, and the average 
width was 9.57 μm. Here, the CA was 141.3° (Fig. 3a, d, g). 
Although the CA was improved significantly compared to 
the untreated surface, it did not achieve the level of super-
hydrophobicity. (2) Type II: when the laser flux increased to 

(1)cos �CB = f (cos � + 1) − 1,

4.95 J/cm2, the average depth of the microcolumns reached 
13.98 μm with an average width of 9.64 μm. Compared 
to Type I, the depth increased significantly, and the width 
remained nearly constant. This occurs due to the fixed size 
of the focused spot and its Gaussian energy distribution. As 
the laser flux increases, the energy change primarily con-
centrates near the center of the spot, which results in a more 
pronounced depth change, and the width remains relatively 
constant. At this point, the CA reached 156.3°, thereby sat-
isfying the requirements for superhydrophobicity (Fig. 3b, e, 
h). (3) Type III: with the continuous increase of laser energy, 
when the laser flux reaches 6.36 J/cm2, material removal 
cannot be discharged promptly, which leads to the accumula-
tion of removed material at the bottom [30, 31] and results 
in a shallower processing depth. The cross-sectional depth 
profile reveals the appearance of a distinct small peak at the 
bottom, which is the redeposition of the removed material. 
Here, the average depth was 9.38 μm, and the average width 
was 9.30 μm. At this stage, the CA was only 120° (Fig. 3c, 
f, i). Thus, the selection of laser flux has a direct effect on 
the surface hydrophobicity. Among these three groups of 
results, the hydrophobicity of the Type II substrate was the 
best, and the processing parameters of the Type II structure 
were adopted in subsequent investigations.

For SERS detection, the distribution position and area of 
the analyte are critical for the detection results. Due to the 
low adhesiveness of superhydrophobic surfaces, the addi-
tion of droplets frequently poses challenges, resulting in an 
inability to fix the distribution position of the analyte on the 
surface. In addition, influenced by the CRE [32], the dis-
tribution of the analyte within the trace area is not uniform 
(Fig. 4a, d). This nonuniform distribution poses significant 
challenges for detecting the analyte concentration accu-
rately. During the evaporation process, as the droplet vol-
ume decreases, the Laplace pressure [33, 34] ( PL = 2�L∕R 
given by the Young–Laplace equation, where �L is the liq-
uid surface tension, and R is the droplet curvature radius) 
increases. Increasing the Laplace pressure gradually trig-
gers the wetting state transition from the CB state to the 
Wenzel state [35], which results in a gradual reduction in 
CA and stabilization of the contact line (CL). Subsequently, 
the trace area no longer diminishes. Based on this, a large 
CA and retractable CL can be achieved through the external 
superhydrophobic surface by fabricating a superhydropho-
bic–hydrophilic composite structure. The adsorption of the 
test droplet relies on the central hydrophilic region, ulti-
mately concentrating the analyte molecules entirely within 
the hydrophilic area. To minimize the trace area as much as 
possible, the determination of the hydrophilic region area 
is of paramount importance. First, the trace area is deter-
mined on the superhydrophobic surface. By adding 10 μL 
of R6G solution on the surface, the trace area was meas-
ured as approximately 0.33  mm2, as shown in Fig. 4a, d, 
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from which the size of the central square unprocessed area 
shown in Fig. 4b, e can be determined. The distribution of 
the analyte after drying is shown in Fig. 4b, e. As can be 
seen, the analyte is well-distributed within the designated 
area, with significant enrichment of the analyte at the edges 
of the specified region. Due to the influence of surface ten-
sion, the droplet exhibits more pronounced contraction at 
the four corners of the central square area, thereby ensuring 
that the edge enrichment region remains within the dot array 
structure area. This also leads to a more significant accumu-
lation of the test substance at the edge compared to other 
edge regions (Fig. 4e). Using this approach, the distribution 
range of the analyte can be determined, and the concentra-
tion of the analyte can be further amplified by the CRE. 
This method is particularly beneficial for detecting colorless 
analytes or those with extremely low concentrations.

The significant enhancement of SERS occurs exclu-
sively on or near rough metal surfaces, and it operates at 
the nanoscale level [36]. Thus, employing the femtosecond 

laser-induced processing method, a dot array structure 
with nanoscale periodic ripples is created in the hydro-
philic region. To enhance processing efficiency, based 
on the experimental results shown in Fig. 4b, e and the 
actual size of the detection area, the hydrophilic region 
is not subjected to overall dot array processing. Instead, 
processing is applied to the edge regions where a more 
pronounced enrichment phenomenon is observed to ensure 
the accumulation and deposition of the test substance on 
the dot array structure. The distribution of analytes on the 
substrate after processing is shown in Fig. 4c, f. Remark-
ably, the dot array structure has no impact on the surface 
hydrophobicity or the distribution of analytes, which is 
consistent with the distribution observed prior to process-
ing. In addition, the enrichment of the analyte in the edge 
region is confined within the dot array structure. Distinct 
morphological differences between the different structures 
result in high identification accuracy, thereby enabling 
rapid localization during the detection processes.

Fig. 3  Surface morphology of superhydrophobic structure under different laser fluxes. 3D surface profiles in (a) 3.54 J/cm2, (b) 4.95 J/cm2 and 
(c) 6.36 J/cm2. d–f Magnified images corresponding to (a–c). g–i 3D depth profiles at the dashed line positions shown in (d–f), respectively
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Figure 5 shows the morphology of a single point under 
AFM testing. The surface exhibits a series of uniformly 
spaced periodic ripples with an average initial spacing of 
174.2 nm. To minimize the potential impact of processing 
depth on the detection results, the maximum processing 
depth of individually prepared points remains below 600 nm, 
which is significantly smaller than the longitudinal spatial 
resolution of approximately 2 µm.

3.2  SERS Substrate Enrichment Capability 
and Wetting Characteristics Evaluation

Figure 6 shows the evaporation process of the liquid drop-
lets and the deposition morphology of analytes on substrates 
with different wetting modes, including on bare copper (i.e., 
only coated with silver) for substrate Types IV and V. Type 
IV and Type V are improvements based on Type I and Type 
II, with the structure shown in Fig. 4c prepared in the central 
region. Figure 6a shows the temporal reduction in the CA of 
the liquid droplet on the SA-modified silver-coated bare cop-
per surface starting below 90°, which indicates its hydrophilic 

Fig. 4  Traces of area after evaporation of 10 μL  10−7 mol/L R6G on 
different treated surfaces. a and d show the superhydrophobic sur-
faces, and b and e show the superhydrophobic–hydrophilic surfaces 
(hydrophilic region untreated). c and f show the superhydrophobic–

hydrophilic surfaces (with periodic ripple structures prepared in the 
hydrophilic region). Note that (d–f) are localized 3D magnifications 
corresponding to (a–c)

Fig. 5  a SEM image of a single-point structure within the dot array 
structure. b AFM image of a single-point structure within the dot 
array structure. c Relevant depth profiles along the marked line
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nature. The CL is relatively long and remains nearly fixed on 
the surface. The rapid evaporation rate at the CL facilitates 
capillary flow, whereby dispersed nanoparticles are continu-
ously transported toward the droplet edge [37]. Eventually, 
analytes accumulate along the CL, giving rise to a coffee ring 
formation with a diameter of 3.98 mm, which corresponds to 
an area of 12.43  mm2. The initial length of the CL at the same 
droplet volume relies on the CA, where a larger CA corre-
sponds to a shorter initial CL. The Type IV substrate exhibits 
high adhesion and hydrophobicity (Fig. 6b), with an initial CA 
of 141.3° and a CL length of 1.96 mm. The area of deposited 
analytes is reduced by 4.1 times compared to that on the bare 
surface. However, due to its high adhesion, the CL is not short-
ened significantly during the entire evaporation process. On 
the Type V low-adhesion superhydrophobic surface (Fig. 6c), 
the initial droplet possesses a larger CA and a shorter CL, and 
it exhibits low surface adhesion. During the first 44 min of the 
evaporation process, the CL was shortened continuously. Sub-
sequently, the edge of the droplet coincides with the edge of 
the square hydrophilic region. The final area of the deposited 
analytes is 0.31  mm2, representing a reduction of 40.1 times 

compared to the bare surface. The fluorescence images in 
Fig. 6a–c show the distribution of the test substance after the 
droplet has evaporated. For the Type V substrates, even if the 
droplet release position is slightly offset from the center region, 
the added droplets are anchored to the central area, ultimately 
fixing the trace area in the center region. Figure 6d, e shows 
detailed plots of the corresponding changes in CA and CL over 
the course of the evaporation process. Compared with the bare 
copper (only coated with silver) and Type IV substrates, the 
CA of droplets on the Type V substrate remains stable for a 
longer period, and the CL has an obvious contraction, with the 
final CL being only half of the initial CL.

3.3  Detection Limits and Uniformity at Different 
Silver Deposition Thicknesses

The prominent Raman peak of R6G in the spectrum is 
labeled in Fig. 7a. Here, the peaks at 611 and 772  cm−1 cor-
respond to the in-plane bending of the C–C–C ring and the 
out-of-plane bending of the C–H bonds, respectively. The 
peaks observed at 1181, 1368, 1506, 1576 and 1654  cm−1 are 

Fig. 6  Evaporation processes of 10 µL drops contain  10−7 mol/L R6G 
on SA-modified, a silver-plated copper, b Type IV surfaces, and, c 
Type V surfaces. The fluorescence images on the far right in (a–c) 

display the distribution of R6G after evaporation. d Variation of the 
CA with the evaporation time. e Variation of the CL with the evapo-
ration time
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Fig. 7  a Raman signals of R6G on the raw copper surface, the laser-
processed surface (unsilvered)  (10−4 mol/L), and the SERS substrate 
 (10−7 mol/L). b–g SEM images of silver deposition thickness ranging 

from 0 to 100 nm with histograms showing the distribution of propor-
tions in intervals. h Detection limits of R6G at different silver deposi-
tion thicknesses
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associated with the C–C stretching vibrations related to the 
benzene ring. In addition, the peak at 1127  cm−1 is related 
to the in-plane C–H bending vibrations associated with the 
benzene ring, and the peak at 1313  cm−1 is classified as 
C–H bending vibrations related to the benzene ring [26, 38]. 
Figure 7a shows the Raman detection results for R6G at con-
centrations of  10−4 mol/L on the raw copper surface and the 
laser-processed surface (unsilvered) and  10−7 mol/L on the 
fabricated SERS substrate. On the raw copper surface, the 
lowest detectable concentration of R6G is  10−4 mol/L. The 
detection effect of the copper surface processed by the laser 
is essentially the same as that of the unprocessed copper sur-
face because the enhancement effect of copper is weak, and 
the resulting copper nanoparticles are oxidized and lose the 
enhancement effect due to processing in air. To improve the 
enhancement effect of the prepared substrate, the silver film 
is plated on the surface of the copper after laser processing. 
Figure 7b–g exhibits SEM images presenting various sil-
ver-plated thicknesses accompanied by histograms showing 
the ratios of nanoparticle spacing. With the augmentation 
of silver-plated thickness, the nanoparticle size increases, 
concomitant with a reduction in interparticle separation. As 
the spacing between the silver nanoparticles decreases, the 
enhancement effect of the hotspots becomes increasingly 
pronounced [39]. Here, a hotspot refers to extremely close 
gaps between nanostructured materials where the electro-
magnetic field experiences significant enhancement, thereby 
leading to substantial SERS enhancement [13]. Prior to sil-
ver plating, the spacing between the nanoparticles primarily 
ranges from 20 to 80 nm. With the increase in silver-plating 
thickness, when the thickness reaches 80 nm, the nanopar-
ticle spacing decreases noticeably, primarily falling within 
the range of 0–40 nm, which is preferable in SERS detection. 
The substantial rise in the proportion of spacing within the 
intervals of 0–10 nm and 10–20 nm is particularly notewor-
thy. In addition, as the silver thickness continues to increase, 
noticeable nanoparticle fusion occurs, which results in a 
weakening of the SERS enhancement effect. By testing the 
detection limits of substrates with different silver-plating 
thicknesses, the test results are consistent with the trend of 
the nanoparticle spacing interval proportions. In the range of 
0–80 nm, the proportion of nanoparticle spacing within the 
smaller intervals gradually rises as the silver-plating thick-
ness increases, thereby resulting in a significant enhance-
ment of the substrate detection sensitivity. Nevertheless, 
at a silver-plating thickness of 100 nm, the proportion of 
nanoparticle spacing within the smaller intervals decreases 
compared to the 80 nm cases, which results in a reduction in 
detection sensitivity. This trend is shown in Fig. 7h.

In SERS applications, the detection limit is an important 
parameter to evaluate the practicability of a SERS substrate. 
To investigate the detection limit of the prepared substrate, 
R6G solutions of different concentrations were prepared 

for Raman spectroscopy measurements. Figure 8a–c shows 
SEM images of the dot array structure region after evapora-
tion. The nanoparticles on the substrate are enveloped by 
R6G, leading to a significant enhancement of the electro-
magnetic field [40]. Figure 8d, e shows the R6G Raman 
signal from  10−7 to  10−15 mol/L on the substrate. As can 
be seen, significant Raman peaks are observed at 611, 771, 
1181, 1368, 1506 and 1654  cm−1, even though the R6G 
concentration is as low as  10−15 mol/L. In determining the 
analyte, the more characteristic Raman peaks there are, the 
more accurately the analyte can be identified. This indicates 
that the prepared SERS substrate can detect extremely low 
analyte concentrations. According to the Raman intensity 
of  10−15 mol/L at 611  cm−1 and the Raman peak intensity 
of  10−4 mol/L R6G on the original copper surface, the cor-
responding enhancement factor (EF) can be calculated as 
follows [41].

Here, ISERS and IRef represent the Raman signal intensity 
collected from the SERS substrate and raw copper surface, 
respectively, and NSERS and NRef are the number of mol-
ecules adsorbed per unit area on the SERS substrate and raw 
copper surface, respectively. The calculated EF is approxi-
mately 1.53 ×  108 (additional details are provided in the Sup-
porting Information).

In addition, the uniformity and consistency of the dot 
array structure in the prepared substrate were also examined, 
as shown in Fig. 8f, g. Calculations reveal that, even at a low 
concentration of  10−11 mol/L, the relative standard deviation 
of the Raman signal at 611  cm−1 remains remarkably low 
at 11.9%. The distribution of the peak intensities between 
two neighboring processing points within the processing 
area is nearly identical. Thus, we confirm that the processed 
dot array structure demonstrates excellent uniformity and 
consistency.

4  Conclusion

This study developed a superhydrophobic–hydrophilic pat-
terned Cu@Ag SERS substrate using a femtosecond laser 
to realize highly sensitive analyte detection. By adjusting 
the laser flux combined with surface modification, the pre-
pared superhydrophobic–hydrophilic composite structure 
enables the enrichment and localization of the analyte. An 
optimized superhydrophobic structure was achieved using 
a laser flux of 4.95 J/cm2. Under different silver-plating 
thicknesses, the spacing between the silver-plated nanopar-
ticles on the induced periodic structure was compared, and 
the optimal preparation of the local hotspot enhancement 

(2)EF =
ISERS/NSERS

IRef∕NRef
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effect generated by the nanoscale periodic fringe struc-
ture was accomplished with a silver-plating thickness of 
80 nm. Affected by the CRE, the analyte accumulates sig-
nificantly at the edges of the hydrophilic region. Under the 
influence of surface tension, the four corners of the square 
hydrophilic region experience further accumulation com-
pared to the other edges. Leveraging the morphological 
difference between the superhydrophobic and hydrophilic 
regions allows for rapid and accurate positioning of the 
four corners of the hydrophilic region, thereby maximiz-
ing the utilization of the CRE and achieving the highest 
possible detection sensitivity. The lowest detection limit 

of the prepared SERS substrate is  10−15 mol/L, and the EF 
is as high as 1.53 ×  108. In addition, the matrix structure 
of the substrate exhibits good uniformity and consistency, 
which guarantees the reliability of practical applications. 
This highly sensitive SERS substrate is expected to serve 
as a powerful tool for molecular detection, presenting wide 
ranging application potential in various fields, e.g., food 
safety, environmental monitoring, and disease diagnosis.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s41871- 024- 00222-z.

Fig. 8  a SEM images of R6G deposited on a periodically striped 
structure after evaporation. b, c show magnified views of (a). d, e 
Raman spectra of R6G with different concentrations. f Microscopic 

imaging under the Raman platform (after evaporation of 10  μL of 
 10−11  mol/L R6G). g Raman intensity mapping (611   cm−1) of the 
marked area in (f)

https://doi.org/10.1007/s41871-024-00222-z
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