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Abstract: Ultratrace molecular detections are vital for precancer diagnosis, forensic analysis,
and food safety. Superhydrophobic (SH) surface-enhanced Raman scattering (SERS) sensors
are regarded as an ideal approach to improve detection performance by concentrating analyte
molecules within a small volume. However, due to the low adhesion of SH surfaces, the analyte
droplet is prone to rolling, making it hard to deposit molecules on a predetermined position.
Furthermore, the sediment with a very small area on the SH-SERS surface is difficult to be
captured even with a Raman microscope. In this study, femtosecond laser fabricated hybrid
SH/hydrophobic (SH/HB) surfaces are successfully applied to realize a rapid and highly sensitive
SERS detection. By modulating dual surface structures and wetting behaviors, the analyte
molecules can be enriched at the edge of HB pattern. This improves the convenience and speed of
Raman test. On a hybrid SH/HB SERS substrate with a circular HB pattern at 300-µm-diameter,
a femtomolar level (10−14 M) of rhodamine 6G can be detected by using analyte volumes of just
5 µL. The SERS enhancement factor can reach 5.7×108 and a good uniformity with a relative
standard deviation of 6.98% is achieved. Our results indicate that the laser fabrication of hybrid
SERS sensor offers an efficient and cost-effective approach for ultratrace molecular detection.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In recent years, food, environment, and health have become the focus of social concern. Studies
find that some toxic substances with only a small dose can cause damage to the human body,
so how to quickly and accurately detect the ultratrace hazardous molecular is crucial. Since its
discovery in 1977, surface-enhanced Raman scattering (SERS) has been dramatically developed
due to its distinct capability to trace low-concentration molecules [1–3]. It plays an important
role in a variety of applications such as water pollution detection [4], explosive sensing [5],
and food security monitoring [6]. The SERS enhancement is mainly attributed to chemical
and electromagnetic enhancement, and the latter mechanism induced by the localized surface
plasmon resonance (LSPR) is universally accepted [7–10]. In general, to prepare a test specimen
for SERS detection, the SERS active rough substrate should be immersed in a solution of interest,
resulting in that only a fraction of the test molecules contribute to the hot spots, yet most of the
test samples are wasted [11,12]. Besides, for the applications in precancer diagnosis, forensic
analysis, and food safety, the detection of ultratrace molecules is expected to be realized from the
solution of small volumes. In these cases, the targeted molecules are usually randomly dispersed
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in the highly diluted solution with a concentration as low as 10−15∼10−12 M. However, coffee
ring effect on the hydrophilic SERS surface tends to hinder the targeted molecules from being
concentrated to a limited area [13].

Recently, SERS substrates with superhydrophobicity were developed to resolve these problems
[14,15]. When the droplets containing analytes evaporate on a low-adhesive (LA) superhydropho-
bic (SH) surfaces with a water contact angle (CA) over 150° and sliding angle (SA) smaller than
10°, the coffee ring effect can be effectively suppressed, which results in the enrichment of analyte
molecules [13]. For example, Min et al. demonstrated a SH SERS substrate using Sn-doped
indium oxide as a template, and the lowest detection concentration of rhodamine 6G (R6G) was
about 10−8 M [16]. George et al. prepared a flexible SH surface by replicating laser-written
patterns created on polymethylmethacrylate on a soft-elastomer, and a limit of detection as low as
8×10−15 M for R6G molecules was achieved [17]. Cao et al. prepared an SH Ag nanoparticles
decorated Cu(OH)2 nanoneedle array and used R6G as the probe molecule, which resulted in
a detection limit approaching to approximately 0.1 ppm [18]. Moreover, the sensor could be
reused by at least six cycles without any cleaning process. Notably, Tan et al. used capillary force
lithography (CFL) and Langmuir–Schaefer techniques to fabricate a stable SH-SERS platform,
achieving a detection limit of 10−17 M with 4 µL R6G [19].

Nevertheless, due to the extremely small SA, the droplet is prone to rolling on the LA-SH
surface, leading to the difficulty in controlling the molecules’ deposited position. Besides, for the
colorless analyte with an extremely low-concentration, the sediment with a very small area on the
SH-SERS substrate is hard to be captured even by a Raman microscope. Furthermore, according
to Industry 4.0, production automation is required, and a high expectation is put forward for
the automation of measuring instruments and test processes. At present, to realize automated
sample injection and testing of SERS detection, in addition to using the automated devices,
precise positioning and rapid analysis of deposited analyte molecules are essential. Therefore,
concentrating the specimen to a predetermined position without losing the targeted molecules and
capturing the enrichment zone rapidly with a highly sensitive detection are of great significance.

In general, SH surfaces on metal materials are usually achieved by fabricating micro-nano
structures with a subsequent chemical modification procedure [20]. To fabricate hierarchical
micro/nano-structures, laser texturing is a facile and efficient approach, which has been success-
fully applied in various fields [21,22]. In this study, femtosecond laser fabrication of hybrid
SH/hydrophobic (HB) surfaces with designed patterns on stainless steels were used to realize a
rapid and highly sensitive SERS detection. The patterned hierarchical micro/nano-structures can
be prepared in one step. By tuning laser processing parameters, micro/nano-structures can be
well regulated to determine the wetting behaviors. Relying on the differences in the structure and
droplet adhesion between the HB pattern and the surrounding SH surface, the analyte molecules
can be fully enriched to a predetermined position. The deposited molecules with a small area
can be easily captured to complete the SERS detection rapidly. The evaporation processes of
droplets on the surfaces with different wetting behaviors were investigated. Finally, the Raman
spectra of analyte droplets with various concentrations were measured to confirm the feasibility
of proposed techniques.

2. Experimental methods

A 50×50 mm2 AISI304 stainless steel sheet with a thickness of 1 mm was selected as the sample
substrate. The as-received substrates were cleaned in an ultrasonic ethanol bath for 10 minutes
and then the surface was textured by a laser galvo-scanning system. As shown in Supplement
1, Fig. S1, a Gaussian laser beam, emitted from a 520 nm femtosecond laser (Spectra-Physics
Spirit HE 1040-30-SHG) with a pulse width of 300 fs at 250 kHz pulse repetition frequency, was
focused onto the sample surface by an F-Theta lens with a focal spot size of 16 µm in diameter.
The sample surfaces were textured with the optimized laser processing parameters: laser fluence
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of 2.6 J/cm2 and scanning spacing of 50 µm. To reduce the surface energy, the laser-textured
samples were then modified with a 0.01 mol/L solution of stearic acid (Sigma-Aldrich) at an
ambient temperature for 60 min and dried in atmospheric conditions. Then, a layer of 60 nm
thick gold film was deposited on the laser-ablated stainless steel by a high-vacuum evaporation
technique (Wuhan Wakesc Technology Co., Ltd, QM-1A).

The CA, SA, and contact line (CL) were measured with 3 µL distilled water by a video optic
contact angle instrument (DATAPHYSICS, OCA 25). The surface morphology of the laser
textured stainless steel was characterized using a 3D measuring laser microscope (Olympus, OSL
4100) and a field-emission scanning electron microscopy SEM (Hitachi, Su 8010). A 5 µL R6G
solution droplet was deposited and evaporated on the hybrid SERS substrate in the air at room
temperature to conduct the Ramen detection. The Raman spectra were carried out by a Raman
microscope (London, Renishaw inVia). The excitation source was a 633 nm laser with a power
of 0.5 mW (50 mW in total). The laser spot size at the focus was around 1 µm in diameter with a
50× objective lens and the integration time was 3s. All the SERS spectra presented in this work
were obtained by a single measurement method.

3. Results and discussion

For metal materials, SH surfaces are usually obtained via creating rough structures followed by
depositing low surface energy chemical molecules [20]. Moreover, the surface morphologies
can be regulated to determine the wetting modes of various artificial bionic surfaces [23]. For
example, a small sliding angle below 10° is achieved by mimicking lotus leaves [24], and water
drops on high-adhesion (HA) SH surfaces derived from rose petals cannot slide at any tilted
angles [25]. Figures 1–2 show the wetting behaviors and surface morphologies of the laser
textured stainless steel with different scanning speeds. In this experiment, laser processing is
conducted by scanning the focusing spot in two perpendicular directions. For the Gaussian
beam, since the average laser fluence used is much higher than the damage threshold, the surface
structure can be regulated by controlling the laser spot’s overlap rate [26]. When the scanning
speed is 20 mm/s, the laser-ablated surface is featured with a micro/nano-scale hierarchical
structure (Fig. 2(a) and Supplement 1, Fig. S2). The microscale groove (Supplement 1, Fig. S2)
with a depth of 18.2 µm is caused by the removal of material. The nanoparticles (Figs. 2(c) and
2(e)) with a 20-100 nm size are induced by the rapid cooling of the ejected liquid melt in the
localized melt region [27]. The air layer trapped in this type of composite structure prevents the
surface from being wetted and results in a small solid/liquid contact area with a low-adhesion
(LA). Therefore, after chemical modification, the laser textured surface with a low surface energy

Fig. 1. Effect of laser scanning speed on CA and SA.
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shows an excellent superhydrophobicity with an apparent CA of 153.9°, and a SA of only 2.3°
(Fig. 1). However, as the overlap rate of laser spot decreases with increasing the scanning speed,
the roughness of laser textured surface gradually decreases Supplement 1, Figs. S2(e) and (f)),
which results in the decrease of CA and the increase of SA. Importantly, increasing the scanning
speed up to 110 mm/s enables the water droplet to be firmly pinned on the SH surface without
any movement at any tilted angles (Fig. 1).

Fig. 2. SEM images of the laser-ablated surfaces at the scanning speeds of (a, c, and e)
20 mm/s, and (b, d, and f) 170 mm/s.

As illustrated in Figs. 2(b), 2(d), and 2(f), when the laser scanning speed increases to 170 mm/s,
high-density nanostructures can be still observed on the material surface. Nevertheless, compared
to the textured surface prepared at a speed of 20 mm/s (Fig. 2(a)), the surface shown in Fig. 2(b)
is relatively flat. This higher scanning speed results in a micro-groove depth of only 2.4 µm
(Supplement 1, Fig. S2), which causes the micro-scale structures to be less obvious. Moreover,
the nanoparticles with a size of 80-200 nm (Fig. 2(f)) are significantly larger than those shown in
Fig. 2(e). The above factors lead to complete contact and HA on solid/liquid interfaces. Hence,
to maximize the differences in droplet adhesion and surface structure, the laser speeds of 20 mm/s
and 170 mm/s were chosen to fabricate the LA-SH and the HA-HB surfaces, respectively.

For the SERS detection that only uses a small volume of droplet, the sediment’s area after
the droplet evaporating is crucial to perform the measurement. The evaporation processes of
particle-laden water droplets on the solid surfaces with different wetting properties are shown in
Fig. 3. For the HA-HB surface (Fig. 3(a)), the initial CA is only 120.3°. Due to the HA, the CA
decreases obviously with time, and the contact line (CL) is almost pinned on the surface with only
a slight decrease of ∼0.03 mm. As the evaporation rate at the CL is relatively fast, a capillary flow
moving from the center to the edge continuously carries the dispersed nanoparticles to the drop
periphery. Finally, the analytes are deposited along the CL to form a coffee ring with a diameter
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of 1.8 mm. On the LA-SH surface (Fig. 3(b)), the initial droplet with an extensive CA possesses
a small CL. During the first 48 minutes of the evaporation process, the CA is always larger than
136°, and the CL is free to recede. Notably, the drying process can be greatly accelerated by
placing the SERS substrate on a hotplate. Subsequently, the CA shows a considerable decrease,
and the final contact diameter is only 0.34 mm, corresponding to an area of ∼0.09 mm2, which is
28.3 times smaller than that of the HAHS. This reveals that the LA-SH surface is beneficial to
improve the SERS detection range. Nevertheless, since the droplet is easy to slide on the LA-SH
surface, it is difficult to control the molecules’ deposition position. Besides, for trace amount of
colorless analyte on the LA-SH with a single periodic structure, the deposited particles cannot be
quickly captured even using a microscopic Raman equipment.

Fig. 3. Evaporation process of 5 µL drops containing 0.1 mg/mL polystyrene on (a) HA-HB
and (b) LA-SH surfaces. The CA and CL as a function of evaporation time for (c) LA-SH
and (d) HA-HB surfaces. (e) Optical image of polystyrene deposited on a hybrid SH/HB
surface.

To concentrate molecules on the desired position, an HA-HB pattern with a diameter of 300
µm was fabricated on a LA-SH surface. When the droplet is released to the boundary between the
HA-HB pattern and the surrounding LA-SH surface, it tends to be attracted by the HA pattern and
pinned on the surface. During the evaporation process, the CL is on the LA-SH surface first, and
then the CL shrinks to the edge of the HA pattern. Due to the coffee ring effect on the HA surface,
the analyte is deposited along the edge (Fig. 3(e)). Besides, as shown in Fig. 4, the 3D profile
shows that the surface roughness of the HA hydrophobic pattern and the surrounding LA-SH is
1.71 µm and 5.28 µm, respectively. Based on the different surface structures, the analyte deposited
along the HA pattern’s edge is easy to be captured using a Raman microscope. Meanwhile, the
surface nanostructure is beneficial to enhancing the Raman signal (Figs. 2(e)–2(f)), verified by
previous research [28,29]. The so-called “hot spots” are formed among adjacent nanoparticles,
which can significantly enhance the electric field and improve the SERS density [30–32].

The HA hydrophobic patterns with different sizes (Figs. 5(a)–5(c)) can lead to various SERS
performances. After 60 nm gold film was deposited on the laser-ablated stainless steel, R6G was
chosen as a probe molecule to investigate the SERS activity of the patterned SH/HB surface.
For comparison, three circular HA-HB patterns with diameters of 400 µm, 300 µm, and 200 µm
were made on the LA-SH surface. As shown in Fig. 5(d), after a 5 µL R6 G droplet with a
concentration of 10−6 M deposited on the patterned surface, characteristic Raman peaks are
able to be observed at 611, 775, 1188, 1313, and 1362 cm−1, respectively. The most substantial
peaks occur at 611 cm−1, which is selected for the comparison experiment. When the diameter
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Fig. 4. Images of the femtosecond laser patterned surface. (a), (b) 3D profile of the surface.
(c)-(f) SEM images of the hybrid SH/HB surfaces.

of HA-HB pattern is 400 µm, a SERS intensity of 6110 counts is obtained. As the diameter
decreases to 300 µm, the Raman signal shows the maximum intensity of 8492 counts. This is
because the reduction in the HA-HB pattern size is beneficial to enriching the target molecules.
However, further decreasing the HA-HB pattern reduces the SERS intensity to 4830 counts. This
is due to that the sediment’s area cannot be infinitely reduced with the shrinkage of HA-HB
(Supplement 1, Fig. S3). During the analyte droplet’s evaporation process on the HA-HB pattern
with a diameter of 200 µm, partial targeted molecules are deposited on the surrounding LA-SH
surface, resulting in the decrease of Raman signals (Supplement 1, Fig. S3). This matches well
with the findings by Chen et al. [33].

Figure 5(e) shows the Raman signals at different regions marked in Fig. 5(b). It can be seen
that the Raman signal in region 2 is significantly stronger than that in region 1 and 3. The major
reason is that the target molecules are mainly concentrated along the HA-HB pattern’ edge,
corresponding to region 2. This can also be confirmed by the micrographs of analytes distributed
on hybrid SH/HB surfaces as shown in Supplement 1, Fig. S3. Therefore, the subsequent Raman
signals were all measured at the edges of HA-HB patterns.

For SERS applications, detection limit is a significant indicator. Figure 6(a) shows the Raman
signals of 10−6, 10−8, 10−10, 10−12, 10−13, and 10−14 M R6 G on the patterned SH/HB surfaces.
By analyzing the peak at 611 cm−1, a quantitative comparison of the SERS intensities across
various R6 G concentrations, ranging from 10−10 M to 10−6 M, demonstrates that a linear SERS
response is obtained (Fig. 6(b)). The error bars refer to 3 measurements on a single SERS
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Fig. 5. SEM images of the hybrid SH/HB surfaces, on which the diameters of the HB
patterns are (a) 200 µm, (b) 300 µm, and (c) 400 µm, respectively. (d) Raman spectra of 10−6

M R6G solutions at the edges of different HB patterns. (e) Raman spectra of 10−6 M R6G
solutions at region 1, 2, and 3.

substrate with a 300 µm diameter circular HB pattern, and the test was carried out by randomly
selecting 3 points at the edge of HA-HB pattern. The distinct peaks of R6 G can be seen even
down to a concentration of 10−14 M. This indicates the proposed SERS sensors are able to trace
extremely low-concentration analytes.

The analytical enhancement factor is calculated to quantify the improvement of SERS
enhancement of analyte molecules concentrated on the patterned SH/HB substrate. Based on
the reported method [19], the corresponding enhancement factor (EF) can be calculated by the
following equation:

EF =
ISERS × CRaman
IRaman × CSERS

. (1)

where ISERS and IRaman stand for the signal intensities collected from SERS and normal Raman
substrate, respectively. CSERS and CRaman are the corresponding detection limit concentrations
achieved on the hybrid SH/HB platform and hydrophilic normal Raman platform, respectively.
Based on the signal at 611 cm−1, an EF on the order of ∼5.7×108 is obtained for the as-prepared
hybrid SH/HB SERS sensor.

High SERS signal homogeneity and repeatability of the patterned SH/HB SERS substrate is
further demonstrated by the SERS imaging (Fig. 6(c)). Using the SERS spectra at 10−6 M R6G
as an example, we randomly selected 8 points on the patterned SH/HB substrate to measure the
Raman signal. The results show that the SERS substrate demonstrates a uniform SERS signal
distribution across the region where R6G is deposited after drying. The relative standard deviation
(RSD) of the Raman intensity at 611 cm−1 is as low as 6.98% (Fig. 6(d)). Furthermore, additional
seven hybrid SERS substrates with circular HB patterns at 300-µm-diameter were fabricated
(Supplement 1, Fig. S4). The RSD of Raman intensity for the different SERS substrates is 8.11%,
indicating a relatively high reproducibility.
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Fig. 6. (a) Raman spectra of R6G at different concentrations. (b) SERS intensities at
611 cm−1 for R6G concentrations ranging from 10−14 to 10−6 M. (c) Raman signals of
eight random points at the edge of HB pattern adsorbed with 10−6 M R6G analytes. (d)
Comparison of SERS intensities using the eight SERS spectra extracted from (c).

4. Conclusion

In summary, rapid and highly sensitive SERS detection has been successfully achieved on
hybrid SH/HB surfaces fabricated by a selective laser texturing method. Femtosecond laser is
a facile and efficient tool to regulate the surface structures and wetting behaviors. Based on
the difference in the surface structures and wetting behaviors of the SH and HB surfaces, the
analyte droplet can be accurately concentrated to the HB pattern’s edge. Therefore, the detection
limit is significantly improved, and the Raman test becomes easy and rapid. On a hybrid SH/HB
SERS substrate with a 300 µm diameter circular HB pattern, a highly diluted solution (R6G) with
concentrations as low as 10−14 M can be detected by using only 5 µL volume. The SERS EF can
reach 5.7×108, which is sufficient for molecular-level detection. The research results suggest
that this simple, cost-effective SERS sensor’s fabrication method could open up opportunities in
ultratrace detection applications, such as precancer diagnosis, forensic analysis, and food safety
monitoring.
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