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Abstract: Evaporation concentration of target analytes dis-
solved in a water droplet based on superhydrophobic sur-
faces could be able to break the limits for sensitive trace 
substance detection techniques (e.g. SERS) and it is prom-
ising in the fields such as food safety, eco-pollution, and 
bioscience. In the present study, polytetrafluoroethylene 
(PTFE) surfaces were processed by femtosecond laser and 
the corresponding processing parameter combinations 
were optimised to obtain surfaces with excellent superhy-
drophobicity. The optimal parameter combination is: laser 
power: 6.4 W; scanning spacing: 40 μm; scanning number: 
1; and scanning path: 90 degree. For trapping and localis-
ing droplets, a tiny square area in the middle of the surface 
remained unprocessed for each sample. The evaporation 
and concentration processes of droplets on the optimised 
surfaces were performed and analyzed, respectively. It is 
shown that the droplets with targeted solute can success-
fully collect all solute into the designed trapping areas 
during evaporation process on our laser fabricated super-
hydrophobic surface, resulting in detection domains with 
high solute concentration for SERS characterisation. It is 
shown that the detected peak intensity of rhodamine 6G 
with a concentration of 10−6 m in SERS characterisation can 
be obviously enhanced by one or two orders of magnitude 

on the laser fabricated surfaces compared with that of the 
unprocessed blank samples.
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1   Introduction
Inspired by nature, superhydrophobic surfaces like lotus-
leaves (which are generally with contact angle (CA) larger 
than 150° and sliding angle (SA) smaller than 10°) have 
attracted extensive attention and exhibit great poten-
tial applications in the fields like self-cleaning [1], drag 
reduction, [2] and water collection [3]. To quantify a sur-
face’s superhydrophobicity, two indexes, CA and SA, are 
proposed and normally used. Generally, a great super-
hydrophobicity is characterised by a high CA and a low 
SA. The droplets on such a superhydrophobic surface is 
very mobile and can roll off the surface very easily [4]. 
Droplets on a surface can exhibit high CAs with two 
main possible wetting states, the Cassie-Baxter state 
and the Wenzel state. In Cassie-Baxter state, air pockets 
are trapped as cushions within the surface micro-nano 
structures between the solid and the water droplet. Thus, 
the real contact area between the solid and the liquid 
is actually less than the apparent area. In contrast, in 
Wenzel state, the droplet pins to the rough surface and 
wets the solid surface completely. However, A Cassie-
Baxter state always shows much lower SAs than a Wenzel 
state, because of its smaller solid-liquid contact area and 
contact angle hysteresis [5].

Although the wetting state of a droplet placed on a 
superhydrophobic surface is mainly determined by the 
surface’s topography and chemistry, the transition from 
Cassie-Baxter state to Wenzel state can also be triggered 
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under certain circumstances, e.g. vibrations, squeez-
ing, impact and evaporation [5, 6], resulting in a surface 
with a high adhesion (to water) and losing its superhy-
drophobicity. Hence, a good Cassie-Baxter state stabil-
ity is very important for a superhydrophobic surface in 
practice. Droplet evaporation experiment is one of the 
most common methods to evaluate superhydrophobic 
 surfaces’ Cassie-Baxter state stability. During evapora-
tion, the volume of the droplet decreases based on either a 
 constant contact radius (CCR) evaporation mode or a con-
stant contact angle (CCA) evaporation mode or a mixed 
mode [7, 8]. The Laplace pressure generated on the surface 
of the droplet increases gradually with the decrease in 
droplet radius. When the volume of the droplet reduces 
to a certain degree, the increasing Laplace pressure 
excesses the critical Laplace pressure that the surface 
could sustain,  triggering the transition from Cassie- Baxter 
state to Wenzel state. Due to the transition, the liquid 
intrudes into the surface asperities and the resultant 
solid-liquid contact area increases greatly, which signifi-
cantly enhances the adhesion between the surface and 
the droplet. The three-phase contact line (TPCL) is then 
pinned into the surface asperities and the droplet evapo-
ration conforms to the CCR mode or a mixed model until 
the droplet completely evaporates [5–14].

The evaporation of a droplet on a superhydrophobic 
surface with great Cassie-Baxter state stability results in 
a small final solid-liquid contact area when the transition 
from Cassie-Baxter to Wenzel state happens. Such a phe-
nomenon inspires a novel way to concentrate solute in a 
solution droplet. A droplet on a superhydrophobic surface 
will shrink and collect all solute into a diminutive zone 
with a much higher concentration after the evaporation 
process. Smaller ultimate solid-liquid contact areas imply 
more efficient and higher concentration of the solute. The 
concentration based on superhydrophobic surfaces has 
been combined with various kinds of detection methods, 
e.g. surface-enhanced Raman spectroscopy (SERS) and 
surface-enhanced photoluminescence (SEPL), to detect 
the existence of trace substances [15–28]. Due to the 
advantages of low cost, high efficiency and mild oper-
ating condition, these combined techniques have been 
 attracting extensive attention of researchers and are prom-
ising in food safety, environment monitoring, [15] and 
 biomedicine [17]. McHale et al. have studied the evapora-
tion behaviour of droplets on patterned polymer surfaces 
and found the contact line’s stepwise jumping receding 
and the abrupt collapse of the droplet during evaporation 
[9]. Zhang et al. electrodeposited flower-like 3D Ag nano-
structures on indium tin oxide glasses and then gained 
flower-like 3D Ag-Au hetero-nanostructures by galvanic 

replacement reaction, which played an  important role in 
enhancing SERS characterisation [18]. Shi et al. deposited 
gold nanoislands on the dragonfly wings via a DC mag-
netron sputtering system as an enhancing SERS substrate 
and a 10−7 m Rhodamine 6 G (R6G) was detected [20]. De 
Angelis et  al. obtained various superhydrophobic SERS 
and SEPL substrates of Si wafers and the prepared sub-
strates could be able to detect a single DNA molecule [26]. 
Zhizhchenko et al. successfully detected the existence of 
10−10 m R6G by concentrating droplets on a polytetrafluor-
oethylene (PTFE) substrate with a hierarchical structure 
prepared by femtosecond laser assisted with electron-
beam processing [29].

As stated above, several methods with diverse materi-
als have been attempted to fabricate substrates to realise 
high-degree concentration and enhancement for trace 
substance detection. However, all these methods have 
their intrinsic constraints, such as complex procedures, 
expensive facilities, involving dangerous chemicals, and 
dependence on material types. Alternatively, ultrafast 
laser is a powerful tool for surface processing of almost 
every solid material. Rare work about PTFE as a concen-
tration substrate simply fabricated by an ultrafast laser 
direct-writing process has been done. In this study, a 
facial and simple method is proposed to fabricate PTFE 
blocks by femtosecond laser to obtain superhydropho-
bic  surfaces with great Cassie-Baxter state stability. A 
tiny hydrophobic zone was remained unprocessed in the 
middle of the surface to localise solution droplet placed 
on it during evaporation. The wettability, evaporation 
behaviour, and concentration results of different PTFE 
surfaces are systematically studied and optimised in the 
present study. It is shown that our prepared surface could 
be able to realise efficient concentration and distinct char-
acteristic peaks can be detected for 10−6 m R6G by SERS. 
The peak intensity that our prepared surface could be able 
to detect is one to two orders of magnitude stronger than 
that of the blank sample.

2   Materials and methods
2.1  Fabrication of surperhydrophobic surfaces

The commercially available PTFE samples (with a size of 
30 × 30 × 3  mm3) employed in this study were first polished with 
600 and 1500 mesh sandpapers, respectively. Then they were ultra-
sonically washed with ethanol solution for 5 minutes at room tem-
perature and dried by a compressed Nitrogen flow. Next, the surface 
structure was fabricated by a Trumpf TruMicro 5000 laser system 
with 800 fs pulses and 1030  nm central wavelength. To focus and 
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scan the laser beam in the x-y direction, a two-mirror galvanometric 
scanner with an F-Theta objective lens of 100 mm focus length was 
used. The focused diameter of the Gaussian-profile laser beam at 1/e2 
of its maximum intensity was 30~35 μm. During the laser direct writ-
ing process, scanning speed and repetition frequency were fixed at 
100 mm/s and 200 kHz, respectively. The adjusted parameters and 
their varying ranges were laser power (1.6~9.6 W), scanning interval 
(40~50 μm), scanning number (1~3 times) and scanning path (named 
as 90° and 60°, as shown in Figure 1A). The entire surface of each 
sample was ablated by the laser to become superhydrophobic except 
for a tiny square domain in the middle of each sample (as shown in 
Figure 1C). The tiny domain remained unprocessed as a hydrophobic 
surface to trap and fix the droplet in that area during evaporation 
and concentration. The side length of the square unprocessed area 
is designed to be 235 μm. In SERS experiments, a 5 μl mixed solution 
comprised of Au sol and R6G solution of various concentrations was 
positioned and trapped above the unprocessed domain (as shown 
in Figure 1C), where the laser illuminates during SERS experiments 
after the evaporation.

2.2   Reagent preparation

Au sol solution with original concentration of 0.05 mg/ml (commer-
cially available from Shanghai So-Fe Biomedical Co., Ltd.) was used 
as received. The gold nanoparticles in the Au sol solution are with an 
average diameter of about 10 nm. Then, such an original Au sol solu-
tion was diluted with deionised water to 10−6 mol/l. Then the diluted 
Au sol solution was stored at 4°C in vacuum.

R6G bought from Shanghai Macklin Biochemical Co., Ltd. were 
used as received, dissolved in deionised water to prepare R6G solu-
tion with various concentrations, including 10−4 mol/l, 10−6 mol/l, 
10−8 mol/l and 10−10 mol/l.

2.3   Characterisation methods

The morphology of the prepared surface was characterised by Olym-
pus LEXT OLS4100 laser scanning confocal microscopy (LSCM) and 
FEI Quanta 200FEG SEM. The superhydrophobicity of the prepared 
surface was characterised by CA and SA and measured by a Data-
physics OCA 15 Plus video-based optical contact angle measuring 
device (OCA) with a tilted platform using a sessile drop method. A 5 μl 
of deionised water was used for CA and SA measurement. Samples 
with sufficiently good superhydrophobicity were chosen to perform 
the evaporation experiments. The evaporation experiments were 
performed at 25~30°C on the same OCA device with the CCD camera 
turned on to record the droplet profile during evaporation process 
of a 5 μl deionised water droplet on a prepared surface (shown as 
Figure 1B). Since efficient concentration suggests small final con-
tact area, samples with small size of ultimate contact zones were 
remained for subsequent experiments. In the concentration experi-
ments, a 5 μl droplet of 10−6 mol/l Au sol solution was positioned 
on a sample surface and evaporated naturally in air. After evapora-
tion, the morphology of the concentration area on the sample was 
observed by LSCM to check and evaluate the quality of the concen-
tration process. In the SERS experiments, 5 μL of a mixed solution, 
which was a R6G solution with a series of different concentrations 
mixed with a 10−6 m Au sol solution by a volume ratio of 5:1, was 

positioned and evaporated on clean prepared sample surfaces. Then 
the samples were detected by a Horiba LabRAM HR Evolution Laser 
Raman spectrometer with a 633  nm laser source from 600  cm−1 to 
1900 cm−1. During each SERS measurement, laser scanning was done 
five times in total eight seconds. Droplets were all placed exactly on 
the unprocessed hydrophobic zone in the evaporation experiments, 
the concentration experiments and the SERS experiments.

3   Results and discussion

3.1   Morphology and superhydrophobicity  
of the prepared surfaces

As can be seen in Figure 2, hierarchical surface structures, 
which are composed of microcolumn arrays with unique 
nanostructures, are obtained on PTFE after laser abla-
tion. The microcolumns are attached with various nano-
particles and the nanoparticle clusters form nanoholes, 
nanobulges, and nanogullies. Nanowires can also be 
observed between the nanoparticles when the laser power 
is smaller than 4.0 W and the scanning number is only 1, 
as shown in Figure 2E(i).

The morphology and distribution of the microcol-
umns fabricated with different laser process parameters 
are shown in Figure 2E. As can be seen, the morphology 
of the microcolumns changes apparently with the varied 
process parameters. The scanning path determines the 
distribution and shape of microcolumns and the scanning 
spacing influences the periodicity of the microcolumns, 
while the laser power and the scanning number mainly 
impacts the height and the shape of the microcolumns. 
As shown in Figures 2E and 3A, when the scanning inter-
val is fixed at 50 μm and the scanning path is 90°, the 
height of the obtained microcolumns gets higher and the 
shape of them gets rounder and lankier as the laser power 
increases from 1.6 W to 9.6 W and the scanning number 
increases from 1 to 3 times. In most cases, the microcol-
umns are in regular shapes and distributed uniformly. 
However, when the scanning number is more than 2 and 
the scanning power is larger than 4.0 W for samples with 
60° scanning path and 40 μm scanning period, the height 
of the obtained microcolumns unusually decreases with 
further increase in the scanning number and scanning 
power and the resultant surface microstructures become 
unshaped, disordered, and randomly distributed, as 
shown in Figure 2E(v). The decreasing height of the result-
ant microcolumns can be ascribed to the over-ablation 
and melting of the surface structure. This phenomenon 
is easier to occur when reducing the scanning interval or 
adding the scanning number at the same point. Samples 
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with extremely uneven surface microstructures, which are 
not able to measure the height of microcolumns, are not 
plotted in Figure 3A. The microcolumns with the scanning 
path of 60° are higher than those of 90° in the same con-
dition, owing to one more scanning at the same position. 
The foregoing unprocessed hydrophobic zone is shown 
in Figure 2C, and its actual side length is approximately 
235 μm for all the samples.

The dependence of CAs and SAs of the processed 
surfaces on different laser processing parameters is 
shown in Figure 3B. Compared with the unprocessed 
PTFE sample (whose CA is about 110° and SA is above 
180°, i.e. the droplet doesn’t roll off the surface even 
when the surface is turned up-side-down), the laser pro-
cessed PTFE samples have remarkable improvements in 
superhydrophobicity. Overall, it can be observed that 
the CAs of all the surfaces fabricated by different para-
meters are generally larger than 150°, while the SA varies 
between 2° and 40° in a wide range without a clear trend 
with the changes of different processing parameters. 
Specifically, the comprehensive superhydrophobicity 
improves a lot when the scanning interval changing 

from 50 μm to 40 μm, due to the decreased periodicity of 
the  microcolumns and the resultant surface roughness. 
Since the limitation of our laser spot diameter is 30 μm, 
the surfaces ablated with smaller scanning interval are 
not prepared and discussed in this work. However, both 
CAs and SAs of the prepared surfaces don’t change obvi-
ously with the scanning path changing from 90° to 60° 
and the scanning number ranging from 1 to 3 times. Most 
samples with hybrid surface structures of complete well-
distributed microcolumns covered with nanoparticles 
have attained at least high CAs, while the over-ablated 
samples with seriously uneven surface  structures have 
their CAs drop to about 142°, as shown in Figure 3B xi 
and xii.

The average values of the contact and sliding angles 
for each sample were determined by five measurements, 
at different randomly selected locations on each sample’s 
surface. The standard deviation of the measured CAs is 
less than 3° for CA ≥150°.

Since a good concentration behaviour requires the 
surface to have a great Cassie-Baxter state stability, which 
implies excellent superhydrophobicity and extremely 

Figure 1: The diagrams of two laser scanning paths (A), schematic of evaporation experiments (B) and the preparation of SERS samples (C).
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weak adhesion to droplets [10, 11], and high efficiency 
is preferred, the samples fabricated with the optimised 
p rocessing parameter combinations ‘3.6~4.4 W, 50 μm, 
90° 1’, ‘5.2~6.0 W, 50 μm, 90°’ and ‘3.6~6.8 W, 40 μm, 90°, 
1’ were chosen for subsequent experiments. The detailed 
parameters of the chosen samples are listed in Table 1.

3.2   Evaporation behaviour

A 5 μl deionised water droplet was positioned on the tested 
sample surface and its evaporation process was recorded 
and analyzed. For comparison, the evaporation processes 
of droplets on the original sample and the laser-fabricated 
samples are recorded, respectively. The CAs, SAs, and the 
diameters of the ultimate contact area are measured, as 
shown in Table 1.

The volume of droplet is calculated based on the 
spherical cap approximation and the real-time side profile 
image taken from the videos recorded by the CCD camera 
[9, 12]. Detailed information for the droplets’ volume 
 calculation and the diameter of the contact area measure-
ment is shown in Supplementary Materials.

The evaporation behaviour of the droplet on an unpro-
cessed hydrophobic PTFE sample is shown in Figure 4A 
(recorded as Movie S1, in the Supplementary Materials). 
As can be seen, the volume of the droplet decreases fast 
at first. Then it gradually slows down with the proceeding 
of evaporation process. This is because the reduction of 
the droplet volume results in the reduction of the vapor 
and liquid contact area, which limits the diffusion of the 
gasified liquid into ambient environment [10]. Based on 
Figure 4A(ii), the evaporation process on the unprocessed 
PTFE samples can be divided into three stages. The first 
stage is a CCR mode where the diameter of the contact 

Figure 2: Schematic of laser processing (A), fabrication of droplet trapping zone (B) with its microscale morphology (C), CA of droplets on an 
unprocessed clean PTFE surface (D), surface LSCM topographies of samples and the corresponding color scale, with the SEM micrographs 
and the side-profile images of 5 μl droplets on surfaces for samples in i. and ii. (E) (i. 4.0 W, 50 μm, 90°, scanning once; ii. 5.6 W, 50 μm, 
90°, scanning twice; iii. 7.2 W, 50 μm, 90°, scanning 3 times; iv. 5.6 W, 50 μm, 60°, scanning 3 times; v. 7.2 W, 40 μm, 60°, scanning once).
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area stays basically unchanged and the CA constantly 
declines. Then the second stage is a quasi-CCA mode, 
i.e. the contact area shrinks apparently while the CA only 
changes little in this stage. The last stage is a mixed stage, 
where both the contact area and the CA change simulta-
neously, but the latter changes faster. During this stage, 
the droplet will finally pin to the surface. It is observed 
that the diameter of the solid-liquid contact area finally 
pinned to the surface is about 650 μm. Based on the evap-
oration models, an explanation of the evaporation behav-
iour is proposed as follows. The first stage occurs, because 
the pinning force of the droplet’s TPCL derived from the 
adhesion of the surface is stronger than the initial depin-
ning force derived from the unbalanced system’s surface 
tension [5, 29]. The depinning force gets stronger as the CA 
decreases and gradually reaches to a critical value where 
the depinning force is comparable with the pinning force. 
Then the droplet’s evaporation enters the second quasi-
CCA stage, where the CA only needs to change a little, but 
the TPCL has to retreat a lot to keep the balance. Finally, 
with the proceeding of evaporation, the volume of the 
droplet becomes so small that the droplet volume changes 

at a particular fast rate. As a result, the TPCL cannot shrink 
in time to remain the droplet as a segment and both the CA 
and TPCL decrease obviously at this stage.

The evaporation behaviour of the droplets on 
 laser-processed superhydrophobic PTFE surfaces are 
shown in Figure 4B and C (recorded as Movie S2 and S3, 
respectively, in the Supplementary Materials). The evapo-
ration curves in Figure 4B(i) and C(i) are similar to that 
in Figure 4A(i). However, due to the superhydrophobicity, 
the laser fabricated samples exhibit higher evaporation 
speed on account of their stronger ability to maintain the 
droplet in a sphere shape and with a larger vapor-liquid 
contact area. Such an evaporation process can be roughly 
divided into two stages. The first stage occupies most of 
the time and present a periodic jagged CA changing curve 
and a step-by-step diminishing TPCL diameter changing 
curve, as shown in Figure 4B(ii) and C(ii). The time at 
which the diameter changes is exactly the time when the 
CA changes from the local minima to the local maxima. 
Each time the more the diameter changes, the more the 
CA recovers. In this stage, with the decline of the droplet 
volume, the TPCL is pinned to the surface and the CA 
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decreases gradually at the beginning. According to the 
calculation model from De Angelis et al. [26], the adhesion 
pinning force Fp along one direction on a superhydropho-
bic surface can be calculated as follows:

 
γ θ θ ϕ= −2 cos cos( )p lv r a SF r  (1)

where r is the radius of the TPCL, γlv is the surface tension 
between the liquid and the solid, ϕS is the fraction of solid 

Figure 3 (continued)
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in contact with liquid, θr and θa are the receding contact 
angle and the advancing contact angle, respectively, 
and cos θr–cos θa is related to the SA of the surface. At 
the same time, the system deviates from the equilibrium 
state and forms an increasing inward depinning force. 
The depinning force Fd can be evaluated as the following 
equation [26]:

 
γ θ θ= −2 cos co( s )d lv eF r  (2)

where θ is the real CA and θe is the equilibrium CA. When 
θ decreases to a certain extent, Fd increases and equals to 
Fp and the TPCL suddenly retreats one or more intervals of 
the microcolumns. As a result, the CA abruptly increases 
and the system recovers to a relatively equilibrium state, 
which is the start of another cycle [12, 13, 24, 26]. Such 
cycles are exactly the phenomenon presented on the 
tested superhydrophobic surface prepared in this present 
study during the droplet evaporation process. This stage 
can be regarded as a CCA mode [11, 29]. The second stage 
only lasts for a short period of time before the evapora-
tion process ends. This stage shows a CCR mode where 
the TPCL is pinned and the CA declines quickly, indicat-
ing that the transition from Cassie-Baxter to Wenzel state 
is trigged by the increased Laplace pressure with the 
decreasing droplet radius during evaporation process. The 
demarcation point of the two stages is an evident salient 
point which indicates the transition [29]. Once the TPCL 
retreats to the unprocessed hydrophobic zone mentioned 
in Section 2.1, it gets pinned and stops moving.

Comparing Figure 4B and C, sample surfaces fabri-
cated by different laser processing parameters exhibit 
little differences in their evaporation curves. The 

evaporation curves with delayed Cassie-Baxter to Wenzel 
state transition points and more frequent leaps in the first 
stage indicate a better Cassie-Baxter state stability of the 
surfaces. Such a surface is more likely to obtain a smaller 
final contact area after the evaporation. The diameters of 
the contact areas at the transition points of the samples 
with greater Cassie-Baxter state stability (as the sample 
in Figure 4B) is close to the sizes of the designed trapping 
zones. This suggests that the droplets tend to  collapse 
when their contact areas shrink to the designed domains.

Based on the theory of Kusumaatmaja et  al. [6], 
the  critical droplet radius of Cassie-Baxter to Wenzel 
state transition on sample surfaces with high enough 
 microcolumns is decided by the spacing between the 
microcolumns d and the CA of the flat surface θf [6, 26]:

 
θ= / coscri fr d  (3)

In the present study, θf is 110° as measured on the unpro-
cessed PTFE surface, d is selected as 50 μm and 40 μm, 
respectively. According to (3), the corresponding rcri is 
approximately 146 μm and 117 μm, respectively. However, 
the actual diameter of droplets when the transition happens 
is 316.5 ± 59.2 μm and 287.4 ± 48.3 μm, respectively, which is 
larger than the calculated values. This might be due to the 
existence of the unprocessed trapping domain on the pre-
pared surface, and/or the differences between the shapes 
of the fabricated microcolumns in the present study and 
the assumed posts in H. Kusumaatamaja’s study.

The uncertainty in angle evaluation is smaller for 
high angles and larger for low angles. The standard devia-
tion of the measured CAs is less than 3° for CA ≥ 150° and 

Table 1: The parameters and measured data for samples in evaporation experiments.

Sample Laser power Scanning number Scanning path Scanning interval CA/degree SA/degree Ultimate diameter/μm

Unprocessed PTFE / / / / 110 >180 650
1 3.6 1 90° 50 μm / / 389
2 4.0 1 90° 50 μm 153.7 7.8 371
3 4.4 1 90° 50 μm / / 253
4 5.2 1 90° 50 μm / / 302
5 5.6 1 90° 50 μm 155.4 4.7 234
6 6.0 1 90° 50 μm / / 284
7 3.6 1 90° 40 μm / / 350
8 4.0 1 90° 40 μm 153.3 4.8 282
9 4.4 1 90° 40 μm / / 348
10 4.8 1 90° 40 μm 154.6 6.1 240
11 5.2 1 90° 40 μm / / 300
12 5.6 1 90° 40 μm 149.9 5.3 249
13 6.0 1 90° 40 μm / / 258
14 6.4 1 90° 40 μm 150.9 5.5 216
15 6.8 1 90° 40 μm / / 324
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around 5° for CA ≤ 135°. The uncertainty in TPCL diameter 
evaluation is 0.002–0.03 mm (average standard deviation 
is 0.02 mm).

A small final size of the contact area is essential for 
efficient solute concentration. On account of this crite-
rion, samples named 3, 4, 5, 6, 8, 9, 10, 11, 12, 13, 14 and 
15 in Table 1 are selected to continue the concentration 
and SERS experiments. The optimal sample is number 
14 with its parameter combination: laser power: 6.4 W; 
scanning spacing: 40 μm; scanning number: 1; and 
 scanning path: 90°.

3.3   Evaporation concentration experiments 
and SERS detection

Firstly, a 5 μl droplet of 10−6 mol/l Au sol solution was 
evaporated on different surfaces to inspect whether the 
processed surfaces can efficiently concentrate all solute 
of the droplet into the designed hydrophobic zone. The 
results are shown in Figure 5A, C and D.

As can be seen in Figure 5A, after the evaporation 
concentration process, a distinct coffee ring is left on the 
unprocessed sample surface. The formation of the coffee 
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Figure 4: The evaporation behaviour of droplets on an original PTFE sample surface (A), and on laser-processed sample surfaces with 
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ring is induced by the differential evaporation rates across 
the droplet and the resulting outward flow which carries 
nearly all the solute to the edge [30]. The final contact area 
is a subround zone with 600–700 μm in diameter, and its 
area can be approximately calculated to be

 
π

 µ= ⋅ = µ  

2
2650  m 331831  m

2
S  (4)

In contrast, the laser-processed samples (shown as 
Figure 5C and D) concentrate all solute into the designed 
unprocessed square droplet trapping domain without 
the appearance of coffee ring. The final contact area 
of these samples can be considered as the area of the 

trapping domain, which is only about 14% of that of the 
 unprocessed sample.

 = µ = µ′ 2 2(235  m) 55225   mS  (5)

Zhizhchenko et  al. [29] proposed the conception of 
 concentration factor kc in their research, which is defined as

 
= o

c
d

V
k

S  (6)

where Vo is the initial droplet volume and Sd is the depo-
sition area. In this study, when Vo is fixed at 5 μl and Sd 
is (235 μm)2 = 55225 μm2, the concentration factor reaches 
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to 90.5 mm. To magnify the obtained final concentration 
and to augment the concentration factor, attempts to 
enlarge Vo have been done and the initial volume reaches 
to 10 μl. This indicates that kc attains 181.0 mm. Repeated 
experiments were presented, and similar results were 
obtained.

Then, SERS experiments are performed on the sur-
faces with the optimised processing parameters. A series 
of concentrations (10−4 m, 10−6 m, 10−8 m and 10−10 m, 
respectively) of R6G solution are homogenously mixed 
with 10−6 mol/l Au sol solution. 5 μl droplet of each 
mixed solution is positioned on the clean laser-processed 
samples exactly above the droplet trapping domains and 
an unprocessed Si plate as a blank sample, respectively. 
After evaporation concentration process, SERS character-
isation is performed at these concentrated areas for all the 
PTFE surfaces. The results are shown in Figure 5E, F, and 
G, respectively. As can be observed in Figure 5E, charac-
teristic peaks of R6G molecule at 612, 774, 1185, 1311, 1364, 
1510, 1537, 1570, 1595, and 1652 (cm−1) [31] can be clearly 
detected on the laser-processed samples with original 
10−4 m and 10−6 m R6G solution concentrated. With origi-
nal concentration of 10−8 m and 10−10 m, only sharp peaks 
at 733, 1215, 1303, and 1383 (cm−1) can be  distinguished. 
These peaks shall be related to PTFE’s characteristic 
peaks compared with the SERS spectrum of the clean 
PTFE surface, as shown in Figure 5F. The spectrums of 
the processed PTFE samples with original concentra-
tion of 10−8 m and 10−10 m have more obvious background 
peaks especially in the range of 1150~1420  cm−1 and 
1480~1659 cm−1 than that of an unprocessed clean PTFE 
surface. This suggests that the reception of R6G mole-
cules’ signal from the deposited samples is too weak to 
be detected and recorded. Hence, above results show that 
R6G molecules can be demonstrably detected at 10−4 m 
and 10−6 m, but cannot be detected effectively at 10−8 m 
and 10−10 m on the processed PTFE surface. Compared 
with the unprocessed Si surfaces for the 10−6 m mixed 
R6G solution, the intensity of the detected signal on the 
processed PTFE trapping zone is one or two orders of 
magnitude greater under the given conditions, suggest-
ing an enhancement for the detection of trace substances 
(shown as Figure 5G).

Actually, the effect can be improved to higher levels 
if the droplet trapping domains can be further processed 
to be smaller and more hydrophilic, so that the density 
of ‘hot spot’ in SERS can be elevated. One probable way 
is to deposit a noble metal film onto the trap domain to 
increase its hydrophilicity and to obtain a stronger electro-
magnetic field, which is expected as one of the vital factors 
in SERS detection, owing to the coupling between the film 

and nanoparticles [32]. In addition, increasing the initial 
droplet volume can also result in a greater concentration 
and stronger detection for substances with low concentra-
tions. Further work will be done in these aspects.

4   Conclusions
In conclusion, superhydrophobic PTFE surfaces with 
designed unprocessed tiny domains are fabricated by 
femtosecond laser and the processing parameters are 
optimised to achieve surfaces with excellent superhydro-
phobicity. Droplet evaporation and concentration behav-
iour of droplets with targeted solute are systematically 
studied and compared on the optimised superhydrophobic 
surfaces and the unprocessed blank surfaces, respectively. 
It shows that the laser fabricated samples exhibit higher 
evaporation speed due to their stronger ability to main-
tain the droplet in a sphere shape and with a larger vapor-
liquid contact area. In addition, the dissolved solute can 
be gathered into the designed unprocessed tiny domains 
during evaporation on the superhydrophobic surfaces, 
with the concentration factor attaining 181.0 mm. Dilute 
R6G solution deposited on the processed samples with 
the concentration as low as 10−6 m, with the assistance of 
10−6 m Au sol solution, can be evidently detected via SERS. 
The intensity of the detected R6G signals is effectively 
enhanced by one or two orders of magnitude compared 
with that of the unprocessed blank samples, demonstrat-
ing the promoting effect of superhydrophobicity on the 
trace substance characterisation.

5   Supplement information
The methods to measure the relevant data and to calcu-
late the volume of the droplet during evaporation can 
be found in the pdf file in the Supplementary Materials. 
Movie S1, S2, and S3 are the videos recording the droplet 
evaporation behaviour on the surfaces of unprocessed 
PTFE, sample 3 and sample 7, respectively, corresponding 
to Figure 4A, B, and C.
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