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SERS arrays with uniform gold nanoparticles distribution 

were fabricated by direct-writing with inkjet printing method. 

Quantitative analysis based on Raman detection was achieved 

with a small standard statistical deviation of less than 4% for 

the reproducibility and that of less than 5% for the long-term 

stability for 12 weeks.  

 

Surface enhanced Raman scattering (SERS) takes superior 

advantages of ultra-sensitive, non-destruction, low cost and real-

time detection.1 SERS has been one of the most powerful tools 

for molecular detection and has been an excellent probing tool 

for trace detection of a great variety of chemicals and biological 

samples, which has been spread widely in life care, 

environmental monitoring, food safety and security defense.2 

However, the poor reproducibility of SERS has hindered its 

development and application especially for the clinical and 

pharmaceutical detection.3 In order to improve the 

reproducibility for SERS detection, fine structures were 

constructed by Focused Ion Beam Milling,4 Electron-beam 

Lithography,5 etching,6 self-assembly,7 laser induced 

photoreduction8 and nanomanipulation9. For example, J. Wenger 

et al. fabricated a single nanogap with size of tens of nanometers 

in a concave box by milling of Focused Ion Beam, and achieved 

single molecule detection.4 In addition, H. Misawa et al. prepared 

well-defined gold nanostructures by high-resolution electron 

beam lithography/lift-off techniques, and its SERS 

measurements showed high reproducibility.5 Kim et al.

fabricated an ultrahigh-density array of silver nanoclusters for 

SERS substrate with high sensitivity and excellent 

reproducibility at a very large area (wafer scale) based on 

polystyrene-block-poly(4-vinylpyridine) copolymer (PS-b-

P4VP) micelles.10 However, most of these techniques are 

complicated and expensive. 7-9, 11 It is still a great challenge for 

SERS application to compromise the balance between the 

facility of SERS-active substrates fabrication and the 

reproducibility of the SERS detection.2a, 12  

In this work, we developed an alternative strategy using ink-

jet printing to direct write on substrates to prepare SERS devices. 

Inkjet printing is an attractive technology to fabricate large-scale 

patterns or devices due to its advantages of low-cost, efficient 

use of materials and waste elimination.13 Precisely controlling of 

the printing droplets can fabricate high-resolution patterns with 

versatile materials. Nevertheless, its application on SERS 

devices are restricted by inhomogeneous distribution of 

nanoparticles during droplet drying process, which greatly 

reduced its reproducibility. In this communication, the 

reproducibility of the SERS detection was enhanced by 

controlling the wettability of the substrates. As a result, the inkjet 

printed SERS-active spots on hydrophobic substrates exhibited 

homogeneous distribution and close packing of gold 

nanoparticles (AuNPs), which could enhance the Raman 

scattering of molecules due to the enhanced electromagnetic 

field between AuNPs under laser illumination.2b, 14 

Consequently, the SERS-active spots showed high 

reproducibility for the SERS detection with site to site 

enhancement factor variations smaller than 4%, as well as high 

sensitivity with detection limit low to 10-10 M. Moreover, the 

achieved SERS-active spots can be easily patterned and facilely 

fabricated in a large scale, which can realize rapid and mass 

quantitative analysis in chemical detection and biological 

diagnosis.  

As showed in Fig. 1a, the SERS device was fabricated by 

inkjet printing ink of monodispersed AuNPs latex on a 

hydrophobic smooth substrate. The hydrophobic surface of 

silicon wafer, with contact angle (CA) of 117.6° (inset of Fig. 

2c), was fabricated by modification of 1H, 1H, 2H, 2H-
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perfluorodecyltriethoxysilane after being cleaned by piranha 

solution. On the hydrophobic surface, the receding of the triple 

phase line of inkjet printed droplets was able to eliminate the 

coffee ring effect.15 As a result, the nanoparticles could be 

homogeneously distributed on the hydrophobic substrate. 

Additionally, the smooth surface, in contrast to the micro-nano 

structure for a superhydrophobic substrate, was helpful to drive 

the nanoparticles to self-assemble on the hydrophobic surface, 

which was crucial to obtain homogeneously distributed hot 

spots. In this communication, we prepared an array of SERS-

active AuNPs spots (Fig. 1c). The Scanning Electron 

Microscopy (SEM) image in Fig. 1d showed that the inkjet 

printed AuNPs spot was uniform and the AuNPs were self-

assembled into close-packed structure (inset of Fig. 1d). The 

uniform structure resulted from the retracting of triple phase 

contact line to contract the drop into the center, which drove the 

AuNPs to aggregate in the center and pack closely.15a Moreover, 

the well-monodispersed AuNPs, with size of 13.04 ± 1.47 nm 

(Fig. S1), were helpful to form homogeneously distributed hot 

spots, which contributed greatly to the enhanced reproducibility 

of the SERS detection. Additionally, It is worth mentioning that 

a hydrophilic-hydrophobic pattern could be achieved due to the 

AuNPs spot was hydrophilic (CA: 0°) and the substrate was 

hydrophobic (CA: 117.6°). Dripping an aqueous drop with 

analytes on the pattern, the target detection objects would be 

efficiently concentrated onto the AuNPs spots (Fig. 1b), which 

could enhance the accuracy of detection and overcome the 

diffusion limit of objects in many applications such as ultratrace  

 

Fig. 1 Characterization of as-prepared SERS-active spots on 
hydrophobic substrates (contact angle: 117.6 ± 1.1°). (a) An AuNPs array 
was inkjet printed on a hydrophobic substrate. (b) The analytes 
molecules were homegeneously distributed on the AuNPs array, and the 
inset shows the Raman light of the molecules was enhanced by the 
AuNPs. (c) SEM image of an array of AuNPs SERS-active spots printed 
on the hydrophobic substrate. (d) SEM image of an AuNPs SERS-active 
spot from above matrix. Inset shows the SEM image for characterizing 
the assembly of the surface AuNPs on the SERS-active spots which 
showed that their size was 13.04 ± 1.47 nm and the size of nanogaps was 
4.16 ± 0.70 nm.  

detection.6, 16  

In order to demonstrate the influence of wettability on the 

structure of the Raman-active AuNPs spot made by inkjet 

printing, the substrates with different wettability, with different 

contact angles (CAs) of 59.6 ± 1.3° for the hydrophilic substrates 

and 117.6 ± 1.1° for the hydrophobic substrates, were fabricated 

(insets of Fig. 2a and 2c). In this work, ink droplets of 10 pL were 

printed. The images in Fig. 2 showed that on substrates with 

different wettability, the distribution and assembly of AuNPs 

were definitely different. On the hydrophilic substrate (Fig. 2a), 

the triple phase contact line pinned on the periphery of the ink-

jet print spots (inset of Fig. 2e and Fig. S4a). As the evaporation 

velocity of solvent at the periphery was faster than that inside the 

spot, the AuNPs would move toward and deposit on the 

periphery, which was called the coffee ring effect (Fig. 2b).15a 

Inside the rings, nevertheless, there were a few randomly 

scattered particles, which was attributed to the Marangoni 

effect.17 The scattered AuNPs would do harm to the  

 
Fig. 2 Optical images (a, c) and corresponding schemtical illustration (b, 
d) of morphologies of inkjet print AuNPs ink droplets (5 wt%) after 
drying on hydrophilic (CA: 59.6 ± 1.3°) and hydrophobic (CA: 117.6 ± 
1.1°) substrates, respectively. The insets show the wettability 
charaterization for the substrates with above contact angles, 
correspondingly.(e) the theoretically calculated and experimentally 
measured diameters of printed droplets with respected to different 
contact angles. The insets show the dewetting processes of droplets on 
the hydrophilic and hydrophobic substrates, respectively. 
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reproducibility of the SERS detection. For the hydrophilic 

substrate, in addition, the diameter of the droplet dropped on the 

substrate was 47.0 µm, which was larger than the theoretically 

calculated diameters (Equation 1) of 43.1 µm (Fig. 2e). 

𝑑ℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑖𝑙𝑖𝑐 = √
24𝑉𝑠𝑖𝑛3𝜃

𝜋(2+𝑐𝑜𝑠𝜃)(1−𝑐𝑜𝑠𝜃)2

3
 (1) 

where d represents the diameter of the wetted area, V represents 

the volume of the droplet, which is 10 pL in this work, θ 

represents the contact angle of the droplet on a hydrophilic 

substrate. The calculation steps are demonstrated in the 

supporting information (Fig. S2 and S3). The larger spots were 

ascribed to the spreading of droplets when it impacted on the 

substrates during inkjet printing process. For the hydrophilic 

substrates with other contact angles, the formed spots were also 

larger than the theoretically calculated sizes (Fig. 2e), which 

indicated that the coffee rings were formed. On the hydrophobic 

substrates with CA of 117.6° (Fig. 2c), however, the diameter of 

the printed spot on the substrate was 14.2 µm. The size was 

smaller than the theoretical calculated diameter (Equation 1) of 

29.5 μm (Fig. 2e). 

𝑑ℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑖𝑙𝑖𝑐 =  √
24𝑉

𝜋(4−
(2−𝑐𝑜𝑠𝜃)(1+𝑐𝑜𝑠𝜃)2

sin3 𝜃
)

3
 (2)

The calculation steps are demonstrated in the supporting 

information (Fig. S2 and S3). The result suggested that the triple 

phase contact lines moved towards the center (inset of Fig. 2e 

and Fig. S4b), leading to the suppression of the coffee ring (Fig. 

2d). As a result, the AuNPs were self-assembled into closed-

packed structure and formed a homogeneously distributed 

AuNPs layer on the surface of the dried spot (Fig. 2c). Above all, 

the hydrophobic substrate was the priority for preparing a routine 

SERS device in this work.  

To demonstrate the relationship of reproducibility of SERS 

detection with respect to the wettability of substrates, R6G 

molecules detection was achieved on them and the results were 

shown in Fig. 3. A 5 μL drop of R6G aqueous solution with 

concentration of 1 × 10-7 M was dropped on an AuNPs SERS-

active spot. The strongest peaks at wavenumbers of 1509 cm-1, 

1359 cm-1 and 611 cm-1 at the Raman spectroscopy were selected 

to characterize quantity of R6G molecules. Nine inkjet spots 

were randomly selected for SERS signal measurement. The 

spectra curves achieved from the hydrophobic substrates were 

identical without significant deviation (Fig 3a). With statistical 

calculation, the relative standard deviations (RSD) at 

wavenumbers of 1509 cm-1, 1359 cm-1 and 611 cm-1 were 3.60%, 

3.37% and 2.60%, respectively. Among the three band peaks, the 

peak intensities maintained within 4%, which indicated the high 

reproducibility of inkjet-printed microarray of SERS-active 

spots for Raman spectroscopy.3d, 18 In comparison, the spectra 

curves achieved from the hydrophilic substrates showed 

significant deviation (Fig 3b). The RSD at wavenumbers of 1509 

cm-1, 1359 cm-1 and 611 cm-1 were 27.4%, 20.8% and 27.7%, 

respectively. The big RSD values were ascribed to the non-

uniform distribution of AuNPs on the hydrophilic substrates. 

Another phenomenon should be mentioned that, the analytes 

could be concentrated on the hydrophilic SERS-active spot due 

to the wettability difference between as-prepared hydrophilic 

spot and the hydrophobic substrate, which could break the  

 
Fig. 3 Comparison of reproducibility for SERS detection on substrates 
with different wettability. SERS intensities and their average lines at 
wavenumbers of 1509 cm-1, 1359 cm-1 and 611 cm-1 for R6G with 
concentration of 1 × 10-7 M concerning to different array spots, with at 
least 5 sites for SERS detection in each spot, on the hydrophobic (a) and 
hydrophilic (b) substrates. 

diffusion limit existed in traditional immersing method and 

improve the detection limit. The SERS signal intensities 

achieved from the hydrophobic substrates were 1.62, 2.08, 3.28 

times larger than that from the hydrophilic ones, corresponding 

to the wavenumbers of 1509 cm-1, 1359 cm-1 and 611 cm-1, 

respectively. The enhanced sensitivity was attributed to the 

concentration effect for R6G molecules on the hydrophobic 

substrates.  

With the superior reproducibility of SERS detection on the 

hydrophobic substrates, the sensitivity, correlation and detection 

limit, which were essential for a practical analysis method, were 

characterized and obtained (Fig. 4). The SERS spectra exhibited 

in Fig. 4a were attained with R6G concentration ranging from 1× 

10-4 M to 1 × 10-10 M. With wavenumbers of 611 cm-1, 1359 cm-

1 and 1509 cm-1 at the Raman spectroscopy identified the R6G, 

the intensity with respect to the logarithms of R6G concentration 

was plot in Fig. 4b. The three plots showed well linearity. 

According to the fitted lines, the fitted equations at wavenumbers 

of 611 cm-1, 1359 cm-1 and 1509 cm-1 were I611 = 36955.4 + 

4134.1 log(CR6G), I1359 = 50255.0 + 5703.2 log(CR6G) and I1509 = 

55027.9 + 6241.5 log(CR6G), respectively. The data was well-

fitted linearly. Their large correlation coefficients are 0.9873, 

0.9897 and 0.9925 corresponding to peaks at wavenumbers of 

611 cm-1, 1359 cm-1 and 1509 cm-1, respectively. Moreover, the 

detect limit of the printed SERS substrates, shown in the inset of 

Fig. 4a, was 10-10 M (4.79 ppb). The results indicated that the 

SERS substrates were able to be used to be a practical analysis 

method. In addition, the stability of the hydrophobic substrate  
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Fig. 4 (a) SERS spectra of rhodamine 6G (R6G) in AuNPs microarrays 
on hydrophobic substrates (contact angle: ca.117.6°) with a series of 
concentration ranging from 1 × 10-4 M to 1 × 10-10 M. (b) SERS 
intensities and their linear fitted lines at wavenumbers of 1509 cm-1, 1359 
cm-1 and 611 cm-1 with respect to above concentration of R6G. The error 
bars represent relative standard deviations and were obtained with at least 
5 repeated trials. (c) SERS intensities at wavenumbers of 1509 cm-1, 1359 
cm-1 and 611 cm-1 for R6G with concentration of 1 × 10-7 M as a function 
of time during 12 weeks. 

was also characterized in Fig. 4c. During 12 weeks, the average 

SERS intensities at the wavenumbers of 611 cm-1, 1359 cm-1 and 

1509 cm-1 for R6G molecules were obtained. Moreover, the RSD 

for the three wavenumbers were 3.05%, 4.42% and 4.63%, 

corresponding to the wavenumbers at 611 cm-1, 1359 cm-1 and 

1509 cm-1, respectively. The results indicated that the sample 

was very stable. The results further indicated that the SERS 

microarray was able to be a practice and applicable analysis 

method. 

Conclusions 

In conclusion, a SERS-active spot array with high 

reproducibility was fabricated by inkjet printing-assisted self-

assembly of the monodispersed AuNPs. The as-prepared SERS-

active spot exhibited excellent reproducibility with RSD smaller 

than 4%, long-term stability with RSD smaller than 5%. 

Moreover, the detection limits of the microarray sensor about 5 

ppb, which was better than a standard colloidal method. The as-

prepared SERS-active patterns were universal for the Raman 

detection which could achieve high reproducibility, long-term 

stability, and excellent sensitivity and accuracy. Moreover, the 

fabrication strategy was fast, low-cost, and of capability for large 

scale preparation. We anticipate that the strategy and as-prepared 

SERS-active pattern will be of great potential for the chemical 

sensor and biology diagnosis. 
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