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A B S T R A C T

We report the fabrication of a low-cost, and highly reproducible large scale surface-enhanced Raman spectroscopy
(SERS) substrate using an inkjet-printed Ag nanoparticle-ink (AgNI). The AgNI SERS substrates were evaluated for
SERS using trans-1,2-bis(4-pyridyl)ethylene (BPY) as a molecular probe. AgNI substrates significantly enhanced
the SERS signals with the limit of detection of 1.8 � 10�7 g/mL for BPY. The printed AgNI dot arrays exhibit an
excellent SERS performance and reproducibility. The batch-to-batch and spot-to-spot standard deviation value of
less than 10% was obtained. The results reveal the reproducibility of the AgNI SERS dot arrays and its potential
application for SERS substrates.
1. Introduction

Surface-enhanced Raman scattering (SERS) is the enormous
enhancement of the Raman signal of the scattering molecules adsorbed
onto metal surfaces under certain conditions [1,2]. The localized surface
plasmon resonances (LSPR) of the metal nanoparticles of the substrate is
predominantly responsible for the amplification of the local electro-
magnetic fields that allow for the detection of analytes at exceptionally
low concentrations, even at a single molecular level [3–5]. An ideal SERS
substrate should be able to generate an intense, reproducible, and uni-
form SERS signal [6–8]. It should also be inexpensive and easy to fabri-
cate on a large scale [9].

There are various studies on the large-scale fabrication of SERS sub-
strates fabricated by different methods [10]. These methods include
electrochemical [11], lithography [12], dyeing [13], electrospinning
[14], inkjet printing [15], and screen printing [16]. Presently, all the
methods described above for SERS substrates are often complicated and
laborious. Wu et al. fabricated SERS substrates utilizing screen printing
Ag nanoparticles on a plastic PET (Polyethylene terephthalate) substrates
[16]. Miccich�e et al. fabricated inkjet printed customizable platform on
glass substrate to control the surface concentration of analyte molecules
and the number and position of hot spots [17]. Yang et al. fabricated a
highly reproducible SERS-active spot array by inkjet printing-assisted
self-assembly of the monodispersed AuNPs [18]. Yu et al. fabricated a
SERS substrate on paper by inkjet printing [15]. With most of the
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fabrication method, the standard deviation (SD) value of the SERS signal
is between 10 and 20%. The poor reproducibility of the SERS substrate is
one of the major challenges for the development of SERS sensing
technology.

Inkjet printing is suitable for the large-area fabrication of SERS sub-
strates where patterns can be formed in a single step. It is a simple
fabrication process in which the ink is used for the printing of plasmonic
patterns.

Therefore, many efforts have been devoted to developing highly
reproducible SERS substrates [19]. Herein, we report a large-scale
fabrication method of flexible, and highly reproducible Ag
nanoparticle-ink (AgNI) SERS dot arrays substrates by employing an
inkjet-printing method. The printed AgNI dot arrays exhibit an excellent
SERS performance and reproducibility. A batch-to-batch and spot-to-spot
SD value of less than 10% has been obtained. The results demonstrate the
reproducibility of the AgNI SERS dot arrays and its potential application
in the field of trace detection.

2. Experimental details

2.1. Fabrication of Ag nano ink printed SERS substrates

Ag nanoparticles (AgNPs) were synthesized using oxalate-bridged
silver amine complexes [20,21]. In this synthetic mechanism, the oxa-
late ligand (C2O2�

4 Þ acts as a two-electron reducing agent. Without using
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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any additional synthetic organic solvents and reducing agents, the pre-
cursor complex can be directly transformed into oleylamine-stabilized Ag
nanoparticles. The typical Ag particle sizes were 10–15 nm (d50). The
AgNPs were dissolved in the mixture solvent of dodecane and 1-nonanol
with 35 wt%. The prepared AgNI was patterned by an inkjet printer
(Fujifilm:DMP-2831) on polyethylene naphthalate (PEN) film with a 125
μm thickness. The jetting condition of AgNI was optimized by controlling
a waveform of the applied voltage in the cartridge. The AgNI droplets
were deposited with a dot-to-dot spacing of 60 mm. The Ag dot patterns
of 5 mm diameter were formed on the PEN film. After inkjet pattering,
the PEN film was baked on the hotplate for 30 min at 150 �C. The AgNPs
are fused with each other by the sintering process, and then, conductive
passes are formed in Ag layer. The thickness of the Ag layer was about
100 nm.

2.2. Optical and SERS measurements

The optical property of the AgNI dot arrays substrates was investi-
gated using UV–Vis reflectance measurements. The reflectance spectra
were collected using an Ocean Optics (USB4000) spectrometer. Lamb-
daVision (RAM200) Raman spectrometer was used for the collection of
SERS spectra. trans-1,2-bis(4-pyridyl) ethylene (BPY, 99.9þ%, Sigma)
was used as the molecular probe for the SERS study. A 785 nm laser with
a 50 � objective and 15 mW power on the sample was used for the
excitation with a spectral acquisition time of 1 s. The SERSmeasurements
were performed at seven random spots on the substrate. All the mea-
surements were performed at room temperature. A 10 μL droplet of BPY
solution was released onto the AgNI substrates and allowed to dry prior
to data acquisition.

2.3. Surface morphology

A scanning electron microscope (SEM; Hitachi High Tech. SU3800)
with a LaB6 detector in the secondary electron mode operating at an
acceleration voltage of 10 kV was used to conduct surface morphology
Fig. 1. SEM micrographs of (a) unbaked, and; (b) baked AgNI dot arrays samples. Sc
<d> denotes the mean diameter, and σ is the standard deviation.; (d) A photograph
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analysis of the baked and unbaked samples.

3. Results and discussion

3.1. Morphology of AgNI dot arrays

Fig. 1(d) shows the photograph of the printed unbaked and baked
AgNI dot arrays on the PEN substrate. The AgNPs stick firmly to the PEN
substrate and form a uniform Ag layer. The SEM micrographs of the
baked and unbaked AgNI dot arrays are shown in Fig. 1. Fig. 1(a) and (b)
indicate that for unbaked AgNI, most of the AgNPs were quasi-spherical
with a mean diameter of 20 � 5 nm. The unbaked AgNI samples were
uniformly distributed. Whereas after baking the AgNPs coalesce with the
formation of percolation holes. The uniform surface coverage is a crucial
factor that determines the spot-spot SERS uniformity.

3.2. Optical and SERS characterization

The UV–Vis reflectance spectroscopy showed a reflectance minima at
around 420 nm, which is due to LSPR of AgNPs. The unbaked AgNI
sample showed higher absorption around the LSPR wavelength and
lower reflectance at long wavelengths suggesting a better LSPR perfor-
mance. The overall reflectance of the AgNI increases after the baking
process, and that may be because of the more uniform distribution of the
Ag. The SERS spectrum of the AgNI substrates was taken by dropping 10
μL of 10�4 aqueous solution of BPY on the substrate. The SERS spectra of
the bare PEN substrate, BPY on baked and unbaked AgNI samples are
shown in Fig. 2(b). The PEN substrate shows sharp peaks at around 780,
1222, 1390, 1480, 1635, and 1719 cm�1. Upon printing of the AgNI dot
arrays, the background peaks of the PEN substrate are suppressed, and
the characteristic BPY peaks can be observed. The SERS spectra of BPY
has four main bands at around 1013, 1228, 1294, and 1610 cm�1 that are
associated to the pyridine ring breathing, ring deformation, the C ¼ C in-
plane ring mode, and the C ¼ C stretching mode, respectively [22,23].
The unbaked AgNI sample showed a better SERS response as compared to
ale bar equals to 500 nm; (c) particle size distribution on unbaked AgNI sample.
of unbaked and baked AgNI samples.



Fig. 2. (a) UV–Vis reflectance spectra for baked and unbaked AgNI samples. Aa reflectance minimum at around 420 nm, which is due to LSPR of the Ag nanoparticles;
(b) Raman spectrum of the bare PEN substrate and SERS spectra of BPY on unbaked and baked AgNI dot arrays.
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that of the baked AgNI. We were able to detect BPY down to a concen-
tration of 1.8 � 10�7 g/mL on the unbaked AgNI dot arrays showing a
good sensing capability of the unbaked AgNI sample.

The better SERS response of the unbaked AgNI is because AgNPs had
a quasi-spherical shape with a high degree of uniformity. The SERS in-
tensity of the Raman probe depends on the size and shape of the nano-
particles on which they are adsorbed [24]. The uniform quasi-spherical
AgNPs may enhance the SERS signal not only due to the LSPR. They may
also produce unusually large electromagnetic enhancement around the
sharp edges, referred to as a lightning rod effect [25]. The electric field
that is generated at the sharp edges would be much higher than other
parts of the nanoparticles. The plasmonic coupling of the LSPR between
two AgNPs with a separation of less than 50 nmmay also further enhance
the SERS intensity [26].
3.3. Reproducibility of AgNI SERS substrates

Batch-batch and spot-spot uniformity on the same sample are critical
concerns for large scale SERS substrates fabrication. A common barrier to
quantitative detection for the SERS substrates is spot-to-spot reproduc-
ibility of the signal [27]. The intensity peak at 1610 cm�1 for 10�4 M BPY
solution was used to measure the batch-batch and spot-spot SERS signal
reproducibility, Fig. 3. Batch-batch variation of the SERS signal was very
low, with a standard deviation of less than 10%. The standard deviation
of the SERS measurements at different positions on the sample was also
around 6%. This shows a good reproducibility of our printed AgNI SERS
samples.

The factors that influence the Raman signal intensity are 1) the
Fig. 3. (a) Batch-to-batch variation of the peak around 1610 cm�1 peak; (b) spot-to-
positions on the AgNI sample.
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electric field at the substrate; 2) the number density of molecules and the
differential Raman cross-section per molecule; 3) the optical system
conditions. In our experiment, the same system was utilized for the
collection of Raman spectra, and also the concentration and type of an-
alyte on the SERS substrate was the same for all the measurements. So the
only factor that will influence the SERS intensity is the uniformity of the
electric field on the substrate and the adequate number of molecules in
the hot-spot regions.

The size, aggregation, and distribution of nanoparticles may lead to a
significant difference in SERS intensity, therefore making it challenging
to obtain a good reproducibility. Our synthesis method of silver nano-
particles can precisely control the introduction of surfactants that coat
the silver nanoparticles. By using our synthesis method, it is possible to
realize the wettability, viscosity, and drying characteristics of AgNI
suitable for the inkjet printer. Therefore, it is possible to form AgNP
patterns that have exceptionally smooth and high shape uniformity
without bleeding. Although the geometry of nanoparticles is much better
from the SEM images, the size and shape may still have some variations
to some degree. These small variations can bring a notable difference in
the SERS intensity and consequently lead to poor reproducibility. The
eccentricityε uniquely characterizes the deviation from a circular shape.
Theε of the AgNPs was calculated to analyze the uniformity of the
nanoparticles as

ε¼ rmax � rmin
rmax þ rmin

(1)

where rmax and rmin are the maximum and minimum radii of the AgNPs.
The ε was found to be approximately 0.05 � 0.03, indicating that for
spot variation and the standard deviation of the SERS measurements at different
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unbaked AgNI, most of the AgNPs were uniform quasi-spherical in shape.
The aggregation and distribution of nanoparticles determine the reso-
nance condition and the variation in the electric field. Since AgNPs of
about 20 nm is dispersed uniformly without aggregation, a dense silver
thin film can be formed by inkjet printing. Furthermore, the laser spot
used for Raman spectroscopy in this study was 8 μm2 as obtained from
the wavelength and numerical aperture of the objective lens for an ideal
focusing. A large number of AgNPs and, thus, hot spots may contribute
greatly to the high reproducibility of SERS arrays because the laser spot
covered several hundred nanoparticles, and the resulting signal was an
average of the signals from these nanoparticles. Hence, the reproduc-
ibility can be attributed to the uniform size and uniform distribution of
AgNI hot spots in a large area.

Another factor attributed to reducing the measurement variability is
that ideally, the adequate number of molecules should be present in
enough number of hot-spot regions within the laser spot. To obtain a
uniform distribution of analyte molecules, a droplet of BPY solution
equal to the Ag dot diameter was released on the Ag dot patterns of 5 mm
diameter. The drop was allowed to evaporate, resulting in a uniform
distribution of the analyte along the radius of the Ag dot, as a strong
capillary flow due to evaporation, moved the analytes from the edge to
the center [28]. This procedure increases the concentration of the analyte
due to contact line pinning, solvent evaporation, and capillary flow over
a small area of the Ag dot, thereby increasing reproducibility through
uniform distribution of the analyte molecules.

4. Conclusions

In conclusion, we fabricated a large scale highly reproducible inkjet-
printed Ag nano ink SERS substrate. An oxalate ion was used as an
inexpensive reducing agent for the synthesis of oleylamine stabilized Ag
nanoparticles. The minimum detection limit was 1.8 � 10�7 g/mL for
BPY molecules. The inkjet-printed AgNI sample displayed excellent
reproducibility with batch-to-batch and spot-to-spot standard deviation
of less than 10%. This study can result in large-scale production of flex-
ible SERS substrates.
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