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ABSTRACT: Surface-enhanced Raman scattering (SERS) sub-
strates are of great interest for detecting low-concentrated analytes.
However, issues such as multistep processing, cost, and possible
presence of hazardous substances in the fabrication still represent a
significant drawback. In this paper, an innovative direct writing
method is introduced for solvent-free and spatially selective
deposition of fine metal copper nanoparticles (CuNPs), with size
distribution below 20 nm, generated in-line through a spark
ablation method (SAM). The deposited CuNPs’ morphology and
composition were characterized by scanning electron microscopy
(SEM), atomic force microscopy (AFM), and energy-dispersive X-
ray spectroscopy (EDS). The resulting CuNP patterns feature
porous 3D microdomains with nanometric structures serving as
hot spots for Raman signal enhancement. Low-temperature post-treatment (below 200 °C) of the deposited CuNPs significantly
evolves its morphology and leads to sintering of NPs into a semicrystalline structure with sharp geometric features, which resulted in
a more than 10-fold increase of the enhancement factor (up to 2.1 × 105) compared to non-heat-treated samples. The proposed
method allows creating SERS substrates constituted by sharp 3D metallic nanopatterns selectively deposited onto specific regions,
which paves the way for new printed, highly sensitive SERS-based sensors.
KEYWORDS: surface-enhanced Raman scattering (SERS), aerosol direct writing, copper nanoparticle, spark ablation method (SAM),
thermal treatment

1. INTRODUCTION

Surface-enhanced Raman scattering (SERS) spectroscopy is a
rapid, label-free, and straightforward technique employed in
many applications ranging from low concentration and even
single-molecule detection1,2 to DNA studies3 due to its ability
to provide a variety of information about chemical and
structural features of different species. SERS is widely used in
many fields such as biology,4 material science,5 food analysis,6

and medicine7 and is based on the amplification of the Raman
signal by several orders of magnitude taking place on metallic
nanostructured surfaces and enabling ultrasensitive finger-
printing of molecules.
In the amplification of the Raman signal, two primary

mechanisms must be taken into account: chemical enhance-
ment and electromagnetic enhancement.8 The chemical
enhancement is highly molecule specific9 and is primarily
related to charge transfer mechanisms between the molecule
and the metal. The other enhancement mechanism, which has
the highest impact on the total enhancement, is the
electromagnetic (EM) one.10 The EM enhancement of the
Raman signal is due to localized surface plasmon resonance
(LSPR) taking place at the surface of metal particles featuring
nanometric roughness.5 These excitations are due to collective

oscillations of the electron cloud in the presence of incident
light at the interface between a metal and a dielectric. Surface
plasmons are localized because of their confinements within
the surface of a nanoparticle (NP) or on edges and corners of a
metallic nanostructure. The results of this confinement are (1)
selective photon absorption depending on the size and shape
of the nanostructure and (2) amplification of the EM field.11

The regions of a surface with the ability to enhance the Raman
signal are termed hot spots.12

Noble metals, such as silver13,14 and gold,15,16 structured
with feature sizes of few nanometers to hundreds of
nanometers and having LSPR in the visible regions of the
spectrum, are widely employed as SERS-active substrates.
Alternatively, copper, a less expensive material, is another
metal employed in SERS-active substrates; it generally leads to
lower Raman enhancement compared to substrates made of
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gold or silver. The low SERS effect of a Cu SERS substrate can
be compensated by using a 3D structure instead of a 2D
configuration to increase the number of hot spots. The
presence of a 3D structure also increases the number of
adsorbed probe molecules around the hot spots due to the
higher surface area. Different strategies have been developed
for manufacturing SERS-active substrates such as chemical
reduction,17,18 self-assembly,19,20 screen printing21 electro-
chemical deposition,22,23 dealloying or decomposition,24

thermal decomposition,25 and nanosphere lithography
(NSL).26 All these methods are characterized by either
multistep processes, high temperature, high level of vacuum,
presence of hazardous chemicals, or expensive instruments.
Furthermore, these methods create SERS-active regions all
over the surface; however, for the integration of SERS into a
sensor or a microfluidic device, it would be desirable to have
SERS-active patterns in a specific location. To fabricate local
SERS-active patterns, methods such as electron beam
lithography (EBL)27 and photolithography28 can be employed
to create nanopatterns in the desired location with high control
over the shape, size, and spacing of hot spots; however, they
are expensive, time-consuming, and limited to typical semi-
conductor material systems. In this work, we report an
innovative approach allowing selective direct writing of copper
nanoparticle patterns via aerosol direct writing (ADW) and
heat treatment of the deposited film to tune and significantly
improve the SERS signal enhancement.
In ADW, an in-line spark ablation method (SAM) is used to

generate metal or alloy NPs,29,30 which are deposited in well-
defined regions of the substrate by using an aerodynamically
focusing system. The deposited pattern is composed of 3D
nanoparticles’ microstructures featuring a height of hundreds
of nanometers with high porosity and nanometric roughness.
We also report how the tuning of process parameters, such as
the deposition speed and nozzle to substrate distance, has a

direct influence on the width of the pattern and the density of
the nanoparticles. Furthermore, we show that the morphology
of the deposited film is significantly affected by a low-
temperature thermal post-treatment (below 200 °C), convert-
ing the porous structure into multifaceted microdomains with
sharp corners and edges. A low-concentration analyte,
Rhodamine (RhB), is used to study the tunability of the
SERS signal enhancement in relation to the evolution of the
CuNP film morphology. Compared to untreated samples, a
SERS signal enhancement of more than 1 order of magnitude
was achieved.

2. EXPERIMENTAL SECTION
2.1. Aerosol Direct Writing. An experimental setup (aerosol

direct writing (ADW)) was used for the spatially selective deposition
of copper nanoparticles (CuNPs), consisting of a commercial particle
generator (VSParticle G1) and a deposition unit as illustrated
schematically in Figure 1a. The particle generator exploits the spark
ablation method (SAM) (Figure 1b). In the SAM, the discharge of
electrons (sparks) between two electrodes (copper 99.99% pure)
generates a locally high temperature (typically 20000 K31) at the
spark location.32,33 The introduced energy leads to local evaporation
of the electrode material. The vapor is carried away by an inert gas
(argon), controlled by a Bronkhorst HighTech El-Flow Prestige (inlet
volumetric flow rate between 150 and 20000 sccm), and is quenched
very shortly after its evaporation by passing through an orifice in the
system, which causes the metal vapor to cool and coalesce into
primary spherical NPs34 (109−1012 cm−3 particles, polydispersed
mixture with particle sizes between 0 and 20 nm32). After that, the
NPs start to form agglomerates of diverse shape and size (tens to
hundreds of nanometers) by particle−particle interaction and
impaction. The parameters to control particle size and amount are
the frequency of the electrical field, the current, and the argon gas
flow.

The deposition unit consists of a vacuum chamber, a dry pump, a
converging nozzle for focusing the beam of particles, and a stage to
move the substrate along the plane perpendicular to the gas and

Figure 1. Schematic representation of (a) the aerosol direct writing system and its components. (b) Spark ablation method working principle. (c)
NPs and agglomerates of NPs focusing in a long converging nozzle and axisymmetric view of the nozzle and its configuration. (d) Example of a
deposited NP pattern.
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particle flow. The focusing nozzle consists of a converging section
with a 10 mm diameter inlet (Di) and half-angle of 45° (α) followed
by a 20 mm converging capillary nozzle (Lc) with a 2 mm diameter
inlet (Dc) and half-angle of 2° (β) ending in a 400 μm diameter throat
(DN) representing the outlet of the focusing nozzle (Figure 1c). The
nozzle is designed in SOLIDWORKS and manufactured by using an
Envisiontech Micro plus high-resolution stereolithographic 3D printer
with 25 μm resolution and postprocessed by UV-curing for 3 min.
Concerning the fabrication of patterned active-SERS substrates, 1

in. sized silicon substrates, cleaned with acetone and isopropanol, are
mounted on the stage in the vacuum chamber. The stage controller
consists of two SmarAct SLC-1750-M-E-HV positioners for
patterning of a substrate with in-plane motions (X, Y) of the stage
and one SmarAct SLC-1750-O20-D-HV positioner for out-of-plane
motion (Z) of the stage to precisely control the distance of the nozzle
to substrate. For each nozzle-to-substrate distance, three samples were
prepared by printing CuNP on a clean silicon substrate with a flux of
930 sccm, 1 bar upstream pressure, vacuum pressure of 270 ± 1% Pa,
deposition writing speed of 50 μm s−1, and SAM voltage and current
setting of V = 1.2 kV and I = 8 mA, respectively. Concerning the
thermal post-treatment, the silicon substrates with CuNPs patterns
were placed in a Binder VD23 vacuum oven with a vacuum pressure
of 0.01 mbar.
2.2. Morphology Characterization. The morphology of the

patterned area was characterized by scanning electron microscopy
(SEM), atomic force microscopy (AFM), and optical microscopy
(OM). The SEM measurements were performed with the following
SEM microscopes: Jeol JSM-6010LA, field-emission high-resolution
Jeol JSM-6500F, and FEI NovaNano, all with a secondary electron
detector. The elemental analysis of deposited patterns was performed
through an energy-dispersive X-ray spectrometer integrated into the
SEM Jeol JSM-6010LA setup at a magnification of 2500 and
acceleration voltage of 15 kV. For each configuration of heat
treatment (no heat treatment, 1 h at 100 °C, 1 h at 200 °C, and 2 h at
200 °C), four EDS analyses were performed randomly in the centric
regions and two in the boundary zones. The optical pictures were
recorded with a Keyence digital microscope (VHX-6000) able to
magnify from 20× to 2000×. The HDR (high dynamic range)
function, allowing to capture multiple images at varying shutter
speeds, improved the resolution and the contrast between substrate
regions with and without deposited CuNPs. The boundary of the line
was therefore chosen as the region where there was a clear difference
in the contrast. For each distance between the nozzle and the
substrate, the width of three lines printed on three silicon substrates
was measured.
The AFM measurements were performed by a JPK Nanowizard 4

coupled to a Zeiss microscope in QI mode. Silicon tips TESPA-HAR
with the resonant frequency of 320 kHz, force constant of 42 N m−1, a
high aspect ratio of at least 5:1, and a curvature radius of 10 nm were
used. The high aspect ratio of the tip enables the imaging of surfaces
with high differences in height, reducing possible tip−sample
convolution artifacts. Three scan areas of 3.0 × 3.0, 1.5 × 1.5, and
0.5 × 0.5 μm2 were used to study the morphology of the samples. All
AFM measurements were performed in air at room temperature and
were leveled with linear subtraction of background data for both
horizontal and vertical lines by using GWYDDION 2.55 software.
2.3. SERS Measurements. Concerning SERS studies, a Rhod-

amine B (RhB) solution with a concentration of 1.0 × 10−6 M was
prepared out of RhB powder, purchased from Sigma-Aldrich, and
deionized water. To ensure a homogeneous distribution of the probe
molecule on the nanostructured surface, an immersion method was
used. The samples were immersed in the RhB solution for 12 h to
ensure sufficient molecule adsorption on the samples. After that, the
samples were removed from the solution, washed thoroughly with
deionized water to remove the excess of RhB, and dried with a
nitrogen stream. Compared to droplet-on-substrate deposition
protocols, our approach prevented “coffee-stain effects” that could
lead to the accumulation of the probe molecules at the edge of a
drying droplet deposited on the substrate.35 Concerning Raman
spectroscopy measurements, a Horiba LabRAM HR setup, equipped

with an argon ion laser operating at 488, 514, and 633 nm, a CCD
camera, and a 50× (NA = 0.5) objective was used. All SERS spectra
were acquired with the laser operating at 514 nm at a power of 20
μW, with an acquisition time of 30 s, and an average laser beam spot
size of about 2 μm measured on bare silicon, unless mentioned
otherwise. The spectra were collected over the range of 500−1700
cm−1 with a spectral resolution of ∼0.3 cm−1. The spectral data were
recorded by using LabSpec6 software, and baseline correction was
performed to remove the fluorescent background. To assess the level
of reproducibility of SERS signal on the fabricated patterns, the
Raman signal of RhB on CuNPs deposited patterns with and without
heat treatment was measured at 18 different locations within the
patterns.

3. RESULTS AND DISCUSSION

Figure 1c shows the schematic of a designed focusing nozzle,
which enables the experimental setup to deposit CuNPs
selectively on the substrate. The focusing nozzle accelerates the
carrier gas and propels the particles due to the pressure
difference between the upstream (Pu) and downstream (Pd) of
the nozzle. The ratio of the upstream to downstream pressure
(vacuum pressure) of the nozzle defines the mode of flow at
the outlet of the nozzle: subsonic, sonic, or hypersonic.
A pressure ratio (Pd/Pu) lower than 0.49 (Pd/Pu = (2/γ +

1)γ/(γ−1), with γ = 1.66 for argon36) causes a sonic flow mode.
Further decrease in the pressure ratio leads to a strong
expansion of the gas outside of the nozzle and enables the gas
to reach higher velocities. When this expansion of gas impinges
onto a plate, a stagnation plane is created in front of the plate
by the so-called bow shock. Across the bow shock, a sharp
difference in pressure and velocity of gas appears with a zero
velocity on the plate. The nanoparticles’ velocity is affected
significantly by any change in the flow because of their low
inertia; therefore, they can reach higher velocity outside the
nozzle in the expansion zone of the gas. This allows them to
leave the streamline and deposit on the target substrate. The
highest pressure ratio between upstream and downstream of
the nozzle takes place when a stagnation point at atmospheric
pressure (105 Pa) and clean room temperature (293 K) is
reached, and the vacuum pump works at its highest power. In
this configuration, the flow rate controller is set at 930 sccm,
the vacuum pressure is equal to 270 ± 2% Pa, and the pressure
ratio is 377−1 < Pd/Pu < 363−1.
The other parameter affecting the expansion of the gas after

the nozzle and further deposition of the NPs on the substrate is
the distance between the nozzle and the substrate. A small
distance causes a weaker gas expansion and lower gas and
particle velocity. On the other hand, a high distance leads to
not only a fully expanded gas and high particle velocity but also
a higher distance of bow shock to the substrate. This further
increases the traveling path of particles to reach the substrate
and, consequently, reduces the chance of deposition. Figure
2a1−a8 shows the optical microscopy images of the variation
in the width of the deposited line according to different
distances between the nozzle and the substrate.
Figure 2b shows that the width of the lines depends on two

factors: the distance between the nozzle and the substrate and
the diameter of the nozzle. Increasing the distance of the
nozzle to the substrate from 200 μm (0.5 × DN) to 1600 μm
(4.0 × DN) leads to an increase in the width of the line from
265 μm ± 2% (∼0.65 × DN) to 505 μm ± 2% (∼1.25 × DN).
Increasing the width of the line also leads to a decreasing
density of the particles and less uniform deposition; however,
this can be compensated by increasing deposition time. The
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results show that by controlling the distance of the nozzle to
substrate and the time of deposition, it is possible to create
patterns with various widths in the range of the diameter of the
nozzle. In further studies, we will consider the fabrication of
nozzles with smaller diameters. Although all the SERS
experiments in this work were performed on Si surfaces, the
direct writing methodology has also been validated on other
kinds of substrates (Figure S1).
Figure S2a and Figure 3a show a film of copper

nanoparticles (CuNPs) deposited on a silicon substrate and
the typical morphology of the film in low-magnification SEM
images. The agglomerates of NPs with different shapes and
sizes, together with primary NPs in various sizes, formed a
dense layer on the substrate that contains valleys and hills in a
three-dimensional (3D) configuration (Figure 3b). A closer
look at the structure of the film is provided in Figure S2d,e
with a high-resolution SEM and by AFM images depicted in
Figure 4a,b. We observe that the 3D structure is composed of a
random network of very fine NPs featuring a spongelike
morphology characterized by high porosity and surface area.
Apart from NPs and agglomerates of NPs deposited on the
substrate, Figure 3a indicates the presence of microparticles
with size ranging from hundreds of nanometers to few
micrometers. Microparticles result from the solidification of
larger units of molten metal occasionally ejected from the
surface of the electrode into spherical particles,32 such as the
microparticle shown inFigure S2f. The number of these
microparticles in regions close to the center of the line (Figure
S2a) is higher than in regions closer to the boundary of the line
(Figure S2b) since microparticles have higher mass and
consequently higher inertia compared to NPs.
The evolution of the surface morphology by different

thermal post-treatments is shown in Figures 3c−h and 4c−h.
The melting temperature of nanoparticles (TNP) and their
sintering temperature are a function of the nanoparticle’s size
(DNP) and decrease drastically from the bulk melting

Figure 2. Optical microscopy of the variation of the width lines at a
nozzle-to-substrate distance of (a1) 200, (a2) 300, (a3) 400, (a4)
600, (a5) 800, (a6) 1000, (a7) 1200, and (a8) 1600 μm. (b)
Relationship between the width of the deposited line and the ratio
between the nozzle-to-substrate distance and the nozzle diameter (L/
DN). For each distance between the nozzle and the substrate, the
width of three lines printed on three silicon substrates was measured
by using HDR images. All lines were printed on silicon substrates with
a flux of 930 sccm, 1 bar upstream pressure, the vacuum pressure of
270 ± 1% Pa, deposition writing speed = 50 μm s−1, nozzle throat of
400 μm, and SAM voltage/current setting of V = 1.2 kV and I = 8 mA.

Figure 3. (a, b) SEM images of the morphology of CuNPs, agglomerates, and Cu microparticles deposited on the silicon substrate. (c, d)
Transformation of the CuNPs deposited on a silicon substrate to crystalline form after thermal treatment in the vacuum oven for 1 h at 100 °C. (e,
f) After thermal treatment in the vacuum oven for 1 h at 200 °C. (g, h) Crystal growth after thermal treatment in the vacuum oven for 2 h at 200
°C. All CuNPs deposited with SAM voltage/current setting of V = 1.2 kV and I = 8 mA.
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temperature (TBulk) following the law (TNP − TBulk)/TBulk =
f(−1/DNP).

37−39 The dependence of the melting temperature
of nanoparticles on their size is particularly important for
particles with a size below 20 nm.39 The SEM images (Figure
3c,d) and AFM images (Figure 4c,d) show that the 3D
spongelike structure, composed by individual CuNPs, starts to
sinter at a temperature of 100 °C and transforms into a
compacted structure with micrometric 3D domains containing
particulate shapes of tens of nanometers and lower porosity
compared to non-heat-treated samples.
The surface morphology of deposited CuNPs and heat-

treated in a vacuum oven for 1 h at 200 °C is depicted in
Figure 3e,f. The AFM images of Figure 4e,f show that the
thermally treated sample at 200 °C features a morphology
similar to the ones treated at 100 °C but with larger particulate
sizes. Figure S3d and Figure 3f show that the 3D micrometric
domains contain corners and edges with a size ranging from
tens of nanometers to a maximum of 200 nm.
Increasing the sintering time to 2 h provokes further fusing

of CuNPs into larger shapes and ordered structures, as shown
in Figures 3g,h and 4g,h. The previously formed compacted 3D
structures after 1 h treatment at 200 °C undergo further
reordering, leading to multifacet 3D aggregates with size
between hundreds of nanometers until a maximum of 2 μm, as
shown in Figure 4i,j. The frequency of the presence of these
cubic copper aggregates decreases by moving from the center
of the line toward the boundaries, as shown in Figure S4a (the

right sides of both pictures are closer to the center of the line).
In the boundary regions, CuNPs turned into aggregates with
micrometric size; however, they have a less ordered shape
compared to cubic aggregates present in the centric regions
(Figure S4b−d). This difference in the microstructure of the
thermally treated CuNPs at different positions of the line may
be related to the differences in the amount of material present
in the centric regions compared to the boundary of the line.
This lack of material in the boundary region limits the
formation of larger and more-ordered aggregates. The other
possible explanation might be related to the presence of copper
with different oxidation states at the surface in different regions
of the line.
To quantify the presence of oxidations states, we performed

an elemental analysis of the fabricated samples by using
energy-dispersive X-ray spectrometry (EDS, see the Support-
ing Information, Table S1 and Figure S5) on two regions: in
the centric regions of the line with higher CuNPs coverage
over the deposited area and in the boundary regions featuring
lower CuNPs coverage. The EDS results reported in Table S1
show the presence of copper, oxygen, silicon, and carbon. The
presence of silicon in the elemental analysis is due to the
penetration of the X-ray into the film until the silicon substrate.
Its presence is therefore lower in the inner regions compared
to the boundary ones due to the higher coverage of CuNPs
and higher thickness of the film. The EDS analysis of a silicon
substrate without CuNPs is shown in Figure S5a and highlights

Figure 4. AFM morphology of 0.5 × 0.5 and 1.5 × 1.5 μm2 areas of (a, b) samples without heat treatment, (c, d) samples heat-treated at 100 °C
and 1 h, (e, f) samples heat-treated at 200 °C and 1 h, (g, h) samples heat-treated at 200 °C and 2 h. AFM morphology of (i) 3.0 × 3.0 μm2 area of
the thermal post-treated sample at 200 °C and 2 h in the vacuum oven and (j) its 3D view. All CuNPs deposited with SAM voltage/current setting
of V = 1.2 kV and I = 8 mA.
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the only presence of silicon without any trace of carbon.
Therefore, we attribute the presence of carbon in the CuNPs
deposited substrates to the reaction of copper nanoparticles
with CO2 in the air. It should be noted that oxidation of
copper occurs very shortly after it is exposed to air because of
the chemical reactivity of CuNPs40 and the relatively low
thickness of CuNPs film. Figure 5 shows the ratio of copper to

oxygen in the CuNPs deposition at the boundary of the
deposition area and within inner regions of the line.41 The
sample without heat-treatment shows that the centric regions
oxidized uniformly, leading to the formation of copper(II)
oxide (CuO); however, the boundary has a higher oxygen ratio
compare to inner regions.
To evaluate the effect of heat treatment on the elemental

compositions of the samples, the EDS characterization was also
performed on heat-treated samples. As shown in Figure 5, the
centric regions for almost all samples have a higher ratio of
copper to oxygen compared to boundary regions. This ratio
starts to increase in the centric regions with an increase of time
or temperature of the thermal treatment, which is an indication
of the transformation of the CuO to Cu2O. Unlike bulk copper
oxide (CuO), which reduces directly to copper, the CuO
nanoparticles first completely reduce to Cu2O by (4CuO(s)→
2Cu2O(s) + O2(g)) and then to Cu (2Cu2O(s) → 4Cu(s) +
O2(g)),

42,43 which is a reaction that requires a temperature
higher than 200 °C.44 The Cu2O is a stable compound of
copper with cubic crystalline structure;45 therefore, the gradual
increase in the ratio of copper to oxygen in the centric regions

from 1 to 2 leads to a transformation of the nanostructure from
spherical shape to larger cubical shape. The higher ratio of
oxygen to copper in the boundary regions might relate to the
presence of finer nanoparticles with a higher surface area.
According to the morphology characterization results

mentioned above, the film of CuNPs features high roughness
and a spongelike 3D morphology containing nanostructures
with a size distribution between 0 and 20 nm. To evaluate the
SERS performance, a series of Raman experiments were
performed by using low-concentration Rhodamine B (RhB) as
a probe molecule. The schematic of a typical deposited CuNPs
line on a silicon substrate is shown in Figure 6a. For each
experiment, the width of a line is divided into six regions, and
in each region, three Raman acquisitions on three different
points are performed. The Raman points are specific regions in
the cross section of the deposited line, which are chosen
because of their clearly distinct morphology. In this
configuration, the Raman signal of RhB was measured at 18
different points to assess the level of reproducibility of the
SERS signal on the fabricated patterns. Rhodamine B (RhB)
with a concentration of 1.0 × 10−6 M was adsorbed on the
CuNPs deposition and showed a distinguishable Raman signal
under laser excitation at 514 nm. The SERS effect is higher
when the laser excitation promotes the LSPR on the metal
nanostructure. However, the laser excitation options of Raman
equipment have limited options, and for complex nanostruc-
tures, LSPR occurs at multiple wavelengths due to the presence
of higher-order multipole plasmonic modes.46 In this study, a
combination of theoretical calculations based on the Mie
theorem for very fine spherical copper nanoparticles47 and a
series of experiments on complex nanostructures was
employed to find the best laser excitation, which is 514 nm.
The procedure is explained in detail in section 4 of the
Supporting Information. The characteristic Raman spectrum of
RhB is shown in Figure 6b with its most important peaks: 621
cm−1 (for xanthene ring puckering), 1199 and 1279 cm−1 (for
C−C bridge band stretching and aromatic C−H bending),
1358 cm−1 (for aromatic C−C bending), 1505 and 1528 cm−1

(for aromatic C−H bending), and 1648 cm−1 (for aromatic
C−C bending and CC stretching). In Figure 6b, at 520.7
cm−1, the silicon peak is also shown, and it is present in the
SERS spectrum of RhB if the CuNPs deposited line is not thick

Figure 5. Elemental ratio of copper to oxygen in different samples:
(A) inside the line and (B) boundary of the line.

Figure 6. (a) Schematic view of the typical Raman acquisition map over a deposited line (the green circles are the acquisition points). (b) Raman
spectrum Rhodamine B. Raman measurement conditions: argon ion laser operating at 514 nm and power of 20 μW; acquisition time = 30 s;
objective lens = 50× (NA = 0.5).
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enough to cover the silicon substrate completely. For SERS
characterization, the five peaks of RhB (1279, 1358, 1505,
1528, and 1648 cm−1) were considered.
The first set of experiments are related to the adsorption of

RhB on the patterns of CuNPs deposited on a silicon substrate
with SAM setting of 1.2 kV and 8.0 mA and a fixed nozzle-to-
substrate distance of 400 μm (L/DN = 1). Figure 7a,c reports
18 Raman spectra of RhB on CuNPs deposited on the silicon
substrate with two writing speeds of 10 and 2 μm s−1 in the
spectral range of 1200−1700 cm−1.
The values on the oblique axes in Figure 7a,c relate to

regions shown in Figure 6a and contains three Raman
acquisitions for each region. The distribution of the five
main characteristic peaks of RhB for the six Raman points is
shown in Figure 7b,d. The spectra acquired on NPs patterns
fabricated at both writing speed show that 1.0 × 10−6 M RhB is
detectable, and all characteristic peaks of RhB are observable
with the highest peaks at 1648 cm−1. Furthermore, Figure 7b,d
shows that the highest intensities for each peak of RhB occur in
the region far from the center and closer to the boundary. We
tentatively attribute this to the lower surface area and lower
LSPR in the centric regions, which contain a higher number of
microparticles.
The effect of thermal post-treatment with different times and

temperatures on the enhancement of the Raman signal of 1.0 ×
10−6 M RhB is shown in Figure 8. Comparing the Raman
spectrum of 1.0 × 10−6 M RhB adsorbed on non-heat-treated
CuNPs to the heat-treated ones for 1 h at 100 °C (respectively

Figures 7a and 8a), it is clear how the SERS intensity is
amplified on average by a factor 4. Thermal treatment of
CuNPs at 100 °C triggers the sintering of the fine
nanoparticles into larger structures, although the temperature
or the heating time are not sufficient for inducing a significant
coalescence of the NPs. The SERS intensity is further
improved by increasing the temperature of the vacuum oven
from 100 to 200 °C (Figure 8b), which averagely enhanced the
signal intensity by a factor 10 compared to the non-heat-
treated CuNPs. Thermal treatment of CuNPs at 200 °C for 1 h
leads to the formation of aggregates with larger nanofeature
size, as shown in Figure 3e,f, and this induces a red-shift in the
LSPR48−50 of copper structures and therefore a better
amplification of electromagnetic wave and consequently
Raman signal.
The prolongation of the heat treatment at 200 °C from 1 to

2 h leads to a significant decrease of the SERS intensity in the
centric region of the line and an increase in the boundary
regions (Figure 8c). As mentioned above, the morphology of
the thermally treated CuNPs in the centric regions treated at
200 °C for 2 h is characterized by the presence of large cubic
aggregates with a feature size of several hundreds of
nanometers and less effectiveness as a hot spot for the
enhancement of the SERS signal.
The other hindering point of oversintered CuNPs relates to

a decrease in the surface area of the microstructure due to
fusing NPs hence lower area for adsorption of RhB molecules.
As shown for the SERS signal of RhB on CuNPs without heat

Figure 7. (a, c) Raman spectra of 1.0 × 10−6 M RhB on CuNPs patterns obtained at writing speeds of 10 and 2 μm s−1, respectively, for 18 points
in six regions. (b, d) Averaged intensities of main peaks of RhB for each of the six Raman regions corresponding to Raman spectra of (a) and (c),
respectively. Raman measurement conditions: argon ion laser operating at 514 nm and power of 20 μW; acquisition time = 30 s; objective lens =
50× (NA = 0.5).
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treatment, the highest intensities for heat-treated samples take
place as well at the boundary of the deposited line. This
phenomenon can be explained by the presence of a higher
number of edges and corners in the structures closer to the
boundaries of the heat-treated CuNP films.
The enhancement factor (EF), a quantitative parameter to

compare the efficiency of active SERS substrates, was
calculated based on the intensity of the 1648 cm−1 peak,
which is the most intense spectral feature of RhB, by using the
following equation:51−54

= ×
I

I
C

C
EF SERS

0

0

SERS

where ISERS and I0 are the intensities of the 1648 cm
−1 peak for

CSERS = 1.0 × 10−6 M and C0 = 1.0 × 10−3 M RhB,
respectively. For calculating the EF, a reference sample was
prepared by immersing a bare silicon substrate in a 1.0 × 10−3

M (1 mM55) RhB solution for 12 h, and I0 was measured three
times and averaged to a value of ∼7.317 au (Figure S9). Figure
9 shows the evolution of the EF, taking into account 18 Raman
points on different regions of the patterns for samples with and
without thermal post-treatment. The highest EF is 2.1 × 105,
and the highest averaged EF is 1.6 × 105 for the heat-treated
samples at 200 °C for 1 h; moreover, these samples show the
best reproducibility and lowest standard deviation compared to
other samples. This value is comparable to other reported
copper-based SERS-active substrates18,56,57 and is close to the
EF of gold SERS substrates58,59 and silver SERS substrates.60

These results indicate that the SERS features of CuNPs,
selectively deposited on a substrate by aerosol direct writing,
can be significantly enhanced via thermal post-treatment up to
a level comparable with one of other noble metals.

Figure 8. Raman spectra of 1.0 × 10−6 M RhB on CuNPs patterns obtained at writing speed of 2 μm s−1 and (a) 1 h thermal treatment of 100 °C,
(b) 1 h thermal treatment of 200 °C, and (c) 2 h thermal treatment of 200 °C in a vacuum oven (18 points in six regions). (d, e, f) Averaged
intensities of main peaks of RhB for each of the six Raman regions corresponding to the Raman spectra of (a, b, c), respectively. Raman
measurement conditions: argon ion laser operating at 514 nm and power of 20 μW; acquisition time = 30 s; objective lens = 50× (NA = 0.5).
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4. CONCLUSIONS

In this work, we proposed a novel, simple, and solvent-free
direct writing method for the selective deposition of micro-
metric metal (copper) nanoparticles’ patterns, and we
demonstrated their application as SERS sensors. By varying
the parameters of the writing process and by introducing a
thermal post-treatment, we were able to tune the morphology
of the deposited patterns and significantly enhance the Raman
signal of a reference dye (Rhodamine B). The selectively
deposited films were composed by a collection of dense
spherical primary particles with various sizes. The smallest line-
width that we achieved was equal to 265 μm and largely
depends on the size of the 3D printed nozzle. Narrower
patterns can be achieved in future through high-resolution
laser-assisted 3D printing (laser stereolithography61 or two-
photon polymerization62) of nozzles featuring smaller orifices.
The deposited patterns of copper NPs with sponge-like
structures allowed the detection of 1.0 × 10−6 M concentration
of RhB. A low-temperature thermal post-treatment at 100 °C
for 1 h triggered a transformation of the microstructures by
fusing nanoparticles into larger nanostructures. This trans-
formation of the film morphology caused an enhancement of
the Raman signal of RhB. The highest enhancement of the
Raman signal of RhB was achieved with a thermal treatment at
200 °C for 1 h (EF ≈ 2.1 × 105). Increasing the time of
thermal treatment from 1 to 2 h at 200 °C, resulted in a
decrease of the Raman signal intensity and a further change of
the morphology into microparticulate structures induced by
the fusion of the nanoparticles. A great advantage of this
method is the ability to selectively deposit metal and alloy NPs
patterns with a 3D microstructure on different kinds of
substrates (Si, glass, and paper). This feature could allow in the
future to integrate metallic nanofeatures within specific regions
of microfluidic devices. At the same time, the easy tunability of
the nanometallic morphology through process parameters, the
possibility to extend the method to other more performing
materials (e.g., Au and Ag), and its integrability with other
fabrication methods, paves the way for the realization of new
SERS sensors.
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