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Abstract

Metal nanoparticles (NPs) possessing localized surface plasmon resonance (LSPR) are of high interest for applications in optics,
electronics, catalysis, and sensing. The practically important issue is the stability of the LSPR, which often limits the use of some
metals due to their chemical reactivity leading to degradation of the NP functionality. In this work, copper NPs of two distinct
sizes are produced by magnetron sputtering gas aggregation. This method ensures formation of the particles with high purity and
monocrystallinity, enhancing the chemical inertness and providing a superior time stability of the plasmonic properties.
Additionally, a simple UV-ozone treatment, which leads to the formation of an oxide shell around the copper NPs, is found to
be an efficient method to prevent following gradual oxidation and assure the LSPR stability in ambient atmospheric conditions
for periods over 100 days even for small (10—12 nm in diameter) NPs. The obtained results allow for significant improvement of
the competitiveness of copper NPs with gold or silver nanostructures, which are traditionally used in plasmonics.

Keywords Gas aggregation nanoparticle formation - Copper nanoparticles - Copper oxidation - Localized surface plasmon

resonance

Introduction

Metal nanoparticles (NPs) in a dielectric environment are well
known for the phenomenon of localized surface plasmon res-
onance (LSPR) resulting in a strong enhancement of optical
extinction and local electric field [1, 2]. This phenomenon is
of great interest for applications in many areas, such as non-
linear optics, electronics, photovoltaics, catalysis, and sensing
[3-8]. Although many metals on the nanoscale show
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considerable plasmonic efficiency, only a few provide LSPR
in the visible range of the spectrum. Among those, gold NPs
are the most used ones due to their strong plasmonic reso-
nance, high chemical stability, low toxicity, and good abilities
of surface functionalization [9]. Silver nanostructures are also
widely used but generally considered less attractive due to
their requirements for blue-near UV light for plasmon excita-
tion and lower chemical and, thus, plasmonic stability, which
is often assigned to oxidation [10, 11]. Recent studies have
shown that the degradation of silver plasmonic properties is
also caused by reactions with sulfur, which even is present in
trace amounts in ambient atmosphere [12, 13].

One more candidate with LSPR in the visible spectral range
is copper. NPs of this metal can provide intense and narrow
plasmonic bands at wavelengths between approximately 500
and 800 nm [1, 14]. It has been recently reported that copper
can outperform gold in waveguide applications and it is com-
patible with complementary metal-oxide—semiconductor
technologies [15, 16]. However, copper nanostructures are
even less chemically stable than those of silver. Copper is
prone to relatively fast surface oxidation upon exposure to
ambient atmosphere. At room temperature, the dominant
product is Cu,O (Cu(I) oxide) with a minor or no contribution
of CuO (Cu(II) oxide) [17]. In the in situ transmission electron
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microscopy (TEM) studies on dynamic oxidation of Cu NPs,
it was observed that the process can undergo via the oxide
phase nucleation on one side of the NP with following
progressing across the entire particle until full oxidation oc-
curs [18]. For the use of copper NPs in plasmonic applica-
tions, a protection against oxidation-induced degradation of
properties is required. It can be done by incorporating the
NP into a substrate [19-21] or the formation of a shell/coating
[22]. The latter is a common approach for the fabrica-
tion of commercial Cu NPs, but they are still prone to
oxidation, not preserving the plasmonic behavior on a
long time scale [23].

It is worth mentioning that the opinion about fast chemical
degradation of silver and copper is mostly based on the studies
of NPs prepared by wet chemical methods or by physical
means involving a self-aggregation process or lithography.
In these cases, the crystallinity of the nanostructures is often
questionable; the presence of structural defects or contami-
nants is highly probable promoting the chemical reactions
with ambient gases or volatile compounds. Alternatively,
NPs with high chemical purity and perfect crystalline structure
can be prepared in vacuum using a gas aggregation (cluster
beam) method [24, 25]. In gas aggregation sources, atoms of
metal NPs are densely packed following the highly symmetric
polyhedral shapes according to Wulff construction [26-28]. In
such monocrystalline polyhedral NPs, the facet atoms have
higher coordination numbers compared with polycrystal-
line particles of arbitrary shape, thus, exhibiting a low
chemical reactivity. The chemical inertness enhances
stability of the plasmonic properties, as was shown for
the case of silver NPs [29].

In the current work, systematic investigations of the plas-
monic properties of gas-aggregated copper NPs produced by
the magnetron sputtering method and stored in different envi-
ronments are carried out. They are supported by a detailed
study of structure and composition. The obtained results pro-
vide important practical insights on handling the NPs in order
to ensure their long-time stability of the functional properties.

Experimental
Cu NP Fabrication and Treatment

Copper NPs were produced by the magnetron sputtering clus-
ter apparatus, called MASCA. More details about the system
and typical operation parameters can be found elsewhere [30,
31]. In the current experiments, a Cu target with 99.99% pu-
rity was used for the NP formation. Typical background pres-
sure in the source chamber was (4-6) x 10~° mbar, increased
up to (2-3) x 10~ mbar during magnetron operation.
Background pressure in the deposition chamber was kept at
(2-3) x 10”7 mbar (increased to (5-6) x 10°® mbar during
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deposition). The NPs were filtered using the electrostatic
quadrupole mass selector [32] at voltages of 600 and
1200 V, thus, selecting NPs of two different sizes (diameters).
The NPs were deposited in a soft-landing regime (with ener-
gies in meV/atom range) on quartz substrates for optical
spectroscopy measurements, Si substrates for Auger/X-
ray photoelectron spectroscopy (XPS), and carbon-
coated grids for TEM.

Three sets of samples were made for every NP size. One set
was always kept in ambient (laboratory) atmospheric condi-
tions. The second one was placed into a hermetic box with
continuous N, flow under pressure > 1 bar. These samples were
taken to ambient atmosphere for a short time to perform the
optical measurements: once a day during the first 5 days and
once every 4-5 days after that. Samples of the third set were
treated using a standard UV-ozone laboratory cleaner (Bioforce
Nanosciences) for 20 min immediately after the deposition and
then kept in ambient atmosphere. During this treatment, the UV
light at 189.9 nm cracks molecular oxygen and the produced
atomic oxygen can form ozone molecules. O3 can be further
decomposed by light with wavelength of 253.65 nm. All three
sets of samples were stored at room temperature.

Cu NP Characterization

In order to find the size, structure, and composition of the
prepared NPs, atomic force microscopy (AFM), TEM, and
XPS measurements were carried out. AFM was performed
directly after the depositions in tapping mode using an
Ntegra Aura system (NT-MDT) and commercial ultra-sharp
silicon cantilevers. The TEM and electron diffraction analysis
was carried out by a Titan 80-300 TEM/STEM (Thermo
Fisher Scientific) with a spherical aberration corrector in the
bright- and dark-field modes. For the latter, the samples were
scanned using a high-angle annular dark-field detector of
scattered electrons. The accelerating voltage was 300 kV.
High-resolution (HR) TEM images were recorded using a
CCD camera (Gatan), 4 x 4 megapixel. Chemical state and
composition of the Cu NPs were analyzed by XPS using the
Theta Probe tool (Thermo Scientific) under high-vacuum con-
ditions with a monochromatic Al Ko X-ray source
(1486.6 eV). The TEM and XPS analyses were carried
2 weeks after the Cu NP deposition. These samples were kept
in air between the deposition/treatment and measurements.

The extinction spectra are obtained from optical transmis-
sion measurements using a double beam PerkinElmer high-
performance lambda 1050 spectrometer in standard configu-
ration. A code is built in MatLab in order to simulate plas-
monic properties of the NPs using Mie theory. In the model,
we take into account only absorption cross-section Cyp,s be-
cause light scattering is low for metal NPs with small radii like
in our case [1, 2]. The cross-section is calculated using fol-
lowing equation:
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(1)
where £ is the wave vector, 7 is the particle radius, and ¢, and ¢;
are the real and imaginary dielectric functions of the
metal (taken from [33]), respectively, while ¢, is the
dielectric constant of the medium.

Results and Discussion
Structure and Composition of Cu NPs

The AFM measurements yielded typical heights of 10-13 and
18-20 nm for the filtering voltages of 600 and 1200 V, which
are further referred to as small and large NPs, respectively.
The obtained values show a good agreement with earlier cal-
ibration dependence of NP size vs. filtering voltage [30]. Soft-
landed Cu NPs are known to preserve an almost spherical
shape; they just slightly oblate having an aspect ratio (diame-
ter-to-height) of 1.15 [32]. Thus, the height measurements
provide a good estimate of the mean particle diameter.

TEM and HR TEM images with fast Fourier transform
(FFT) of diffraction patterns for the Cu NPs are presented in
Fig. 1. The obtained mean NP diameters of ca. 10 nm and ca.
18 nm for the small and large NPs, respectively, show good
agreement with those found by AFM. The FFT patterns reveal
the formation of monocrystalline metallic Cu NPs with fcc
structure [34]. The results on fcc structure correlate well with
carlier data obtained on the gas-aggregated Cu NPs [32]. In
the diffraction images, one can also observe the presence of
Cu,0, which is known to be the dominant oxide forming in
ambient atmosphere [17]. It is a result of oxidation after taking
the particles out from vacuum.

During UV-ozone treatment, the mixture of atomic oxygen
and ozone leads to an intensive oxidation of the Cu NPs. The
TEM images reveal a shell formation around a metallic core

Fig. 1 a TEM and b HRTEM
images for small Cu NPs. In panel
(b), corresponding FFT
diffraction patterns are presented

(see Fig. 2b). While for the particles oxidized in ambient at-
mosphere, Cu,O dominates, for the UV-ozone-treated NPs,
the oxidation undergoes mainly through the formation of
CuO (see FFT patterns in Fig. 2a). The latter is in good agree-
ment with data published elsewhere reporting a predominant
formation of CuO by UV-ozone treatment of metallic Cu sur-
faces [35]. The oxidation issue is further addressed in the
analysis of XPS data presented below.

Figure 3a shows Auger Cu LMM peaks of the NPs kept in
ambient air indicating the dominant Cu,O component with a
weak shoulder of metallic Cu for the small particles and a bit
stronger one for the large ones. The TEM images do not reveal
any core/shell structures for these samples. Hence, one can sup-
pose that the oxidation undergoes from one (for example, a top)
side of the NP. Such way of oxidation was found earlier [18].
Since the depth of Auger analysis is low, <2 nm, the oxide layer
thickness can be 1-2 nm because the signals from the metallic
phase are weak but still seen. The studies published elsewhere
[17] showed that a 1-2-nm-thick oxide shell growth requires 2—
3 weeks, which correlates well with our results because the mea-
surements were carried out 2 weeks after the deposition and the
particles have been kept in air. The XPS spectra presented in
Fig. 3b show the characteristic bands at 932.6 and 952.4 eV
related to Cu2p;, and Cu2p,,, states, respectively, as well as a
satellite band at 945 eV. Cu and Cu,O have nearly the same
binding energy [36, 37]; thus, it is impossible to resolve the
contributions of metallic Cu and Cu(l) oxide. However, the rel-
atively broad Cu2ps, band supports the domination of Cu,O,
which also correlates with the Auger data. The presence of shoul-
ders at 933.6 and 954.5 eV provides evidence for a small contri-
bution of CuO. Thus, the Auger and XPS results agree well with
each other as well as with the diffraction data on the dominant
Cu(I) oxide formation in ambient atmosphere.

Spectra of the NPs treated with UV-o0zone are shown in
Fig. 3c and d. The broadening of the Cu LMM band, which
can be seen in Fig. 3c, compared with the case presented in
Fig. 3a indicates a stronger contribution of CuO, while no clear
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Fig. 2 a HRTEM image with
FFT patterns for small Cu NPs
treated with UV-ozone and b
high-angular annular dark-field
image for large Cu NP treated by
UV-ozone

Cu0(002)

evidence for metallic Cu is present. Hence, the formed oxide
shells should be thicker than the escape depth of electrons.
Indeed, as one can see in Fig. 2b, the shell thickness reaches
3 nm. The XPS spectra presented in Fig. 3d show a significant
increase of the Cu2ps, and Cu2p;, shoulders at 934.7 and
954.5 eV, respectively. The latter is known to be assigned to
Cu(ll) oxide, while the former can correspond to copper
dihydroxide, Cu(OH), [37]. Presence of Cu(OH), was also re-
ported elsewhere [35] for UV-ozone-treated Cu surfaces, thus,

Cu(111)
'

demonstrating a good correlation of the results. In Fig. 3d, one
can also observe two new strong satellite peaks of Cu®* at 941
and 963 eV, which are typical for CuO [37]. Thus, the XPS and
Auger data are in good agreement with those of TEM/diffraction
for the ozonated samples. The obtained results show a significant
difference in the NP oxidation under ambient conditions and
UV-ozone treatment. Namely, in ambient atmosphere, the NPs
predominantly form Cu(I) oxide, while under UV-ozone treat-
ment, mainly Cu(Il) oxide is grown.

Fig.3 Auger spectra of Cu, CuO,
and Cu,O bands (kinetic energies
are indicated by dashed and
dotted lines) a before and c¢ after
UV-ozone treatment. XPS spectra
of Cu2p states with fits of CuO
and Cu,O b before and d after
UV-ozone treatment. The spectra
for the samples with small and
large copper NPs are indicated as
“small” and “large,” respectively
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Optical Spectra of Cu NPs

Optical spectra of as-deposited on quartz substrates small NPs
presented in Fig. 4 show an LSPR band with a maximum at
584 +1 nm. Calculations using the Mie theory predict the
plasmon band maximum for spherical Cu NPs in air at a
wavelength of approximately 560 nm as can be seen in
Fig. 5. Considering an effective dielectric medium approach
suggested in [38], where the effective dielectric constant e
represents the collective influence of air (¢~ 1.0) and quartz
(e =3.8) through a weighting factor, allows us to take into
account the substrate effect, which leads to a small redshift
of the plasmon band and increase of intensity (see Fig. 5),
thus, supporting the observed experimental trend.

One day after the deposition, a further small (for 3 nm)
redshift of the band maximum and an increase of intensity
(see Fig. 4a) are observed. A change of the NP shape from
spherical to an oblate (ellipsoid-like) one could lead to this
evolution. The same phenomenon was earlier observed for
the silver NPs and the corresponding spectral shift was
proved by the modelling [29]. Driving force for the obla-
tion is a large difference in surface tension of copper
(between ca. 1400 and 1700 mJ/m?) and quartz (between
ca. 57 and 127 mJ/m?) [39, 40]. The particle tends to
minimize the interfacial tension by an increase of the con-
tact area, i.e., flattening from a sphere to an ellipsoid.

1 0-15 .

1 0-16 .

1 0»17 .

- - --small (air) \
- - - -small (air/quartz) \\ \
- - --small (Cu,0)
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g U L |
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Wavelength, nm

1 0-18 .

Absorption cross-section, arb. un.

Fig. 5 Simulated absorption cross-section vs. wavelength for small
(dashed line) and large (solid line) spherical Cu NPs in air (e = 1),
supported on quartz (.= 1.4), and surrounded by Cu,O (g¢¢= 6)

Growth of an oxide (with high ¢) could also lead to the
redshift. However, we consider this reason to be less
probable because the shift is also observed for the sample
stored under nitrogen atmosphere (compare Fig. 4a and
b), where the possibility of oxidation during the first day
after the deposition is negligible.

Fig. 4 Time evolution of LSPR (a) 3,0 (b)
band for small Cu NPs a kept in c ) 609 817
ambient air, b kept in a nitrogen 52,0 S 587 >
atmosphere, and ¢ ozonated and ) $25-N 584
kept in ambient air. Numbers in ° ® h
the panels indicate wavelengths .5 S
of the band maxima 45 B 2,0 \
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With time, the plasmon band experiences gradual redshift
and an increase of intensity (see Fig. 4a and b). Both the
redshift and intensity exhibit a significant change on a long
time scale. The most probable scenario is gradual oxidation of
the particles leading to an increase of the oxide fraction at the
expense of the metallic phase. Thus, the effective medium
gradually changes from air/quarts to copper oxide, causing
the resonance evolution. The same tendency, although weak-
er, is observed for the sample kept in N, because it was taken
into an ambient atmosphere for the optical measurements (see
the “Experimental” section for details). The modelling pre-
sented in Fig. 5 predicts both a significant redshift and an
intensity increase in the case of a copper oxide medium sur-
rounding copper NPs, hence, supporting the proposed scenar-
io. Finally, the plasmon band intensity decreases to almost
zero after 70 days for the sample kept in air (see Fig. 4a),
while it is preserved for the one kept in N, as can be seen in
Fig. 4b. This observation further supports the hypothesis
about the gradual oxidation of the metallic phase leading to
quenching of the LSPR. In Fig. 4c, one can see the spectra for
the sample with small NPs treated with UV-ozone and then
kept in ambient atmosphere. The formation of the shell pre-
dominantly consisting of Cu(Il) oxide, as found by XPS and
Auger measurements, is the most probable reason preventing

degradation of the plasmonic properties over time. The inten-
sity and wavelength of the LSPR band have been stable for
over 100 days as can be seen in Fig. 4c.

Optical spectra of the large NPs are presented in Fig. 6.
Similar to the small particles, one can observe a tiny redshift
and intensity increase 1 day after the deposition (see Fig. 6a
and b), bringing us to the same conclusion about the particle
oblation. With time, the plasmon bands experience a redshift
together with an intensity increase, thus, showing the same
tendency as that observed for the small NPs. Similarly, the
redshift is smaller for the sample kept in N, atmosphere. The
difference in the evolution of the current spectra compared
with those of small particles comes at a longer time scale.
The plasmon band intensity of the small NPs kept in air started
decreasing after approximately 30 days and it became vanish-
ingly small after 70 days (see Fig. 4a), while the LSPR band of
the large NPs preserves its intensity up to 3 months; with a
slight gradual redshift (Fig. 6a). Since the oxidation occurs at
the expense of metallic copper, the larger NPs preserve the
metallic phase and, thus, the plasmonic properties for a longer
time. The ozonated large NPs are found to have stable plas-
monic properties for over 100 days (see Fig. 6¢). We only
observe a slight redshift, which might be attributed to the
slowly increasing thickness of the oxide shell. Thus, one can

Fig. 6 Time evolution of LSPR 13
band for large Cu NPs a kept in 8 (a) (b)
ambient air, b kept in a nitrogen g g 121
atmosphere, and ¢ ozonated and & 7 &
kept in ambient air. Numbers in © ® 11
the panels indicate wavelengths g ] S"
of the band maxima B g

£ © 10

% 5] —— as deposited % —— as deposied
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conclude that the UV-ozone treatment is a very efficient (also
simple) method to protect the plasmonic properties of Cu NPs
against degradation.

The overall impressive stability of the LSPR should be attrib-
uted to a monocrystalline structure of the copper NPs produced in
magnetron-based aggregation sources, as described in the
“Introduction” section. This quality was emphasized for the Ag
NPs elsewhere [29], and it is proven for the Cu NPs in the current
study. An evidence for higher chemical inertness of Cu NPs pro-
duced by magnetron sputtering compared with bulk Cu was also
emphasized elsewhere [41], thus, strengthening our conclusion. It
is worth mentioning that the suggested UV-ozone treatment
is a simpler and cheaper approach compared with many
other ways utilizing protective coatings or restoring the
metallicity in order to preserve the plasmonic properties
of NPs [14, 22, 42 and references therein].

Conclusion

Supported copper NPs produced by the magnetron sputtering
gas aggregation method show a strong and narrow LSPR
band. On a time scale of 2-3 weeks after the deposition, the
band intensity increases and its maximum becomes red-
shifted under ambient atmospheric conditions due to the grad-
ual oxidation with the predominant formation of Cu(I) oxide.
The oxidation proceeds at the expense of the metallic phase,
and at some point in time, the LSPR starts quenching. This
process occurs faster for the small NPs, while the large parti-
cles demonstrate an extraordinary long (over 90 days) stability
of the plasmon band intensity with a slight redshift. This sta-
bility is assigned to a high chemical inertness of the NPs due
to the perfectness of the crystalline structure formed during the
gas aggregation process.

It is found that an UV-ozone treatment of the deposited Cu
NPs causes formation of a shell with the domination of Cu(II)
oxide. It is supposed that this shell protects the NPs against
following oxidation-related degradation of the plasmonic
properties leading to the resonance stability on the time scale
of > 100 days even for small particles, which without the UV-
ozone treatment show the plasmon properties quenching after
approximately 60—70 days. Thus, a UV-ozone treatment can
be recommended as a simple and effective method for pre-
serving the plasmonic properties of Cu NPs to be used in non-
linear optics or sensing applications. Matrixes of Cu NPs can
be utilized in surface-enhanced Raman spectroscopy (SERS)
of biological objects, where an analyte is often deposited in a
liquid phase and chemical stability of NPs is of importance for
reliable measurements. Also, spectral position of the plasmon
band (580-600 nm) is close to that of the second harmonic of
Nd:YAG laser (532 nm), which is one of the standard light
sources used in spectroscopy.
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