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Black-CuO: Surface-enhanced Raman scattering and
infrared properties

Armandas Balgytis,**” Meguya Ryu,® Gediminas Seniutinas, Jurga Juodkazyté,” Bruce
C. C. Cowie,? Paul R. Stoddart,* Massimiliano Zamengo, Junko Morikawa® and Saulius
Juodkazis®*¢

Large surface area samples of nanotextured black CuO were prepared by chemical etching
of Cu for use in surface-enhanced Raman scattering (SERS). The SERS intensity of a self-
assembled monolayer (SAM) of thiophenol was proportional to the thickness of a nanoscale-
conformal Au film deposited by magnetron sputtering over the black CuO. A very high SERS yield
of ~ 10* counts-s~!mW~! was observed for the thiophenol SAM on the thickest Au films studied
here. Synchrotron X-ray photoelectron spectroscopy was used to confirm that the surface of the
chemically etched Cu was covered by high purity CuO. IR spectral characterization of the black
CuO showed a close to linear increase in reflectivity from 25 to 100% over the range of 4000 -
500 cm~! wavenumbers (or 2.5 - 20 um in wavelength). Sensing applications and thermal effects

in SERS are discussed.

Introduction

Nanotextured oxidised Cu (or black CuO) is a promising large sur-
face area substrate for applications in surface-enhanced Raman
scattering (SERS), catalysis, and microfluidics. Nano-sharp fea-
tures of tens-of-nanometers in diameter are utilised in disparate
fields, including anti-biofouling surfaces -2, bactericidal materi-
als3, and SERS substrates, as demonstrated by plasma-etched
black-Si®. Since SERS has great potential for sensing applica-
tions in biomedical, forensic and security fields, the search for
highly sensitive substrates (down to pico- or femto-molar concen-
trations) and practical fabrication methods has been vigorously
pursued 68,

Surface-enhanced IR absorption spectroscopy (SEIRAS) is a
complimentary technique for analytical finger printing of molec-
ular species in gases or liquids. Recently it was demonstrated
that simple metal mesh notch filters can be used to improve the
sensitivity of SEIRAS detection of the potent greenhouse gas SF¢
down to ppm levels®. Direct enhancement of IR absorption by
engineered plasmonic antennas was demonstrated for vibrational
amide bands in silk 1°. The increased SEIRAS sensitivity is depen-
dent on the creation of highly localised light intensity regions -
hot spots - within the spectral transmission window of the notch
filter® or resonant with the plasmonic antenna 9. The utilisation
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of large surface area substrates on which notch filters or antennas
are formed is a promising direction to further increase the sensi-
tivity in SERS and SEIRAS. One of the simplest ways to increase
the surface area by up to 10% times compared to the precursor
metal surface is by chemical or anodic oxidation. Such oxidised
surfaces are strongly light absorbing and scattering in the visible
spectral range, but their performance in the IR has to be investi-
gated further to find the optimum spectral range for the particular
analyte molecules in SEIRAS. The heating due to light absorption
on the black surface is another feature affecting SERS or SEIRAS
and this effect needs a better understanding.

Black CuO surfaces produced by chemical oxidation of bulk
Cu are among the oldest known spectrally selective photothermal
absorbers, with low reflectance in the solar wavelength region
(0.3 to 2.5 um) and high reflectance in the infrared region (2.5 to
50 um). The main drawback of these coatings is low resistance to
thermal exposure 112, CuO-based nanomaterials are of particu-
lar interest in the development of electrochemical biosensors. Re-
cently, various nano-architectures of CuO have been explored for
non-enzymatic glucose and hydrogen peroxide sensing 1316, Glu-
cose concentration was measured with good accuracy and high
precision in human serum 4.

Here, a study of the thermal diffusivity of black CuO in the IR
spectral range is presented. Highly sensitive SERS performance
of black-CuO is demonstrated and discussed with a view towards
temperature-controlled adsorption/ desorption and chemical re-
actions on nano-textured black surfaces.



Fig. 1 Conformal coating: SEM images of black CuO with different thicknesses of sputtered Au, viewed from a 45°-tilt angle. Magnification = 30,000x.

The indicated thicknesses are taken from the flat reference surface.

Experimental

Preparation of nanostructured cupric Cu(Il) oxide (CuO) layers
was performed by means of simple wet chemical etching of pol-
ished Cu foil in a 1.25M/66mM NaOH/Na,S,0g aqueous solution
at 65 °C temperature over a duration of r = 5 min17. The surface
area of the treated samples was up to 250 times larger than the
initial flat Cu surface, as evaluated by cyclic voltammetry18. It
by more than an order of magnitude exceeds the surface area of
laser ablated sapphire used for SERS, measured using the same
method 1%, as well as that of black-Si2C.

The oxidation level and chemical bonding nature of the chem-
ically nanostructured surface was investigated by X-ray photoelec-
tron spectroscopy (XPS) conducted at the Soft X-ray spectroscopy
beamline at the Australian Synchrotron. The capability to al-
ter the X-ray photon energy was used to separate photoelectron
and Auger electron contributions as well as to probe to different
depths in the nanostructured material.

Infrared spectra were measured by Fourier transform (FTIR)
spectrometry using a Spotlight 3000 (PerkinElmer) and attenu-
ated total reflection (ATR) module on an Alpha-FTIR (Bruker)
spectrometers.

The nanotextured CuO sufaces were magnetron sputtered with
Au using an AXXIS physical vapor deposition (PVD) system (Kurt
J. Lesker). Coating thickness was measured on a flat silica refer-
ence surface using a 3D optical profiler (Bruker). Due to the high
surface area, the actual Au film thickness covering the CuO flakes
was correspondingly thinner. Scanning electron microscopy (SEM)
was carried out for structural inspection of the coatings (Raith
150TWO).

Raman scattering spectra were measured using an In-Via Ra-
man microscope (Renishaw) with A = 785 nm continuous wave

laser excitation at P = 690 uW total power. Spectra were acquired
using a 50x objective lens with NA = 0.75, focussed to a line with
dimensions of 20 x 2 um with a resulting total excitation inten-
sity of 1.725 kW/cm?. The Au-sputtered Cu/CuQ substrates were
functionalized with thiophenol by immersing in a 10 mM ethano-
lic solution for 30 min, followed by rinsing in pure ethanol and
blow-drying with Nj.

Results

Surface analysis

XPS analysis was carried out in order to investigate the oxida-
tion state and chemical bonding of the nanotextured surface. Fig-
ure 2(a) shows wide-scan XPS data for the Al K, photon energy.
In order to resolve the Auger electron lines more clearly from the
photoelectron contribution, narrow spectral range XPS measure-
ments were conducted at 100 €V higher photon energies.

The high-resolution Cu 2p spectrum is shown in Fig. 2(b),
where the Cu 2p;/, peak lies at about 933 eV with a shake-up
satellite, characteristic of CuO, having around 9 eV higher binding
energy than the value observed for the main peak. The peak at
953 eV is attributable to Cu 2p;/,. The gap between these two
energy levels is about 20 eV which is strongly indicative of CuO?21.
High resolution O 1s spectra are shown in Fig. 2(c) with a feature
at around 529.3 eV characteristic of a metal-bonded oxygen in
CuO.

A broad peak at 531.1 €V was also observed. It’s nature was
elucidated by measuring the photoelectron spectrum with a sig-
nificantly lower photon energy of 745 eV. The smaller kinetic en-
ergy reduces the energy that the X-ray photons can impart to the
electrons, so only the photoelectrons generated relatively close to
the surface can escape from the material and be detected. There-
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Fig. 2 XPS spectra of chemically-nanostructured Cu layers. (a) Wide-scan photoelectron kinetic energy spectra acquired at different X-ray photon
energies. Cu and O Auger electron contributions can be clearly distinguished. (b) High-resolution XPS binding energy spectrum of Cu 2p,
characteristic of CuO. (c) High-resolution O 1s spectra, taken at different X-ray photon energies. The increase of the 531.1 eV peak contribution in the
lower photon energy spectrum is indicative of a surface-adsorbed oxygen layer.

fore, lower energy XPS spectra are comparatively more sensitive
to the surface bound atom contributions. When less energetic X-
ray photons are used, the aforementioned 531.1 €V peak in the
O 1s spectrum increases in relative intensity. This shows that the
material which gives rise to this component is physically overlay-
ing the material that gives rise to the lower binding energy peak.
Together with the narrow FWHM of O 1s, this strongly suggests,
that the satellite spectral line can be assigned to adventitious oxy-
gen. Taken in combination, the structure of the Cu 2p; /, and O 1s
spectral lines points towards a chemically uniform CuO coating,
with no noticeable trace of Cu,O and no distribution of environ-
ments within the sampling depth of the detected photoelectrons.

A spectral line, indicative of a C 1s transition can also be ob-
served at 284.8 eV. The lineshape of this peak (not shown here)
points to a surface layer of adsorbed adventitious carbon. This
high sensitivity synchrotron XPS analysis proves that “black cop-
per” is composed of CuO. Previous studies have indicated a minor
presence of Cu,O by XPS and Raman surface analysis!’. This
could be explained by the high photosensitivity of CuO and its
photo-reduction to Cu,O as observed in photo-electrochemical
cell investigations '8,

Black CuO as SERS substrate

In order to obtain a plasmonic field enchantment for SERS mea-
surements the semiconducting black CuO was coated with Au lay-
ers of thicknesses ranging from 25 to 150 nm by magnetron sput-
tering. These thicknesses correspond to coatings on a flat sub-
strate and were thinner on a black copper surface which has about

200* larger surface area. SEM investigation showed that the av-
erage thickness of uncoated CuO flakes was dj ~ 30 nm, increas-
ing to dy =~ 65 nm after coating with a 150 nm Au layer (Fig. 1).
The CuO flakes were Au coated in an isotropic and continuous
fashion, as the overall surface structure was preserved. These
coated nanoflakes form a complex metallic 3D scaffold with nu-
merous interconnections, nanogaps and crevices which are con-
ducive for plasmonic hot-spot formation, while having an overall
structure that is sparse enough to allow for easy diffusion of the
analyte molecules to reach areas of strong field enhancement. At
higher Au layer thicknesses, nano-rough features formed on the
Au coated surface and their footprint and variability escalated as
the gold layer thickness increased from 25 to 150 nm.

Figure 3 shows the IR reflectivity of black Cu in the range
where SEIRAS is usually measured using FTIR spectrometry. The
featureless spectrum with close to linear change in reflectance of
the substrate is favorable for molecular fingerprinting by SEIRAS
measurements, based on the generally complicated IR spectra of
common analytes. In addition, a larger surface area is beneficial
for increasing the overall sample absorption.

Thiophenol, which forms a self-assembled monolayer on Au,
was used for SERS measurements due to its good stability and
capability to benchmark against other Au (or Ag) coated sub-
strates. Thiophenol SERS measurements on substrates with vary-
ing Au layer thicknesses are shown in Fig. 4. Strongly pronounced
spectral lines characteristic of thiophenol are evident and well re-
solved. The SERS intensity obtained using these Au-coated black
CuO substrates is comparable to the signal levels reported for
other high-sensitivity SERS substrates, such as b-Si%2 and ripples
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Fig. 3 (a) Reflectivity of black CuO measured by FTIR; spectral regions
with artefacts due to CO, and H,O absorption bands are labelled.
Reflectivity was normalized to a Au mirror of R = 1. Inset shows an SEM
image of the sample. (b) FTIR map of reflectivity over an extended area
measured with 6.25 um spatial resolution.

laser inscribed on sapphire®8. However, it is important to note
that the preparation of black CuO does not require vacuum or
serial laser scanning and is therefore a much faster and less ex-
pensive method of surface nanotexturing for large area > 10 cm?
substrates. In order to evaluate the attainable SERS enhance-
ment factor, meaning the increase in signal strength per molecule,
a self-assembled thiophenol monolayer overlaying the Au coated
CuO surface was assumed, with molecule coverage characteris-
tics taken from the literature®®. When weighted against signal
per molecule of bulk Raman of thiophenol in solution average
enhancement factors up to 7.1- 10° are estimated. Therefore, sim-
ple wet chemical etching can yield large area SERS substrates
with enhancement factors close to values reported to enable sin-
gle molecule detection 2425,

The SERS enhancement factor, hence, the signal strength is
dependent on the thickness of the Au-coating, as illustrated in
Fig. 4 (b), where the sensitivity increases linearly with Au thick-
ness. This is attributable to increased nano-roughness and ran-
domization of the surface Au layer, which increases the proba-
bility of geometries that support plasmon hot-spots, as has been
shown for randomized Au nano-brick arrays2°. A similar result is
observed on black-Si, where a 300 nm Au coating produced the
strongest SERS signal?2. It is noteworthy that the propensity for
forming nano-granular films during evaporation and sputtering is
dependent on both substrate and coating materials. For sapphire,
the nano-roughness of Au was larger than that on a cover glass !°.
Au films directly sputtered onto sapphire can be used for SERS

due to the spontaneous formation of nano-rough surfaces?’.

Discussion

The exposure of black surfaces to laser energy leads to localised
heating and contamination by adventitious carbon. This is partic-
ularly relevant when black CuO is used for SERS, where tightly
focused laser beams are applied. In this section, the effects of car-
bon contamination and laser heating on SERS and SEIRAS mea-
surements are discussed.

Adventitious carbon is often present on SERS substrates and
contributes to a broad signal in the range from 1000 - 1700 cm ™!,
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Fig. 4 (a) SERS of thiophenol for different thicknesses of Au coating.
Excitation wavelength was 785 nm and SERS intensity was normalised
by the excitation power. (b) SERS intensity of the 1001 cm~! thiophenol
peak as well as the estimated SERS enhancement factors plotted
against Au thickness.

with prominent features at 1360 (D-band) and 1580 cm~! (G-
band) 28, and sp! CC linear chains at 2100 cm~! assigned to
polyyne with alternating single and triple bonds2%:30. Spectral
integration over many measurement points with correspondingly
short exposures has been shown to increase the signal-to-noise
ratio of the analyte versus adventitious carbon?®. At smaller
wavenumbers the background is dominated by a Rayleigh scat-
tering contribution, shown to be stronger for thicker Au films
and recognisable as an augmented SERS intensity baseline. Since
plasmon scattering losses are reduced when the thickness of Au
approaches the mean free path length of electrons at ~ 40 nm, the
stronger SERS intensity signifies a larger contribution of scatter-
ing as compared to the absorption losses in the total extinction3!.

In the case of Au coated black CuO on Cu it is possible to
realise a C-free surface using electrochemical oxidation of C at
-0.5 V (standard hydrogen electrode) or -0.7 V (Ag/AgCl) at pH
13, i.e., in a 0.1 M KOH solution due to CuO being innately com-
patible with alkaline chemistry. Carbon can be removed from Au
surface by means of a short anodic polarisation in the oxygen
evolution region, i.e. at E > 1.8 V (reversible hydrogen electrode)
in a neutral or alkaline medium. Use of acidic solutions is not
favourable in this case32, as the underlying CuO could dissolve
chemically through the pores in the deposited Au shell. Under
such polarisation, the Au surface is covered by Au,03 !, hence,



should be carbon-free.

Thermal effects are important for adsorption and desorption
of ionic and molecular species in SERS and SEIRAS measure-
ments, and sensors in general. The potential of the sensor surface
(controlled by local pH or external bias) determines the ratio be-
tween free and occupied space on the surface and the balance be-
tween the rates of adsorption and desorption in accordance with
Nernst equation for potential, given by:

RT Cad

E:Egdi?ln )

Coo — Cqd 7
where ¢, stands for the surface concentration of adsorbed species
in mol-cm ™2, ¢. is the surface concentration of the adsorbate
at maximum surface coverage ® = 1.0, Egd is the standard po-
tential of the adsorption process when c,;/(ceo — cqq) = 1, R =
8.314 Jmol~!.K~! is the gas constant, T is the absolute tem-
perature, and F = 9.6485 x 10* C-mol~! is the Faraday constant
(RT/F ~ 25 mV at normal conditions 20 °C). Consequently, a po-
tential change of ~ 58 mV would cause a tenfold change in the
concentration of the surface adsorbate. Given this sensitivity, it is
notable that under normal conditions k7 ~ 26 meV (or 26 mV in
terms of voltage) a small variation of temperature, concentration,
or electrical potential in the vicinity of a hot-spot can dramatically
affect the nano-sensor response, whether it be SERS or a photonic
crystal 33, Indeed it has been shown that these effects contribute
to strong temporal fluctuations in the SERS response 34.

A change of local temperature at the hot spots where SERS
is the most intense affects the local concentration of adsorbed
species (this is equivalent to a change in surface potential). The
Nernst equation defines a Langmuirian behavior of SERS intensity
on concentration for the same pattern of hot spots3°. Moreover,
heat is localised on the nanoscale and can initiate chemical re-
actions 3, which in turn have a strong temperature dependence
via the Arrhenius rate equation k o< exp(E,/(kT)), where E, is the
activation energy of the process (e.g. a chemical reaction) and
k is the Boltzmann constant. In addition, a temperature increase
causes a local change in the liquid or gas convection and surface
tension, which can dramatically affect mass transport in the vicin-
ity of SERS hot spots37 as well as the kinetics of chemical reac-
tions. Also, a surface reshaping of gold nanoparticles at ~ 100 °C
occurs and can also be responsible for altering light localisation
at hot-spots 38,

In view of the discussion above, searching for SERS substrates
which have high thermal conductivity such as diamond, sapphire,
or metals could prove to be an effective strategy for developing
SERS as an analytical technique3®. Analyte trapping at hot spots
via the light intensity gradient force - nano-tweezers - has been
shown to be the working principle of femto-pico molar detectors
based on the lasing wavelength shift in nano-slot lasers4%-*'and
had trapping times determined by the diffusion mechanism of ad-
sorption/desorption rule Eqn. 1. Thermal diffusivity and local
temperature at the nanoscale should be better understood for the
advancement of SERS into practical biomedical applications.

Conclusions

It has been determined by XPS that cupric Cu(Il) oxide CuO is
formed on black Cu without cuprous Cu(I) Cu,O during wet etch-
ing. The nano-textured surfaces of CuO have a significantly larger
surface area which can be conformally coated by sputtering Au.
These surfaces are excellent SERS substrates due to the large sur-
face area on which hot-spots may give rise to electromagnetic
field enhancement. The SERS intensity counts for a self-assembled
monolayer of thiophenol reached ~ 10* counts/s/mW. Further-
more, such SERS substrates can be electrically biased since they
are formed on a conductive Cu foil. Flexible and foldable CuO-
on-Cu substrates could be incorporated into flow cells, used for
SERS, or in typical large surface area applications for catalysis,
fuel cells, supercapacitors, hydrogen generation and storage 42-44.
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